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Evaluation of Long-term Settlement of a Large Building on a Piled

Raft in Soft Ground Using SAR Remote Sensing
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Summary

This paper undertakes a comparative analysis of the long-term settlements of a low-rise parking structure supported by a
piled raft foundation in reclaimed ground. The conventional leveling measurements are compared with those obtained by multi-
temporal InSAR analysis. The vertical displacements obtained from the InSAR analysis are found to be generally in good
agreement with those from the leveling measurements. The study demonstrates the effectiveness of SAR analysis for
monitoring vertical displacements of buildings on soft ground.
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1 INTRODUCTION

The growing consideration of environmental impacts has led to the widespread adoption of piled raft foundations, wherein
the contribution of a raft to the total resistance of a piled foundation is incorporated in the design process. Given that piled rafts
are based on a displacement-based design approach, it is crucial to assess their deformation performance. Consequently, there
is an urgent need to develop an accurate and highly efficient method for evaluating the performance of the foundations, in
addition to conventional geodetic techniques such as leveling measurements.

Interferometric Synthetic Aperture Radar (InSAR) is an Earth observation technique based on radar satellite imagery that
can measure surface deformation with millimetric level precision (Gabriel et al., 1989; Rosen et al., 2000; Sadeghi et al., 2021).
Synthetic Aperture Radar (SAR) observation data are obtained by emitting microwaves from a satellite SAR to the Earth’s
surface and recording the reflected signals. This technique has the advantage of allowing observation without the need to install
equipment on the Earth's surface, regardless of weather conditions, both during the day and at night. Persistent Scatterer
Interferometry (PSI), first proposed by Ferretti et al. (2001), is a powerful remote sensing technique that exploits multi-
temporal SAR images acquired over the same area to measure and monitor the displacement of the Earth’s surface over time
(Crosetto et al., 2016). The development of multi-temporal InSAR techniques, such as PSI, has enabled the acquisition of
highly accurate deformation time series. Multi-temporal InSAR techniques have been extensively utilized to monitor urban
areas affected by subsidence at regional and local scales in the context of very slow displacements (e.g., Cigna et al., 2012,
2014; Raspini et al., 2012; Rosi et al., 2014). These techniques have also been employed in analyses at the building and
infrastructure scale (Solari et al., 2016; Ciampalini et al., 2019; Hoppe et al., 2019; Wu et al., 2020). In Japan, the utilization of
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multi-temporal InSAR techniques has recently been considered as a means of enhancing the efficacy of the maintenance and
management of social infrastructure, including rockfill dams, road soil structures, and river levees (Sato et al., 2017; Koseki et
al., 2018; Kubota et al., 2024). Nevertheless, there are few case studies that compare InNSAR results with overall and differential
settlement from conventional leveling in detail for a specific building.

This paper presents a case study of a large low-rise building supported by a friction piled raft foundation in soft ground.
Long-term settlement monitoring of the building was conducted using conventional geodetic techniques from the beginning of
construction in 2006 for more than fifteen years. The objective of this study is to evaluate the long-term deformation of the
large building using satellite SAR remote sensing. To this end, the deformation time series of the building were estimated from
multi-temporal InSAR analysis using medium-resolution images of the site obtained by the Sentinel-1 constellation over the
period 2014 — 2021. The estimated vertical displacement time series were then compared with the leveling measurements in

order to validate the InSAR results. A portion of this study was recently published by Tanikawa et al. (2025).

2 BUILDING UNDER STUDY

21

The building under study is a low-rise, multi-story parking structure situated in a reclaimed area on the Tokyo Bay coast

Structure and soil conditions

(Yamashita et al., 2019). Fig. 1 presents a longitudinal view of the building with soil profiles and Fig. 2 shows a foundation
plan view. The building is constructed of steel-reinforced concrete columns and steel beams, with a plan area of 213 m by 71 m.
The mean load per unit area over the raft was 45 kPa. The soil profile consists of a layer of filled sand and alluvial loose sand
extending to a depth of 10 — 15 m. Below this, there is a layer of soft alluvial clay deposits, which are normally consolidated (or
still under-consolidated). The ground water table is approximately 1.5 m below the surface. The thickness of the alluvial clay

deposits exhibits a significant change in the central region of the site, attributed to the presence of a buried valley.
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Fig. 2 Building and foundation with monitoring equipment locations: foundation plan view
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2.2 Foundation

