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ABSTRACT

This study analyzes water pipeline damage caused by liquefaction-induced ground
deformation in Uchinada Town, Ishikawa Prefecture, during the 2024 Noto Peninsula
Earthquake (Mw 7.5). In Japan, peak ground velocity (PGV) and spectrum intensity (SI)
are commonly used indices for evaluating pipeline damage during earthquakes; however,
in regions where liquefaction is predominant, these indicators alone are insufficient to
adequately explain the mechanisms of pipeline failure. Therefore, ground surface
displacement was estimated through pixel offset analysis using three ALOS-2 SAR
images acquired before and after the earthquake, and the results were compared with
the locations of pipeline damage. The analysis revealed that areas with extensive
liquefaction exhibited surface displacements exceeding 1.5 m, and pipeline damage was
concentrated in these zones of substantial deformation. In particular, the Nishiaraya
district, which has a gentle slope of approximately 2% from the dune area toward the
lowlands, experienced notable lateral spreading, where surface displacement reached
approximately 1.5 m occurring on the dune-side slope. These results suggest that
pipeline rupture was likely caused by stress concentration at the joints. In future work,
we will propose predictive models that account for pipeline materials and joint
characteristics.

1. INTRODUCTION

The 2024 Noto Peninsula Earthquake, which occurred on 1 January 2024,
recorded a moment magnitude (Mw) of 7.5 and a maximum Japan Meteorological
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Agency (JMA) seismic intensity of 7 in the Noto region of Ishikawa Prefecture, causing
severe crustal deformation and structural damage in the Noto region. The damage to
water supply infrastructure was particularly serious, and prolonged water outages
occurred across extensive areas of Ishikawa Prefecture (MLIT Japan 2024). The failure
of water pipelines not only prolongs evacuation life but also deteriorates public health. In
response to such widespread and serious lifeline damage, the rapid identification of
damaged locations is an urgent task for the formulation of restoration plans and for the
resilience enhancement of lifelines.

In this study, pixel offset analysis based on ALOS-2 SAR imagery is therefore
conducted for Uchinada Town in Ishikawa Prefecture, where liquefaction was induced by
the Noto Peninsula Earthquake, and the relationship between the estimated ground
displacement and the locations of water pipeline damage is analyzed. Furthermore, the
relationship between the areas in which ground displacement is predominant and the
damage locations is examined, and the effectiveness of pixel offset analysis in regions
with pronounced liquefaction damage is investigated.

2. DATA USED IN THIS STUDY

In this study, pixel offset analysis was conducted for Uchinada Town in Ishikawa
Prefecture, where severe liquefaction-induced damage to water pipelines had been
reported, using pre-earthquake and post-earthquake SAR images acquired by ALOS-2.
An overview of the SAR images used in this study is presented in Table 1, and the
observation coverage is shown in Fig. 1. For the damage data of buried pipelines, the
damage dataset for Uchinada Town in Ishikawa Prefecture was used (total damage
records: 67 locations) (Fig. 2).
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Fig. 1 Observation Coverage of the SAR Images Acquired by ALOS-2
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Table 1 Overview of the SAR Images Used in the Analysis

Scene 1 Scene 2 Scene 3
Acquisition date
(Pre-carthquake) 2023/6/6 2023/12/6 2022/6/6
Acquisition date
(Post-carthquake) 2024/1/2 2024/1/3 2024/1/15
Flight direction Descending Ascending Ascending
Look direction Left (East) Right (East) Left (West)
Heading angle (°) 193.0 347.2 347.0
Off-nadir angle (°) 35.5 37.2 324
Observation mode StripMap 3 m StripMap 3 m StripMap 3 m
Azimuth resolution 2.1m 1.8 m 2.0m
Range resolution 22m 2.1m 2.4 m
136°37°0" 136°38'0" 136°39'0" 136°40'0" 136°41'0" 136°42'0"
36°420" 136°24'  136°48' 13712 36°42'0"
36°41'0" 36°41'0"
Municipal boundary of
36°40'0" Uchinada Town 36°400"
36°39'0” 36°39'0"
—— Water distribution network
36°38'0" * Water pipeline damage 36°38°0"

