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László Oláh,1,2,3,6,* Hiroyuki K.M. Tanaka,1,2,3 Toshio Mori,4 Yukihiko Sakatani,4 and Dezs}o Varga3,5

SUMMARY

Debris dams have a crucial role in consolidation of river basins and allow erosion control, flood protection
in mountainous areas. Many of these infrastructures have operated over five decades, thus structural
health monitoring (SHM) of these infrastructures became timely due to their aging. Utilizing new tech-
niques is required for inspecting a large number of dams and deciding about their reinforcement or recon-
struction. In this work, we propose cosmic-ray muography as a complementary tool for the SHM of debris
dams. We conducted the first muographic surveying of a sabo check dam in the Karasu River, Gunma,
Japan. The average mass density image was produced with a spatial resolution of 0.5 m through the
dam. The comparison of density data reconstructed by muography and gamma-ray logging suggest the
internal deterioration of dam in the region where cement released out from the embankment body.

INTRODUCTION

Debris flows are fast-moving mixtures of water, soil, and rock that occur when intense rain falls, snow melts, volcanic activities trigger land-

slides and debris-coveredmountain slopes erode.1 The relatively highmass density (>1.5 gcm�3) and velocity (>10ms�1) allows this phenom-

enon to entrain the materials from the river bed and bank and grow its size and hazardous potential. Dynamics of erosion and deposition of

transportedmaterials aremainly controlled by the flowparameters,1 the slope andwetness of bed2 and thememory effects.3 Debris flows can

drastically change the geomorphology in mountainous regions and run out for long distances within a few tens of kilometers. Debris flows

pose catastrophic threat to landscapes, societies and economies.4 For example, torrential rains triggered debris flows and mud flows that

destroyed local infrastructures and killed ten thousands of people in Vargas State, Venezuela, in 1999.5 The number of the occurrence of sedi-

ment catastrophes are expected to increase in the next decades due to the change of climate6 that motivates the improvement of mitigating

techniques. Two types of measures are applied to reduce the impact of debris flows7: Passive measures aim tominimize the damages caused

by debris flows. This includes creating evacuation systems, hazard mapping,8 installing monitoring and warning systems (e.g., ref. 9,10), flow

modeling and run-out prediction,11 etc. Activemeasures aim to control the spatiotemporal evolution of debris flows from triggering to depo-

sition by constructing infrastructures, such as dams or channels, for energy dissipation and erosion control (e.g., ref. 12–14). Check dams, also

called sabo (sa-bo means ‘sand protection’) dams, are constructed for consolidation and stabilization of river basins, decrease of bed slopes,

retention of sediments, regulation of solid discharges at different mountainous regions worldwide (e.g., ref. 15,16). Series of dams are applied

along rivers and the number of dams reach a few tens of thousands at each mountainous region. The design and structure of check dams

depend on the local focus of erosion control, e.g., soil bioengineering dams are made from wood and cobble, civil engineering dams are

made from rock and concrete. In Japan, most of the so-called sabo dams aremade from concrete and rock to adapt themore intense rainfalls

and volcanic activities that can result in intense outburst floods andmudflows (lahars). A few tens of thousands of sabo dams were made from

rubble-concrete (debris dams) before the 1970s. The aging and internal deterioration of sabo dams is expected at numerous sites after a

period of over half century. The maintenance of sabo dams has become necessary to provide erosion control in the mountainous regions.

SHM of these infrastructures are required to decide which ones have to be reinforced or even rebuilt.

The SHM of concrete and rock-filled dams is performed for identifying anomalous behaviors and allowing construction control, design

verification, performance evaluation and safety. Various techniques have been utilized for SHM of dams besides traditional visual inspections

and a huge arsenal of statistical and deterministic analyses techniques have been developed for evaluating the future behaviors.17 Here, we

provide a brief description of available techniques without claiming completeness. Automated sensors measure water’s parameters (e.g.,

level, flow, pressure, etc.) for monitoring of the reservoir level, the inflow and the precipitation at the upstream side, as well as the outflow

at the downstream side. The continuous monitoring of slope stability, dam deformations and internal strains help to recognize the structural