Given that the superstructure load per unit area is relatively low and that the structure is intended for a parking lot, which
allows for some total and differential settlement, the foundation was designed based on a displacement-based approach and a
friction piled raft foundation was selected. In the friction piled raft, 152 PHC piles with diameters of 0.5 — 1.0 m were used.
The depth of the pile toe is 35 — 42 m from the ground surface in the northern part and 62 m in the southern part, while the
depth of the pile toe varies from 44 to 60 m in the central part. Moreover, a cement deep mixing wall (DMW) grid was
employed as a countermeasure against the liquefaction of the filled sand and alluvial sand underlying the raft, as illustrated in
Figs. 1 and 2.

2.3 Instrumentation

A comprehensive field monitoring program was initiated at the beginning of construction in 2006 and continued for more
than fifteen years after the completion of the building. The program included the monitoring of foundation settlement and load
sharing between the piles and the raft. The locations of the monitoring devices are illustrated in Figs. 1 and 2. Vertical ground
displacements were measured beneath the raft, in the vicinity of column 3C and at four depths in the vicinity of column 17C,
using differential settlement gauges. Leveling measurements were conducted at the selected columns on the first floor (see Fig.
6). A benchmark for the leveling measurements was established at column 3C, where it was assumed that the settlement would
be equal to the settlement of the ground beneath the raft at a depth of 4.0 m from the ground surface, as obtained by the
measurement of differential settlement gauges. The measurement process is still ongoing, and the degree of subsidence of the
building and the ground is consistent, with no perceptible steps observed at the entrances. Further details regarding the field

monitoring can be found in Yamashita et al. (2019).

2.4 Results of settlement monitoring

Fig. 3 shows the development of vertical ground displacement beneath the raft, as measured by differential settlement
gauges. The vertical ground displacements beneath the raft, at a depth of 4.0 m in the vicinity of 3C and at a depth of 3.6 m in
the vicinity of 17C, are shown in Fig. 3a. The ground displacements in the vicinity of 17C were found to be significantly
greater than those near 3C, in accordance with the thickness of the alluvial clayey layers. A sudden increase in ground
displacement was observed in the vicinity of 3C at the time of the 2011 Tohoku earthquake (Mw = 9.0), while no significant
increase in ground displacement was recorded in the vicinity of 17C. This can be attributed to the inelastic settlement of the
relatively short friction piles used in the northern part of the piled raft, which were subjected to the strong seismic axial
loading. It should be noted that since the measurement of differential settlement gauges in the vicinity of 3C ceased in 2017
due to disconnection, the “log ¢* approximation based on the data after the seismic event has been employed to extrapolate the
settlement at the benchmark, as illustrated by the dotted line. Fig. 3b shows the vertical ground displacement in each soil layer
beneath the raft in the vicinity of 17C in the southern part. The measured displacements of the layers deeper than 42.0 m depth
were considerably large, indicating that the clayey silt and silty clay layers between depths of 45 and 65 m were undergoing
consolidation due to the combined effects of the building load and overburden pressure of the reclaimed ground. On the other
hand, the measured displacements of the layers shallower than 42.0 m were very small, indicating that the consolidation

settlement of the clay layer between depths of 15 and 45 m has been nearly complete.

a b
E.OC. Tohoku earthquake E.O.C Tohoku earth
.0.C. quake
Oct.2006 Mar. 11, 2011 Oct.2006 Mar. 11, 2011 May 2014
v v AV

v A
2 OL‘%:W: | o BN
£ 20 1 : £ —o—
E \D\dﬂﬂo‘%-oﬂ—c—o—&oo-o% ............... 3¢ E w0 i -~ v
£ 0 f £
2 o
§ o Dﬂ‘DﬂﬂCUC § 20 \
% s 30 R
a a o 36-222m o
- 40 || & 222-420m \\M
~~ 42.0-60.0m o
. o - 600-75.0m