136°37'0"

2 3 4 km
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Fig. 2 Water Supply Pipeline Network and Map of Damaged Areas in Uchinada
Town, Ishikawa Prefecture

3. PIXEL OFFSET ANALYSIS

Pixel offset analysis is a method in which estimates ground surface displacement
on a two-dimensional plane by directly capturing the "shift in pixel position" between two
SAR images acquired at different times. In this method, the SAR images obtained from
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the SAR satellite are divided into fixed-size windows, and the pixel displacement is
estimated by searching, within each partition, for the position with the highest similarity
is highest.

The pixel offset analysis is as follows. First, because SAR images contain speckle
noise, multi-looking is generally applied in the range and azimuth directions to reduce
this noise. However, because multilooking can broaden the correlation peak and reduce
matching accuracy, single-look processing was adopted in this study. Next, the SAR
image pair acquired under identical observation conditions was co-registered, and while
the correlation window was scanned over the pre-earthquake image, the correlation
coefficient with respect to the corresponding region in the post-earthquake image was
calculated, with the position at which the correlation coefficient was maximized taken as
the offset. The correlation window size (CC window size) denotes the number of pixels
contained in the range and azimuth directions of the window at this stage, and it specifies
the averaging extent used when the correlation coefficient is calculated. In this study, a
correlation window size of 32 x 32 pixels was applied. Furthermore, in order to estimate
sub-pixel displacements smaller than one pixel, the vicinity of the correlation peak was
subdivided by oversampling, and the peak position was estimated at the sub-pixel level.
The oversampling factor (CC oversampling) used when determining the correlation peak
position at the sub-pixel level was set to 16. In addition, the threshold (CC threshold) for
accepting the calculated correlation coefficient was set to 0.4. In this study, intensity
images with a resolution of approximately 2 m were projected onto a grid size of 3 m.

4. ESTIMATION RESULTS OF GROUND DISPLACEMENT

Here, the relationship between the ground displacement and the water pipeline
damage locations is discussed. First, a vector diagram of the ground displacement
magnitude and displacement direction obtained by the pixel offset analysis is shown in
Fig. 3. In this study, Uchinada Town in Ishikawa Prefecture was divided into four districts,
namely the Muro district, the Nishiaraya district, the Onebu district and the
Mukaiawagasaki district, and each district was examined individually. The occurrence of
liquefaction was confirmed in all four of these districts, and cases have been reported in
which the undulating deformation of houses and roads and the uplift and subsidence of
the roadbed were caused by lateral spreading associated with liquefaction, rendering
vehicles unable to pass (Kiyota 2024). In addition, numerous instances of water pipeline
leakage also occurred in these districts.

In the Muro district in Fig. 3(a), horizontal displacements of approximately 0.25 to
0.5 m occurred in the ground displacement vectors overall, and several locations
exhibited where displacements of 0.75 to 1.5 m occurred. The water pipeline damage
points were concentrated in the areas where local displacements of 0.25 to 1.0 m
occurred nearby, and it is considered that the pipelines fractured in association with the
occurrence of residual displacement due to liquefaction.

Next, in the Nishiaraya district in Fig. 3(b), the ground displacement was large
overall in comparison with the other districts, and horizontal displacements of
approximately 1.0 to 2.0 m were observed over an extensive area, with the displacement
in many cases being predominant towards the south-east. In the survey reports on
liquefaction damage relating to the Noto Peninsula Earthquake as well, the occurrence



The 2026 World Congress on

The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

of large-scale lateral spreading has been pointed out in Uchinada Town, and the ground
displacement distribution reaching 1.5 m or more obtained in this study is consistent with

these reports (Sakamoto 2024).