responses of dams. Piezometric level sensors are utilized to measure pore-water pressures in real-time for localizing the possible seepages.18
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Extensometers are applied to measure the relative displacements between the base rocks and dam foundations. Fiber optics are applied for

measuring the surface deformations on dams.19 The main limitations of these techniques is that their operation requires boreholes in the

dams. Terrestrial laser scanners (TLS),20 global positioning systems21 and synthetic aperture radars22 are utilized precise (at the order of a

few millimeters) measurement of surface displacements without boreholes. These techniques have potential to allow real-time deformation

monitoring, however samplings are not yet continuous. Besides vertical displacements, the lateral movement of dam foundations can be

measured by inclinometers. Thermometers are applied for continuous monitoring of air temperature that is an input for time-series analysis

of stress and deformation data.23 High-resolution seismography24 and electrical resistivity tomography (ERT)25 are applied for assessing the

internal structure of dams by means of detecting anomalies caused by structural failures (such as fractures or long-term degradation). A main

limitation of these techniques is that these are not passive, i.e., these applying signal sources on the surface for imaging the subsurface struc-

ture of dams. Furthermore, the accessibility of ERT to the subsurface is limited to a few meters.

Cosmic-ray muons allowing the passive, remote and non-destructive scanning of large-sized natural and human-made objects like as

X-raying is utilized for imaging the bones in human bodies.26,27 The muons are naturally occurring elementary particles which are created

in the upper (typically at 10–15 km a.s.l.) atmosphere as decay products of secondary particles originating from the collisions of primary

Figure 1. The photograph of the inspected sabo dam in the Karasu River, Gunma, Japan

A black rectangle bounds the inspected region of the dam. Two white rectangles highlight the regions which from cement releasing out from the embankment

body of the dam. A white arrow shows the orientation of the muographic observation system (MOS).

Figure 2. The topographic map of the measurement is shown for an area of 250 m 3 250 m around the location of the MOS (0,0)

The origo corresponds to a latitude of 36.437 Nº, a longitude of 138.684 Eº and an altitude of 819.6 m above sea level. A black arrow shows the horizontal

orientation and distance of the MOS from the sabo dam which were set to 227� from north and 26.1 m, respectively. This topographic map is based on the

data of Tone River Basin Sabo Office of the Ministry of Land, Infrastructure, Transport and Tour.
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cosmic-rays with atmospheric nuclei. Muons are penetrating down in the atmosphere and are being everywhere on the Earth surface with a

typical yield of approx. 10000 per square meter per minute. The muons can penetrate even a few hundred meters of rock with suffering a

minimal deflections along their paths. Particle detectors are applied for angular dependent tracking the muons penetrating the targeted ob-

jects. Using the measured angular dependent muon count maps, the corresponding projective density distributions are determined through

the objects via flux modeling. The number of the applications is continuously growing and muography is under development toward its

societal implementation in geophysical exploration,28–35 in natural hazard assessment,36–43 and in monitoring of industrial sites, infrastruc-

tures44–48 as well as cultural heritages.49–52 Concerning the assessment of flow hazards and mitigation of the corresponding sediment and

flood catastrophes, muography has already been applied in the following case studies: Oláh et al. applied muography for monitoring the

changes in deposited tephra on the ridge of Sakurajima volcano occurred due to post-eruptive lahars and water-driven erosion triggered

by intense rainfalls.53 Baccani et al. scanned the internal structure of river levees with cosmic-ray muons to reconstruct animal burrows and

verified the observations with ERT and TLS.54 Lázaro Roche et al. Monitored the water level from the downstream side of a reservoir

dam.55 Tanaka designed amuographic tidemonitoring network and tested in the tunnel of the Tokyo Bay Aqua-Line.56 In this work, we inves-

tigate the feasibility of SHM of debris dams via cosmic-ray muography.

