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ABSTRACT: Multi-temporal Interferometric Synthetic Aperture Radar (MT-InSAR) has become a valuable tool for monitoring
surface movements in urban areas. This study integrates MT-InSAR data from complementary ascending and descending orbits, with
kinematic analytical constraints to evaluate three-dimensional ground displacements induced by deep excavations. A case study of
metro station construction in Copenhagen’s Cityringen is presented, where ground movements were induced by piling and excavation
activities. To assess the reliability of MT-InSAR against terrestrial benchmarks, displacement time series from very-high-resolution
X-band satellites (TerraSAR-X and Cosmo-SkyMed) are compared with three-dimensional terrestrial measurements. A novel method
is then introduced that integrates dual-orbit MT-InSAR measurements with an analytical kinematic model to assess 3D displacement
directions, grounded in the physical behaviour of deep excavations. This allows for decomposition of satellite observations along the
radar Line-of-Sight (LOS) into vertical and horizontal components around a rectangular excavation. A study of the directional
sensitivity of Analytically Constrained InSAR (AC-InSAR) to the variance of LOS measurements is carried out. Finally, the
kinematically constrained MT-InSAR results are compared with terrestrial data to demonstrate the feasibility and accuracy of the
proposed approach.
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INTRODUCTION satellite radar Line-of-Sight (LOS), which is not adequate to
quantify 3D  excavation-induced displacement fields,
particularly when displacements have horizontal components in
both the East and North directions. This limitation arises
because current satellite SAR missions operate on quasi-polar
orbits, resulting in poor sensitivity to the North-South
components of ground movement.

Previous studies have combined LOS measurements from
complementary ascending and descending orbits to estimate
two-dimensional displacement fields, usually through the
estimation of West-East and Vertical components, relying on
assumptions such as plane-strain conditions or negligible north-
south displacements (Ritter et al. 2021), which may introduce
errors (Brouwer and Hanssen, 2023). To overcome these
shortcomings, Brouwer and Hanssen (2024) proposed the
“strapdown” approach for 3D displacements estimation, which
introduces the expected deformation direction as a priori
Deep physically informed constraint. While this approach has been
Excavation successfully applied to landslides and linear infrastructure

monitoring (Cascini et al., 2010; Chang et al., 2018; Solarte et

Monitoring and back-analysis of ground movements induced
by excavations are essential for managing risks in dense urban
settings and improving prediction methods. Figure 1 illustrates
the wall deflections and ground movements for a rectangular
deep excavation (e.g. metro station box), which are inherently
three-dimensional (3D) due to the complex interplay between
the excavation and construction sequence, support systems, and
ground.
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Retaining wall
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Figure 1. Considered problem: rectangular deep excavation. al., 2025), its use in 3D excavation scenarios in urban areas
In this context, Multi-Temporal Interferometric Synthetic remains underexplored. Thus, tailoring strapdown approaches
Aperture Radar (MT-InSAR) has emerged as a valuable remote for 3D excavations is relevant.

sensing technology, capable of detecting surface displacements This paper proposes a novel methodology, referred to as
with millimetre-level accuracy over wide areas (Peduto et al., Analytically Constrained InSAR (AC-InSAR) deformation
2025). For infrastructure and urban monitoring, MT-InSAR has analysis, to study 3D excavation-induced displacement fields
been successfully applied in various geotechnical contexts, (e.g. metro station construction). It combines the analysis of
including slow-moving landslides (Noviello et. al., 2020), dual-orbit MT-InSAR ascending and descending datasets, with
subsidence (Peduto et al., 2019) and tunnelling (Giardina et al., an analytical kinematic constraint model of the horizontal total
2019; De Luca et al., 2024). However, its application to 3D displacement direction (accounting for the correlation between
excavations is challenging. Conventional MT-InSAR underground construction and a salient feature of the surface
techniques are limited to measuring displacements along the deformation field). First, the case study of the Skjolds Plads
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(SKP) metro station construction during the Cityringen project
in Copenhagen is presented, including a comparison of selected
terrestrial instrumentation and MT-InSAR measurements along
the satellite alignments. Second, the theoretical framework of
the proposed AC-InSAR method is detailed, along with a study
of expected performance depending on the horizontal
displacement vector orientation. Finally, for the case study, 3D
displacements predicted from the AC-InSAR and terrestrial
instrumentation are compared as proof-of-concept application.

1 DATASETS AND CASE STUDY

This study uses Synthetic Aperture Radar (SAR) datasets
acquired from the COSMO-SkyMed (CSK) and TerraSAR-X
(TSX) satellite missions. Both systems operate in the X-band
and provide very high-resolution radar imagery (i.e. with a
ground spatial resolution of ~3m in standard Stripmap
acquisition mode).