2006 2008 2010 2012 2014 2016 2018 2020 2022

Year 2006 2008 2010 2012 2014 2016 2018 2020 2022

Year
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Fig. 4 presents the settlement profiles on the first floor of the building in the longitudinal and transverse directions at the time
of completion and subsequently. The settlement exhibited considerable variation across the columns, with values ranging from
22 mm at 1C to 121 mm at 17E on November 29, 2021. The greatest degree of settlement was observed on the southeast side,
indicating that the building as a whole tilted to the south and east. The angular rotation along Street 17 between 17B and 17E in
the transverse direction was 1/880, while the angular rotation along Street E between 11E and 17E in the longitudinal direction

was 1/1330.
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Fig. 4 Settlement profiles on the 1st floor of the building from leveling measurements

3 INSAR METHODOLOGY

3.1 SAR dataset

This study employed medium-resolution (C-band) SAR images obtained by the Sentinel-1 constellation, which consists of
two satellites from the European Union and the European Space Agency’s Copernicus Program (Sadeghi et al., 2021). Table 1
provides an overview of the technical specifications of the Sentinel-1. The SAR images of the site were acquired using both
ascending (flying south to north, eastward-looking) and descending (flying north to south, westward-looking) geometries (see
Fig. 6). A total of 169 images of the ascending geometry were acquired between April 30, 2015, and October 13, 2021, while
180 images of the descending geometry were acquired between November 25, 2014, and October 7, 2021. The acquired SAR
images were processed by TRE ALTAMIRA using the SqueeSAR analysis (Ferretti et al., 2011). The SqueeSAR analysis
enables the generation of a time series of the line-of-sight (LOS) displacement between a satellite and a measurement point on
the Earth’s surface (denoted MP) based on the phase difference information of the observation data. This is referred to as one-

dimensional (1-D) analysis.

Table 1 Technical specifications of Sentinel-1 constellation

Band Wavelength Numb(?r of Revisiting t.1me Altitude Beam mode Swath width Resolution
satellites (one satellite)
Interferometric
X
C 5.93 cm 2 12 days 693 km Wide Swath 250 km SmX20m
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3.2 Estimation of vertical and horizontal deformation

The LOS displacement (D, o) is the projection of the 3-D real movement along the LOS and is given by Eq. (1) (Fuhrmann
and Garthwaite, 2019).

Dy os =D, cos 0 - Dg sin 0 cos a + Dy sin 0 sin (1)

where Dy, Dy and Dy are the vertical, eastward and northward components, respectively, of the real displacement vector of
the radar target; 6 is the incidence angle; and « is the azimuth angles of the satellite heading (angle between the satellite
heading and true North). Since the satellite orbit is typically close to the north-south direction and microwaves are emitted in a
direction perpendicular to the satellite orbit, displacement in the north-south direction is nearly undetectable from the satellite
LOS direction. Therefore, by assuming Dy = 0 in Eq. (1), a system of Egs. (2) and (3) is obtained for the ascending and
descending geometries, respectively (Raspini et al., 2012; Cigna et al., 2019).

D,=Dy cos 0, - Dgsin0,cosa, 2)
Dy =Dy cos O - Dy sin 0, cos ap, 3)
where D, and Dy, are the LOS displacements; 6, and 0}, are the incidence
Vertical
angles; o, and «ap are the azimuth angles of the satellite heading. The A
Ascenc_iing Descen_ding
subscripts A and D indicate ascending and descending geometries, orbit orbit

respectively. In the present case, the incidence angles 6, and 6;, were 41.7°
and 38.5°, respectively, and the azimuth angles o, and ap, were 350.8° and
190.2°, respectively (see Fig. 6). As illustrated in Fig. 5, the satellite LOS %788

displacement for the ascending and descending geometries is related to the

> Eastward

real displacement (D,,) in a two-dimensional (2-D) analysis.

When information from both ascending and descending datasets is
available for the same area in the same time period, the components of the
real displacement vector along the vertical and east-west directions are
obtained by solving the system of Egs. (2) and (3). The solution of this
system requires that a single MP is recognized as a valid target by the
satellite in both ascending and descending orbits. However, this condition

rarely occurs, necessitating the creation of artificial MPs. This operation can Fig. 5 Relationship between LOS displacement for

the ascending and descending geometries and

be performed by dividing the space into a sampling grid of square cells (as ) i
real displacement (2-D analysis)

shown in Fig. 6) and calculating the mean deformation in the cell for each of

the two orbits (Rosi et al., 2014; Cigna et al., 2019). If the observation dates of both orbits do not coincide, the displacement is
obtained by interpolating the displacement between the previous and subsequent observation dates. The vertical and east-west
components of the real displacement vector are denoted as Dy and Dy, respectively.