RESULTS

Experimental setting

As the target of this study, we chose a sabo dam in the Katsuragawa River, Gunma prefecture, Japan. This is a debris dam made from

mixture of rocks and concrete which is applied for erosion control of the river basin by means of sediment redemption.57 The dam was

built in 1951. It has a width of 67 m and height of 18 m Figure 1 shows a photograph about the inspected sabo dam and the surrounding

site. Elastic wave tomography and drilling of dam structure were conducted by Tone River Basin Sabo Office of the Ministry of Land, Infra-

structure, Transport and Tourism in 2011.58 These surveys suggested the weakening of the right embankment body. As it is shown in two

white rectangles in Figure 1, cement is releasing out from the embankment body at the downstream side in December 2020. The aim of

measurement campaign was to test applicability of cosmic-ray muon imaging for detecting the weak regions in this dam. The black rect-

angle shows the inspected region of the dam in Figure 1. The topographic map of the measurement site is shown with a grid size of 1 m 3

1 m in Figure 2. The observational instrument was installed at latitude of 36.437 Nº, longitude of 138.684 Eº and altitude above sea level of

Figure 3. A photograph about the installation of muographic observations system at one of the sabo dams of Karasu River
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819.6 m at a distance of 26.1 m from the downstream wall of the dam. The MOS was oriented to the azimuthal direction of 227� from north

(black arrow) and tilted up 12.2� from the horizontal direction. It is worth noting that the detector could be installed to closer to this dam,

however our aim was to conduct the surveying in a more realistic setting by taking into account the limited accessibility of other dams

caused by topographic constraints.

We applied a multi-wire proportional chamber (MWPC)-based MOS for the muographic surveying of the sabo dam (see details in section

experimental apparatus and Figure 3). We conducted the muographic surveying of the sabo dam from 24 December, 2020 until 2 February,

2021 with one technical stop that we performed on 12 January with a duration of a few minutes for replacement of the batteries and the gas

bottle. The mountainous area did not allow to remotely access the tracking system during its operation because the mountains shielding of

telephone network, thus we performed the analysis of the collected data after the technical stop and end of data acquisition (see details in

section experimental procedure and Figures 4, 5, 6, 7, and 8).

Observational results

Figures 9A and 9B show the reconstructed density-lengths and averaged density-length errors through the dam and sediments. These

quantities are shown as a function of horizontal distance measured from the observation axis of the muon detector and altitude above

A

B

C

Figure 4. The time-line of main detector parameters and environmental parameters are plotted with a binning of 2 h during the data acquisition

conducted from 24 December, 2020 until 2 February, 2021

(A) The trigger rate (black-colored error bars) and track rate (green-colored error bars) are shown in Hertz units.

(B) The tracking efficiencies are shown forMWPC-1,MWPC-2,MWPC-3,MWPC-4,MWPC-5,MWPC-6 with black, blue, light blue, green, orange, and yellow lines,

respectively.

(C) The variations of temperature (blue line), humidity (green line) and pressure (orange line) measured in the detector box are shown.
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sea level. The averaged density-length errors are determined via averaging the lower and upper density-length error values: DXds =

(DXds,up�DXds,low)/2. The density-lengths and the averaged density-length errors ranged up to 25 hg cm�2 and 3 hg cm�2 in the region

of interest. The average densities were determined based on Equation 3 for the dam. Figure 10A shows the muographic image with the

density values. The densities ranged from 1.5 to 2.5 g cm�3 across the dam body, except at the region from which cement released from

the embankment body (from horizontal distances from 2 m to 5 m and between the altitudes of 827 m and 830 m) where significantly lower

density values (<1.5 g cm�3) were observed. The densities were over-measured for the central part of the dam (see left from the horizontal

coordinate of �4 m). The density values varied within a wide range between 0 g cm�3 and 4 g cm�3 for the ridge of the dam, where the

path-lengths of muons were below 1 m. The muographically measured densities were compared to the densities that were determined via

gamma-ray logging (see, e.g., in ref. 59) along two boreholes in the dam by the Tone River Basin Sabo Office of the Ministry of Land, Infra-

structure, Transport and Tourism in 2011.58 Before the gamma-ray logging, mechanical boring was conducted in this region and samples

were examined. The extracted samples revealed voids and cracks in this volume.58 One of the boreholes was chosen to conduct of

gamma-ray logging (see along the slice D of Figure 10A). The gamma-ray logging tool was equipped with60 Co source that emitted

gamma rays at a typical depth of 20–30 cm into the dam materials surrounding the borehole. The backscattered gamma rays were de-

tected and the density of around the borehole was reconstructed with a vertical spatial resolution of 5 cm. The environmental effects (water