Both datasets have been processed at the full available
resolution for the detection of Persistent Scatterers (PS).
Specifically, the CSK dataset (96 descending-orbit images,
acquired between Apr-2011 and Dec-2019, beam H4-01
corresponding to an incidence angle (6) at scene centre of
~26.2° and heading angle & = 347.7°) was processed by CNR-
IREA using the SAR Tomography technique (Fornaro et al.,
2014). On the other hand, the TSX dataset (176 ascending-orbit
images, acquired between Sept-2011 and May-2020, track 55A,
beam strip_ 013, 6 =42.8° and a = 350.3°) was processed by
DTU Space using the Persistent Scatterer SAR Interferometry
(PS-InSAR) algorithm implemented in the SAPROZ software
(Styrelsen for Dataforsygning og Effektivisering, 2022).

The Cityringen metro line (M3) is a circular underground
metro system in central Copenhagen, comprising 17 stations,
two crossovers, and three shaft structures (Olbekk et al., 2022).
This study focuses on SKP, one of the station boxes constructed
as part of the M3 line, which was built between Dec-2011 to
Dec-2015. Figure 2 shows the alignment of the M3 line in the
city centre of Copenhagen, Denmark, and the location of SKP.
Construction followed a hybrid bottom-up method. In this
approach, the central part of the permanent roof slab was cast
before excavation began. Then, the excavation was supported
by temporary secant piles and temporary tubular struts. The
base slab was cast upon reaching the final excavation depth, and
the temporary supports were removed as the intermediate,
technical, and concourse slabs were constructed (Olbekk et al.,
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The geological profile at SKP consists of fill, glacial soils (clay
till, meltwater sand) and Upper Copenhagen limestone,
encountered at approximately 19 m below ground level (H; =
19 m). Ground displacements were observed in the surrounding
area throughout the entire construction process, including
secant pile wall installation (boring and casting), excavation,
and construction of permanent structures.

Horizontal ground movements ranging between 10 and
12.5 mm were recorded near the retaining walls, primarily
induced by piling and excavation activities, while settlements
reached values up to 10 mm. To evaluate the accuracy of
satellite-based  displacement measurements, MT-InSAR
datasets (Figure 3) are compared with terrestrial monitoring
data (Figure 5). As benchmarks for the AC-InSAR
measurements, this study uses measurements from a 3D
automated total station installed on nearby buildings (approx.
11 m above ground) with an accuracy of +1 mm.
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Figure 3. Plan locations of measurements at SKP station:
persistent scatterers (colour-coded for LOS velocity) and 3D target.
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Figure 3 shows the spatial distribution of PS from CSK and
TSX processing and the location of the terrestrial monitoring
(referred to as “3D target”), located approximately 2.5 m
behind the retaining wall and at 11.3 m above ground level near
the west corner of the station box; in addition, this figure
displays a 6 m diameter region centred at the 3D target, which
is used as a search zone of nearby permanent scatters to ensure
proximity between ascending and descending measurements. In



terms of measured displacement histories (i.e. displacement—
time curves), Figure 4 shows the projection of the 3D target
displacements onto each of the satellites’ LOS in the ascending
and descending orbits. The figure shows both the satellite’s
“LOS measurement” u;os as well as the “offset LOS
measurement” Ayos = U5 — Upps,avg defined relative to a
baseline, which is u; g qvg €qual to the average of u; s during
its first year. Both projected 3D target and LOS MT-InSAR
displacements along the descending orbit alignment (i.e. from
6 = 26.2° and a = 347.7°) fluctuate around zero; at the 3D
target location, this alignment has a limited sensitivity to
excavation-induced movements that are predominantly
horizontal. On the other hand, the TSX data capture both the
magnitudes and temporal trends of the terrestrial ground
movement along the ascending orbit alignment (i.e. from 6 =
42.8° and a = 350.3°), owing to a more favourable alignment
with the displacement direction, as discussed in Section 3.

2 PROPOSED METHODOLOGY

2.1 MT-InSAR Principles

The InSAR measurements upgs 4 and up g p correspond to the
projection of the true displacement vector along the LOS, which

can be arranged in a vector u; g5 = [uLos‘A uLOS,D]T. In the
ENZ system, the global displacement vector is g, =
[ug uy uz] T where ug, uy, and u; are the components in the
east, north, and vertical directions, respectively. Equations (1)
and (2) describe the relationship between the LOS displacement
Upps, and the true displacement u; through the unit vector I in
the i-th orbit (Cascini et al., 2010). The components of I depend
on the satellite’s incidence 6 and heading angle .