In the context of static loading conditions, it can be assumed that the predominant component of the real motion of ground
and structure is in the vertical direction. In such cases, the horizontal displacements can be neglected, resulting in D = Dy =0
in Eq. (1). Consequently, the vertical components of the real displacement vector can be estimated from the following Eqgs. (4)
and (5), provided that the LOS displacements are available for either ascending or descending geometry (Cigna et al., 2014).

Dyy,=D,/cos 0, 4)

Dy = Dp/cos 6, 5)

where Dy, and Dy, are the vertical components estimated from the ascending and descending LOS displacements,
respectively. The vertical components estimated from Eqs. (4) and (5) are hereafter referred to as 1-D-derived vertical

displacements.

4 INSAR RESULTS

Fig. 6 illustrates the distribution of the identified MPs within the building envelope, as determined by the SqueeSAR
analysis. The ascending and descending geometries are presented separately. The latitude and longitude coordinates of the
building plan were determined using GSI Maps (provided by the Geospatial Information Authority of Japan), with the southeast
angle of the building adjusted to match that on the GSI Maps. Within the building envelope, 33 and 61 MPs were identified for
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the ascending and descending geometries, respectively. The direction of satellite orbit travel and the direction of microwave
irradiation are indicated by the blue arrows. Fig. 6 also shows the locations of the leveling measurement columns and a
sampling grid consisting of 20x20 m square cells, each identified by a cell number. The grid is employed to estimate the

vertical and eastward displacements (Rosi et al., 2014), as well as to identify the MPs corresponding to the leveling points.
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Fig. 6 Distribution of MPs inside the building with the locations of leveling measurement columns and a sampling grid

4.1 LOS displacements

Figs. 7 and 8 show the estimated time series of the LOS displacement at the MPs in each cell containing the MPs, for
ascending and descending geometries, respectively. The symbol # represents the number of the cell shown in Fig. 6. The LOS
displacement is the increase in value relative to the value at the time of the initial acquisition. The direction of the MP’s
movement with respect to the satellite can be determined by the sign of the displacement. A positive displacement indicates
that the MP is moving towards the satellite, while a negative displacement indicates that it is moving away from the satellite.
Although there is some transient data scatter, the LOS displacement time series exhibited a nearly linear increase over time for
both ascending and descending geometries. The periodic deformation pattern is observed in the displacement time series,
particularly evident in cells such as #106 and #97 in Fig. 7 and #69 and #60 in Fig. 8. This is likely the result of thermal
dilation of the portion of the roof due to seasonal temperature fluctuations observed in the scene (Crosetto et al., 2008).

When multiple MPs were present in the same cell, the displacement time series in the cell appeared to be generally consistent.
However, the displacements at MPs indicated by a, b, ¢, and d (where the MPs a, ¢, and d are located on the ramp to the rooftop),
shown as purple dots in Fig. 6a, were significantly smaller than those at MPs in the same cell or nearby cells, as shown by the red
line in Fig. 7. Possible explanations for the observed issues are as follows: In the ascending geometry, the LOS to the MPs a and
b may be obstructed by the roof of the building. For MPs ¢ and d in the vicinity of the mid-rise building, there appears to be an
effect of microwaves reflected from the adjacent building on the backscattered signals from the MPs. In the descending geometry
(Fig. 6b), the LOS to the MPs e, f, g, h, and i in the vicinity of the mid-rise building may be affected by shadowing from the
building. In addition, the LOS to the MPs j, k, 1, m, n, and o located on the ramp on the northwest side may also be affected by
shadowing from the roof of the building. The time series of LOS displacements at the MPs e, f, g, h, 1, j, k, 1, m, n, and o, as
illustrated by the red line in Fig. 8, indicate that the LOS displacements at most of these MPs are significantly small. Therefore, it

is necessary to pay close attention to the positions of the MP identified in the analysis and the surrounding conditions.
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Fig. 7 LOS displacement time series at MPs inside the building envelope line for ascending geometry

Fig. 9 presents the time series of mean LOS displacements in the cell containing the leveling points for both geometries. The
mean LOS displacement is the average of the LOS displacements in the case of multiple MPs in the same cell. In calculating
the mean LOS displacements, we excluded the LOS displacements at MPs a and b, in cells #51 and #41, respectively, for the
ascending geometry and MPs j and k in cell #67 for the descending geometry. This was done in order to address the possibility
of questionable measurements, as previously mentioned.