level, natural radioactivity, etc.) on the measured gamma ray intensity resulted in a density correction of �0.255 g cm�3. The bulk density of

the dam was quantified to2.2 g cm �3 along both boreholes. Based on this result, we assume this as a baseline density to the dam at all

regions. Figures 10B–10D show comparison of muography (black dots with 1 standard deviation errors) and gamma-ray logging (dashed

line) along three slices: (B) at one of the regions where cement released out from the embankment body, (C) at the axis of muographic

observation, and (D) at the region where gamma-ray logging was conducted. Along the slices (B) and (C), the two different techniques

provided densities with no significant differences. Along the slice (D), a significant difference was observed between the densities. While

A

B

Figure 5. Directional dependent measurement of muons

The number of tracks (A) and the corresponding flux (B) are shown as a function of horizontal- and elevation track slopes. Black rectangles bound the inspected

region of the dam.
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A

B

C

Figure 6. The path-length of muons were calculated from the center of the detector in an angular binning that is based on the horizontal- and vertical

slopes

(A) The path-lengths are plotted for the dam structure located at the upstream side of the dam.

(B) The path-lengths are shown for the dam structure and the sediments.

(C) The expected density-lengths are plotted for the dam structure and sediments with the respectively density values of 2.3 g cm�3 and 1.8 g cm�3 in hg cm�2

(meter-water-equivalent) units.

Figure 7. The distributions of the simulated energy ranges of muons in shielding concrete are shown for the energies of 1 GeV (dark blue histogram), 2

GeV (blue histogram), 3 GeV (light-blue histogram), 4 GeV (cyan histogram), 5 GeV (dark green histogram), 7 GeV (green histogram), 9 GeV (brown

histogram), and 12 GeV (orange histogram)

The distributions are widening with the increase of energy due to the contributions of the stochastic energy loss processes to the total energy loss are higher for

more energetic muons.
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the gamma-ray logging is sensitive only to a depth up to a few tens of centimetres,60 muography is sensitive up to a few kilometres.26 The

difference shown in Figure 10D might indicate that these two different techniques are looking at different depths, and this must be further

studied in the future works e.g., by conducting joint inversion between muography and elastic wave tomography.

Figure 11 shows the map of the density differences in standard deviation units:s = (r d,logging � rd,muon)/Drd,muon. This image highlights a

region with significant density decrease (<-5s) at one of the regions from which cement released from the embankment body (see the right

white rectangle in Figure 1). Other parts of the dam did not show such significant density differences, except along the crown of the dam

where significant density increase was observed relative to the bulk density.

DISCUSSION

The progress in R&D of muography instrumentation allowed to apply portable devices for cosmic-ray muographic surveying of

infrastructures in mountainous area. In this work, we conducted a remote, passive and non-destructive reconstruction of the density

Figure 8. The minimum energies versus range in shielding concrete is shown by black error bars

A polynomial fitting (black line) was applied to determine the minimum muon energies required muons to penetrate across the dam (see the parameters in the

text).

A

B

Figure 9. The density-lengths measured by muography

(A) The density-lengths are plotted for the dam and sediments located at the upstream side of the dam. (B) The averaged density-length errors are shown for the

dam and sediments.

ll
OPEN ACCESS

iScience 26, 108019, October 20, 2023 7

iScience
Article



structure of a sabo dam with a spatial resolution of 0.5 m. The muographic observational results confirm the presence of a weak region

inside the sabo dam where cement released out from the embankment body. This work demonstrates that cosmic-ray muography can

serve useful complementary data to conventional techniques applied for SHM of debris dams. Further works, such as multi-directional

measurements (see, e.g., in ref. 51,52) or integrating muography with other density sensitive surveying technique, have to be done for ac-

curate imaging targets with a thickness of a few meters and applying muography for the classification of structural quality of different parts

of dams.

A

B C D

Figure 10. The averaged densities measured through the dam

(A‒D) (A) The average-density values are shown as a function of horizontal distance and altitudes for the dam (see also in Figure 3B). Black rectangles highlight the

location of vertical slices that are shown by black-colored error bars in panels (B), (C) and (D), respectively. Dashed lines show the densities measured by gamma-

ray logging technique along the slice (D).