Ujps,i = liTugl =uglg; +uyly; tuzly; (1
liT = [lE,i lN,i lZ,i]T )
[—sin 6; cos a;, sin 6; sin «; , cos 6;]

When two viewing geometries are available, specifically
ascending upps, and descending u;psp, the system of
equations remains underdetermined. In this case, the full three-
dimensional displacement vector u cannot be resolved using
MT-InSAR data alone. This limitation becomes particularly
relevant when the true horizontal displacement vector uy is
relatively large. To overcome this, models acting as kinematic
constraints must be included to invert the problem (Brower and
Hanssen 2023, Solarte et al. 2025) at the point of interest. The
following section presents the analytical approach adopted in
this study.

22

Constraining of Double-Orbit MT-InSAR Data

The assumption of the proposed Analytically Constrained
InSAR (AC-InSAR) method is that the direction of the
horizontal displacement u; is known at every surface point
around the excavation. This direction is therefore treated as a
kinematic constraint within the InSAR system of equations and
is defined by the angle w, referred to as “constraining angle”,
which varies across the surface. This orientation is analytically
prescribed as w = wg,y,, based on ground loss solutions
(detailed in the next section). For validation purposes, the
direction could also be obtained from field measurements, in
which case w Wfierq- In other words, AC-InSAR assumes
that the displacement field at each point of interest (i) lies within
a vertical plane inclined relative to a horizontal axis by an angle
wand (ii) within these planes the displacement field is
described by a constrained vector u, = [u, u,]7 with
horizontal and vertical components u,, and u,, respectively.
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For deep rectangular excavations, Figure 5 shows in plan
view the horizontal displacement vector u, at a “point of
interest”. In the ENZ coordinate system, the angle between
upg = [upuy 1" and the East direction is denoted as wp.
Alternatively, the local coordinate system (X, Y, Z) may be
used where the horizontal axes are aligned with the excavation
walls. In the local system, the horizontal displacement is
expressed as Up jo¢ [ux uy]T where u, and u, are the
displacement components along the wall directions. The
orientation of uy, relative to the local x-axis is denoted as
wx(x,y). The angle between the local and global coordinate
systems is f, and is taken as positive anticlockwise; from
definitions, wg = B, + w,. While w can be influenced by the
geometry of the excavation and support conditions, in areas
where plane strain conditions apply (typically along the axes of
symmetry), uy is perpendicular to the excavation walls.
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Figure 5. Plan view of the horizontal displacement: (a) in global
(EZ) and (b) the local (XY coordinate systems.

__________ Constrained
vertical plane

Next, the set of equations defining the AC-InSAR method is
derived to show how the displacement vector, expressed as
uy = [ug uy uz]" orinalocal system as u;o, = [wx uy uZ]T,
when constrained to lie in a vertical plane identified by the
constraining angle w, can be fully described using only two
unknown scalar quantities: horizontal u, and vertical u,
components of u,. Assuming that angles are measured as
positive in the anticlockwise direction, it follows from the
definitions that

Uy u
wg = tan~? (—), wy = tan™! (—y)
Ug Uy

3)

sinwg Sinw,

Uy Ug; uy

= = u
coswg coswy, 4)

In the ENZ frame, the LOS displacement measurements from
both ascending (A) and descending (D) satellite passes (U5 4
and u;pg p, respectively) can be related to true displacement
components with this system of equations

I, a1|"E
Z,A] uy;
lzp Uy

Substituting Equation (4) into the system of Equation (5)
eliminates the north component uy as an independent variable.
This leads to the constrained system shown in Equation (6) that
is a determined set of equations when wg is (analytically)
known, with L. being the constrained transformation matrix
between InSAR measurement and displacements (e.g. L¢ gn
corresponds t0 Wg = Wg qp).

[uLOS,A] _ [lE,A Ina

uLOS,D lE,D lN,D

®)

U5 = Lug



sinwg
u Eat Ina lza
[ LOSA] _ COSWg uE]_
Urospl sinwg ; uzl’ ©
ED sy NP tzD
Ug
uos = L¢ uz]

Equation (6) can be expressed in terms of the displacement
vector within the constrained plane u,, = [uy, u,]7 obtaining
the final Eq. (7) in which the transformation matrix between
LOS measurements and the constrained in-plane displacement
components is described by the matrix L ,,:

l
o))

™)

[uLOS'A] _ [lE,ACOS(uE + lN‘ASinCl)E
uLOS,D lE’DCOS(UE + lN_DSileE

Ups = L, Uy

To facilitate interpretation relative to the excavation geometry
by analysing u,,., a coordinate transformation is applied using
a rotation matrix R,.,;, as proposed by Chang et al. (2018).

cos B,

sing, 0
Uoc = Ryot Uyt Roo = [_ sinff, cosf, O] ®)
0 0 1

The spatial distribution of wg as a function of position (E, N)
has been derived empirically (e.g. by Ritter et al., 2021)
assuming horizontal displacements are directed towards the
excavation centre. However, to bypass the shortcomings of
such empirical assumptions, an analytical approach is proposed
to estimate w,, since the constraining angle depends not only
on position but also on excavation depth and width-to-length
excavation ratio (as demonstrated later in the text).