The specific displacement time series in some cells indicate a clear tendency for shifts in either the positive or negative
direction. The underlying causes of these shifts remain uncertain; however, in order to mitigate the impact of discrepancies in
comparisons with independent estimates, such as leveling measurements, a linear regression was used to correct shifts in the
displacement time series. The corrected displacement history is represented by the blue dots, with the initial value of the linear
regression line (indicated by the red dashed line) being zero. Furthermore, it is observed that while there is some transient
scatter in the mean LOS displacement histories, the magnitude of the scatter appears to be greater for InSAR results obtained
from a single MP or two MPs within the cell (denoted as 1 MP or 2 MPs, respectively), but smaller for those obtained from
three or four MPs within the cell.
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Fig. 8 LOS displacement time series at MPs inside the building envelope line for descending geometry
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Fig. 9 Time series of mean LOS displacements in the cell containing leveling points: (a) ascending and (b) descending geometries
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4.2 2-D displacements

In order to evaluate the vertical and eastward displacements, it is necessary to obtain the LOS displacements from the
ascending and descending geometries in the same cell, as discussed in 3.2. From the SqueeSAR analysis, the 2-D displacements
were obtained for the six cells (#95, #79, #67, #41, #31, and #22) containing the leveling points 3B, 6E, 9B, 14E, 17D, and
17E, respectively. It should be noted, however, that the displacements at MP b in #41 and MPs j and k in #67 have been
identified as questionable data, as discussed in 4.1. Consequently, the 2-D displacements of #41 and #67 have been excluded
from the discussion in this paper.

Fig. 10 presents the 2-D time series of the vertical displacement in the four cells #95, #79, #31, and #22, containing leveling
points 3B, 6E, 17D, and 17E, respectively. The initial point of the 2-D displacements is April 30, 2015, which is the same as
the ascending data. As with the mean LOS displacement time series in Fig. 9, a linear regression was employed to correct for

the shift in the original displacement history.
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Fig. 10 Vertical displacement (Dy) time series in the four cells containing levelling points 3B, 6E, 17D, and 17E

5 VALIDATION OF INSAR RESULTS

The validation of the InSAR results for vertical displacements was based on a comparison of the displacement time series
with the leveling measurements presented in Section 2.

First, the 1-D-derived vertical displacements are compared to the leveling measurements, as illustrated in Fig. 11 for the
ascending and descending geometries, respectively. Note that in Fig. 11b, the leveling measurements at points 9C and 9D are
compared to the same 1-D-derived vertical displacements in cell #68. In order to mitigate the impact of scatter in the leveling
measurements in the comparison, a hyperbolic approximation of the leveling measurements was introduced. The shape of the
time-series curve of the subsidence from the leveling measurements after the 2011 Tohoku earthquake shows a slightly larger
downward convex curvature compared to before the earthquake. Therefore, to appropriately evaluate the temporal variations in
subsidence subsequent to the substantial seismic event, the initial point of the hyperbolic curve was set to November 18, 2010,
preceding the event. The corrected 1-D-derived vertical displacements shown in Fig. 9 were employed for the comparison. The
initial value of the vertical displacement was established based on the value of the hyperbolic curve at the time of the initial
data acquisition (on April 30, 2015 for the ascending geometry and November 25, 2014 for the descending geometry). From
November 25, 2014 to October 13, 2021, which corresponds to the SAR data acquisition period, the increment of the leveling
measurements ranged from 1 to 27 mm, depending on the location of the leveling point. The 1-D-derived vertical
displacements, with some allowance for transient data scatter, are somewhat larger in cells #31 and #22 (containing 17D and
17E, respectively) for the ascending geometry and smaller in cell #79 (containing 6E) for the descending geometry in
comparison to the leveling measurements. Nevertheless, the overall agreement between the two sets of measurements is
generally satisfactory. A subsequent comparison is presented between the vertical displacement time series in the four cells
#95, #79, #31, and #22 and the leveling measurements at the corresponding points 3B, 6E, 17D, and 17E, as illustrated in Fig.
12. The vertical displacements were found to be in good agreement with the leveling measurements.