Figure 11. The density differences are shown in standard deviation (s) units as a function of horizontal distance and altitudes for the dam
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Limitations of the study

In this study, the spatial resolution was limited to 0.5 m. It could be improved via installing closer the instrument to the embankment body

in this campaign, however it would not be possible at other check dams. Muography did not reveal significant density decrease for another

weak region (see within the left white rectangle in Figure 1). Smaller volume and shorter vertical extension of the weak region did not

exceed the spatial resolution, thus spatial resolution limited the applicability for inspecting this region. Furthermore, muography overesti-

mated the density for the crown part of the dam where the path-lengths do not exceed 1 m. This is assumed to be a result of systematic

errors introduced by two factors: (1) the uncertainty of the path-lengths due to the finite (1 m 3 1 m) segmentation of digital elevation data

and (2) inaccurate modeling of the angular dependent energy spectra of cosmic-ray muons at smaller energies due to the spare exper-

imental data.

Concerning the role of muography for SHM of debris dams, the finite yield of muons limits the duration of surveying to a few weeks

for targets with typical thicknesses ranges up to a few tens of meters. The accessibility (e.g., some sites are hard to reach to install the

instrument) and topography (e.g., larger amount of rock mass located behind the dam) of the measurement sites and the possibility of

flooding can limit the applicability of this technique. The power consumption of current real-time muography instruments (e.g., 6 W for

MWPC-based tracking systems) limits the time of autonomous operation for a few weeks. Nuclear emulsion technology can overcome

on the aforementioned technical issues of real-time detectors and it is a good candidates at many sites.61 However, it also has a few lim-

itations, e.g., it operates reliably in an environment with a typical temperature above 25�C, it does not provide timing information to the

recorded tracks, etc. Therefore, muon detector technology has to be chosen based on the local environmental conditions and purpose of

surveying.
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30. Oláh, L., Barnaföldi, G.G., Hamar, G.,Melegh,
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, László Oláh (olah.laszlo@wigner.

hu). Requests for raw digital elevation model data, geometric data of the sabo dam, raw gamma-ray logging data and ref.58 should be

directed to Sabo Frontier Foundation (Yukihiko Sakatani, y.sakatani@sff.or.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The datasets used and/or analyzed during the current study available from the lead contact on reasonable request.
� This paper does not report original codes.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Material preparation

Our study does not materials typical in the life sciences.

Experimental apparatus

The detailed design of theMWPC technology is discussed extensively by Varga et al. in ref.62–65 It is a high-performancegaseous detector that

is utilized for tracking of the charged particles penetrated across its sensitive volume. Electric signal is produced bymeans of ionization of gas

atoms by charged particles that penetrated across the sensitive volume. TheMWPCs are flushed with environmental friendly (non-flammable

and non-toxic) industrial gas mixture with Ar and CO 2 gases in a respectively proportion of 80% and 20% for signal production.66 The key

element of the detector design is two perpendicular wire planes with a distance of 12 mm that allows to localize particles’ positions with a

resolution of approx. 12 mm/O12.63 A combination of microcomputer-based data acquisition system and custom designed electronics allows

remote operation for the tracking system. Furthermore, the application of a custom designed temperature-humidity-pressure (TPH) sensor

allows to monitoring the changes of environmental conditions both inside and outside of detector housing during the data acquisition in par-

allel with collecting tracking data. Data collection is triggered by the coincidence ofMWPCs and the acquired data is written into ASCII files on

event-by-event. The data readout process causing a dead time in order of 100 ms that result in negligible (<0.6%) loss of events under open

sky.67 The light-weight detector elements (e.g., the mass of an MWPC with a size of 40 cm 3 40 cm is 2.7 kg) allows to us to design portable

systems that can be applied at remote locations, such as underground tunnels or caves.67,68 For muographic surveying the sabo dam, we

applied 40 cm 3 40 cm-sized MWPC detectors. We designed a plexiglass housing for the tracking system that allowed to install it in moun-

tainous area which has sometimes limited accessibility due to the topography. Six MWPCs were arranged vertically into the box within a hor-

izontal distance of 36 cm that allowed an opening angle of 47.2� in both of horizontal and vertical directions. Figure 3 shows a photograph

about the installation of the tracking system at the downstream side of the sabo dam. We applied a gas bottle with a volume of 10 litres and

pressure of 130 bar for supplying the tracking system. The gas mixture was flushed with flow of 2 litres per hour through through the MWPCs.