Focusing on the Onebu district in Fig. 3(c), although the ground displacement is
relatively small in the district as a whole, a local displacement area of approximately 0.25
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Fig. 3 Water pipeline damage locations and ground displacement vectors in
Uchinada Town, Ishikawa Prefecture: close-up views of (a) Muro, (b) Nishiaraya, (c)

Onebu, and (d) Mukaiawagasaki districts
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to 0.75 m is formed in the central part of Fig. 3(c), and pipeline damage occurred
intensively in its surroundings.

Focusing on the Mukaiawagasaki district in Fig. 3(d), the surface displacement in
this district was the smallest among the four districts, remaining below approximately 0.5
m as a whole. However, in comparison with the water pipeline network of Uchinada Town
as a whole, this district is characterized by a relatively large number of pipeline damage
records. As the Mukaiawagasaki district lies close to a river and correspondingly has a
high degree of ground saturation, strain likely accumulated within the ground.
Consequently, these displacement actions may have induced bending and tension in the
pipe bodies and joints, thereby causing damage or detachment.

From the above considerations, it was confirmed that, in common across the four
districts, pipeline damage occurred with high frequency in the areas where ground
displacement occurred markedly. In particular, it is considered that the predominance of
horizontal displacement attributable to lateral spreading, as inferred from the direction of
the displacement vectors, induced fracture and detachment at the pipe body or the joints.

5. RELATIONSHIP BETWEEN GROUND DISPLACEMENT AND PIPELINE DAMAGE
RATIO

Here, the relationship between the ground displacement obtained by the pixel
offset analysis and the water supply pipeline damage is discussed. Specifically, pixels
with a correlation coefficient of 0.4 or above in the pixel offset analysis were taken as the
extraction targets, and by superimposing the obtained ground displacement data onto
the buried positions of the water pipelines on a GIS, the pipeline length, the number of
damage cases and the damage ratio were aggregated for each class of ground
displacement. The aggregated results are shown in Fig. 4.

From the aggregated results, a tendency was confirmed whereby the larger the
ground displacement, the greater the damage ratio. In the area where the ground
displacement was 0.00 to 0.25 m, although the pipeline length accounted for 88.42 per
cent of the total (119.58 km), the number of damage cases remained at 22, and the
damage ratio showed a low value of 0.18 cases/km. In contrast, in the areas where the
ground displacement was 0.25 to 1.50 m, the damage ratio ranged from 1.60 to 3.93
cases/km, and a tendency was observed whereby the damage ratio increased gradually
with the increase in the displacement. On the other hand, in the areas where the ground
displacement exceeded 1.50 m, the damage ratio increased further, being 7.04 cases/km
in the 1.50 to 2.00 m class and 6.74 cases/km in the class of 2.00 m or above. In particular,
in the 1.50 to 2.00 m class, three damage cases were confirmed despite the pipeline
length being 0.43 km (0.32 per cent of the total), and it became clear that the density of
damage occurrence per unit pipeline length was extremely high.

From the above results, a threshold behavior was recognized in which the
pipeline damage ratio increases sharply with a ground displacement of 1.50 m as a
threshold. This suggests that the areas in which a ground displacement of 1.50 m or
more occurred can be identified as areas with concentrated pipeline damage of
liquefaction-induced pipeline damage, and that the estimation of local damage locations
is possible by means of the present method.
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Fig. 4 Water pipeline damage ratio by ground displacement class

6. CONCLUSIONS

In this study, ground displacement based on pixel offset analysis was estimated
from ALOS-2 SAR images for Uchinada Town in Ishikawa Prefecture during the 2024
Noto Peninsula Earthquake, and the damage ratio (cases/km) for each ground
displacement class was analyzed. As a result of the analysis, it was found that the
damage ratio rises with the increase in the ground displacement. Furthermore, since the
damage ratio in the areas where the ground displacement reached 1.5 m was 6 cases/km
or more, the results indicate that the number of damage cases per kilometer increases
considerably under pronounced horizontal displacement. In future work, we aim to
elucidate the process leading up to the occurrence of pipeline damage by conducting an
analysis that considers pipeline attributes such as pipe material, joint type and installation
year.
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