The following paragraphs will examine the discrepancies between the 1-D-derived vertical displacements and the leveling
measurements in specific cells previously mentioned. As indicated in 2.4, the building exhibited a slight tilt to the south and
east after its completion. As illustrated in Fig. 4, on November 29, 2021 (immediately following the final SAR acquisition on

October 13, 2021), the inclination angle along Street 17 (between leveling points 17B and 17E) in the transverse direction was
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1/880. The inclination angle along Street 6 (between 6C and 6E) was found to be 1/1830, while the angle along Street 3
(between 3B and 3E) was 1/7070.
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Fig. 11 Comparison of 1-D-derived vertical displacement with leveling measurements: (a) ascending and (b) descending geometries
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Fig. 12 Comparison of time series of vertical displacement (Dy) with leveling measurements
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As shown in Fig. 13, a detailed comparison is provided of the vertical displacements with the 1-D-derived vertical
displacements, along with the hyperbolic approximation of the leveling measurements. The initial value of the hyperbolic curve
was set to zero on November 25, 2014, the date of the first data acquisition for the ascending geometry. The 1-D-derived
vertical displacements from the ascending geometry (Dy,) are considerably greater than those from the descending geometry
(Dyp) in cells #31 and #22 (containing 17D and 17E, respectively). In contrast, the values of Dy, and Dy, are comparable in
cell #95 (containing 3B). As illustrated in Fig. 5, this indicates that the eastward displacements (approximately transverse
direction of the building) near columns 17D and 17E on the rooftop are greater than the displacements near column 3B. In
summary, the observed discrepancies between the 1-D-derived vertical displacements and the leveling measurements in cells
#31 and #22 (which contain 17D and 17E) may be attributed to the effect of the inclination in the southern part of the building.
This finding aligns with the observations made in previous studies, which noted that the assumption of zero horizontal
displacement may introduce bias in the interpretation of results in zones exhibiting significant horizontal displacement (e.g.,
Cigna et al., 2019). However, in cell #79 (at 6E), the values of Dy, appear to be significantly different from those of Dy,
despite the inclination angle along Street 6 being relatively modest (1/1830). The reason for this discrepancy is currently
unclear. As illustrated in Fig. 13, the vertical displacements appear to be intermediate between the 1-D-derived vertical
displacements from the two geometries in cells #79, #31, and #22. Additionally, the vertical displacements are comparable to
the 1-D-derived vertical displacements from the two geometries in cell #95. Consequently, the vertical displacement time series
were in good agreement with the leveling measurements, as would be anticipated, irrespective of the building’s appreciable or

negligible tilt. However, the number of cells from which 2-D displacements could be obtained was limited.
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Fig. 13 Comparison of vertical displacements (Dy) with 1-D-derived vertical displacements (Dy,, Dyp) and leveling measurements

6 CONCLUSIONS

Through a comparison of the InSAR results and leveling measurements, the following conclusions were drawn:

1) A total of 33 and 61 MPs within the building envelope were identified from the InSAR analysis for the ascending and
descending geometries, respectively. While there is some transient data scatter, at almost all MPs, the estimated LOS
displacement time series exhibited a nearly linear increase over time.

2) When the satellite LOS displacements were available for either ascending or descending geometry, the 1-D-derived vertical
displacement time series, derived from the assumption of zero horizontal displacement of the building, were found to be
generally consistent with the leveling measurements. However, discrepancies were observed in a few cells between the two
data sets, which may be attributed to the tilt of the building.

3) While the number of cells from which 2-D displacements could be obtained was limited, the vertical displacement time
series were in good agreement with the leveling measurements, regardless of whether the tilt of the building was
appreciable or negligible.

4) The utilization of C-band SAR images acquired by the Sentinel-1 constellation has the potential to serve as an effective tool

for the assessment of long-term settlement of a substantial structure on soft deposits.
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