We applied two standard 100 Ah batteries for supplying power to the tracking system with +12 V DC.

EXPERIMENTAL PROCEDURE

Analysis methods

The analysis chain is based on two main procedures: (1) an event-by-event procedure reconstructs the tracks of the detected charged par-

ticles, (2) a method for calculating of the flux of selected tracks. The track reconstruction is performed independently in the horizontal and

REAGENT or RESOURCE SOURCE IDENTIFIER

Batteries RENOGY https://www.renogy.com/template/files/

Specifications/BATT-LFP-12-100.pdf
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the vertical directions. The procedure initiates with cluster reconstruction. This determines the continuous sequences of wires via calculating

the positions of centroids, sizes and numbers on each detector. Thereafter, track candidates are reconstructed by a combinatorial algorithm

which is based on linear fitting. The slopes (tangents of horizontal (qx) and vertical (qy) angles), the intercepts, and the goodness of the fit are

determined for each track. The track candidates are sorted and the best fitting

one is chosen based on the ’’goodness’’ of the fit, one is chosen based on the ’’goodness’’ of the fit, c2
x,y/NDF, which is defined by the

following equation.

c2
x;y = Si = 1:Ndet

h
ðzmeasured;i -- zfitted;iÞ2

.
s2
det;i

i
(Equation 1)

where zmeasured,i is the reconstructed cluster centroids, zfitted,i is the intersection of the fitted straight track on the given detector layer, sdet,iz

sMWPC is the position resolution of the MWPCs, andN det = 6 is the number of detectors in the tracking system. The efficiency of tracking was

also calculated on detector-by-detector basis by a similar algorithm.69 In the first step, it chooses a specific detector and reconstructs the

trajectory of the particle from the other chambers excluding the detector under study. If there is straight track, then the algorithm checks

the presence of a cluster within a fiducial zone (typically two detector segments) around the extrapolated coordinate in the investigated cham-

ber. The tracking efficiency is the number of cases when there was cluster divided by the number of extrapolations.

The track reconstruction algorithm allows to conduct quality assurance of the data before the flux calculation. Figures 4A–4C show the

variations of the main parameters of detector performance and environmental parameters with a time bin size of 2 hours for the period

from 24December 2020 until 2 February 2021. The frequency of triggers (triple coincidence ofMWPCs, shownby black error bars) showsmod-

erate variations of below 5% and demonstrates that the tracking system operate without significant noise that could affect the muographic

surveying. The frequency of tracks (green error bars) show variations of below 2.5% during the data collection period mainly due to atmo-

spheric pressure changes which affect the production of muons.70 The tracking efficiencies were found above 98% for each of the six

MWPCs. The efficiency of measuring track coordinates on five out six MWPCs approached the efficiency of 100%.

The angular dependent quantities were determined in the ’’natural’’ coordinate systemof the tracking system that is based on the slopes of

the reconstructed tracks. Therefore, the muon flux (F) was calculated for each Dtan(qx) - Dtan(qy) bin as follows.

F = N = ð A 3 U 3 TÞ (Equation 2)

whereN is the number of tracks that have c2/NDF = O(c2
x + c2

y)/NDF<1.25, the A is the detector acceptance, theU is the covered solid angle

and T is the duration of data acquisition.67 Figure 5A shows the track counts inDtan(qx)-Dtan(qy) angular bins. The corresponding flux is shown

in Figure 5B. Both track count and flux values reflect the topography of themeasurement site: the smaller fluxes and the horizontal asymmetry

for negative vertical slopes is observed due the presence of a rock wall behind the tracking system that absorb relatively more muons. These

images demonstrate that muography is applicable to scan a large volume even from a single measurement point and capable to inspect the

structure of large dams (see also in ref. 55). The black rectangle highlight the region of interest of this study (see within the black rectangle in

Figure 1) where the presence of weak regions was expected. In the next sections, we will focus on this selected region.

Simulation methods

Muography reconstructs the average density-length (density integrated along path of muons, Xds) through the dam and the sedimented ma-

terials for each angular bin:

Xds = Ls 3 rs + Ld 3 rd ((Equation 3)

where Ls is the path-length of muons through the sedimentedmaterials located at the upstream side of the dam, the rs is the average density

of the sediments, Ld is the path-length of muons through the dam and rd is the average density of dam structure. In this study, we determined

the quantities Xd and rd for health structural monitoring of the dam. The latter quantity requires the precisemeasurement of the path-lengths

and density of sedimented materials. The average density of sediments was estimated to 1.8 g cm�3 via sampling of these materials. The

digital elevation model of the measurement site was created with a grid size of 1 m 3 1 m based on data acquired by laser profiler by the

Ministry of Land, Infrastructure, Transport and Tourism in 2019. The relative young age during which the topography did not change signif-

icantly and the sufficient spatial resolution of digital elevation model data enabled us to determine the path-lengths of across the dam and

sediments in the coordinate system of the detector for each angular bin. The path-lengths across the dam were calculated using the geo-

metric data of the dam. Figures 6A and 6B show the path-lengths calculated for the dam and for the dam and sediment which ranged up

to 4 m and 20 m, respectively. In Figure 6C, the expected density-length is shown with the density values of 2.3 g cm �3 and 1.8 g cm�3

for the dam and sediments, respectively.

The Xds density-lengths were reconstructed via comparing the measured fluxes (Figure 5B) to modeled fluxes (Fmod). The measured flux

errors were added to the fluxes to determine the lower density-length errors and were subtracted from the fluxes to calculate the upper den-

sity-length errors via the sameprocedure. Themodeled fluxes were determinedby integrating the zenith-angle dependentmuonmomentum

spectra from minimum energies that required for muons to penetrate across the sediments and the dam: Fmod = !pmin f(p,q) dE. Here, we

applied a parametrization of Ecomug simulation package71 that is based on the data collected by the ADAMO spectrometer72:f(p,q) = [1,

600(p/p0 + 2.68)�3.175(p/p0)
0.279] 3 cos(q)n(p), n(p) = max[0.1, 2.856–0.655log(p/p0)] for p > 0.04 GeV p0 equals to 1 GeV. The altitude depen-

dence of muon spectra were taken account via the following formula73: F(H) = F(0)exp(�H/L(p)), where L(p) = 4900 + 750p. We have to note
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that the choice of muon flux model strongly influences the modeled flux (see, e.g., ref. 74) due to the sparse experimental data below a few

tens of GeV. To overcome on this limitation, a rotatable muon spectrometer, called NEWCUT, is under development.75

The pmin minimummomentums were determined using GEANT4 simulation framework.76 5000 monoenergetic muons were generated in

each simulation run. The energy was set from 0.1GeV to 15GeV. Themuonswere injected into shielding concrete. The shielding concretewas

built up fromOxygen, Silicon, Calcium, Iron, Aluminum and Sodium with the composition ratios of 52%, 32.5%, 6%, 4%, 4% and 1.5%, respec-

tively. The average density of the shielding concrete was set to r = 2.3 g cm�3. All relevant electromagnetic processes were implemented to

accurately simulate the passage of muons in the shielding concrete. The histograms of the range of muons were determined by event-by-

event analysis of the simulated data. Figure 7 shows examples of muon range distributions for selected injection energies. The average range

values and their sigma values were determined for each histogram. Figure 8 shows the minimum energy versus range for a density-lengths

which are comparable with the density-lengths measured across the dam. A second degree polynomial function was fitted on these data to

extract the minimum energies for each angular bins: E(X) = a+bX + cX,2 where a =�0.059G 0.014, b = (1888G 1)310�5, c = (30.3G 1.4)310
�9. It is worth noting that we chose amaterial with density and composition that are close to the inspected dam to derive the relation between

the muons’ energies and ranges, but other choices are also appropriate because chemical composition result in negligible systematics error

at this size scale.77

QUANTIFICATION AND STATISTICAL ANALYSIS

There is no statistical analysis in this paper.

ADDITIONAL RESOURCES

We have no relevant resources.
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