2.3 Analytical model for the constraining angle w4y,

The versatility of AC-InSAR deformation analysis lies in its
ability to incorporate a kinematic constraint (i.e. wy g,,) derived
from analytical models accounting for the excavation and
support conditions. In this study, wy g, is obtained from a
ground loss-based analytical model, described herein. This
ground loss approach is chosen to ensure simplicity and
uniqueness in the definition of the kinematic constraints, given
the inherent complexity of the soil-structure interaction.

An analytical model based on cavity contraction theory is
used to estimate wy, g,,. The model builds on the work of Zheng
et al. (2023), extended here to rectangular deep excavations.
The ground movement field is generated by simulating
distributed ground loss around the retaining walls. Assumptions
of the model include: (i) the soil is isotropic, homogenous, and
incompressible; (ii) retaining wall deflections are modelled as
a volumetric ground loss distributed along the walls; (i)
vertical strips of the wall are discretised as stacks of spherical
cavities of equal volume corresponding to the influence zone
and the local wall deflection §; and (iv) 3D displacements from
each spherical cavity are calculated using the closed-form
solution by Pinto and Whittle (2014). A schematic of this
approach, including the discretisation into strips and spherical
cavity stacks, is shown in Figure 6. The equivalent radius a of
each cavity is defined by:

5|3

a= |-—068(z)ASAH )
4m

where 6(z) is the wall displacement at depth z, AS is the
horizontal spacing between cavities or horizontal discretization,
and AH is the vertical spacing. The average wall displacement

is computed by integrating the displacement over the wall
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height and dividing it by the total height. A parabolic profile
with depth z is assumed for the wall deflection &, as per Zheng
et al. (2023); however, more realistic wall deflection models
can be readily implemented. At each spatial location (x,y, z),
the model outputs the displacements
[ux‘an Uy an uzlan] Tin the local coordinate system (see
Figure 5). From this analytical displacement field, the
constraining angle w, ., with respect to the local x-axis
(aligned with excavation boundaries) is computed as follows

u
— pan—1 [ 2Y.an
Wy qn = tan (u—>
xX,an

These w, values define the expected local displacement
direction and serve as the input constraint for the decomposition
of LOS observations into 3D displacements. This method offers
a physically informed alternative to empirical assumptions used
in prior studies, such as w directed towards the centre.

Figure 7 compares the analytically derived wy g, from
Eq. (10) with the values of Wy ¢y Obtained by assuming that
the total uy,;,. points towards the centre of the excavation.
Spatial coordinates are normalised by the depth to limestone
(Hy = 19 m for SKP). In this way, the constraining angle field
Wy,an(x/Hy,y/H,) is a function of the shape of the wall
deflection § (assumed parabolic) and is neither affected by
magnitude nor by wall depth H,,,. In Copenhagen, the extent of
ground movement is governed by the thickness of the soil layers
(H,, = H; if H,, > H;) (Dhanjal et al. 2003).

Both analytical and empirical fields of w, are
perpendicular to the walls at the central planes of symmetry
(x = 0 ory = 0), as expected. More interestingly, w, 4, Shows
a steep rotation in directions around the corners, leading to a
more realistic orientation of w, 4, along the long walls. Also,
the two approaches tend to converge at infinite distance from
the excavation, as expected for Saint-Venant’s principle.
Results in Figure 7 illustrate that the empirical assumption
could erroneously describe the ground response to deep
excavations and, consequently, lead to inaccurate
decomposition near corners and edges of the longer walls.

Ujoc,an =

(10)

Ground loss as a
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3 DIRECTIONAL SENSITIVITY OF AC-INSAR ON
THE VARIANCE OF LOS MEASUREMENTS

The uncertainty and statistical correlations between the double-
orbit LOS measurements and the ground displacements
predicted by the AC-InSAR methodology are of interest.

To quantify how errors propagate from the LOS data onto
vertical and horizontal displacements, the variance-covariance
matrix of u,, = [u, u,]” and its dependency on the variance of
U;ps is analysed. For this, assuming the LOS measurements
Urps.a and U gs p are uncorrelated and have identical variance
of (i.e. distributed noise), the variance-covariance matrix of
the constrained displacement vector is

C=CoV(u,) = D'lzos(ngl‘c,w)_1 an

where the diagonal terms C,,,, and Cyj, are the variances of the
vertical a2, and horizontal oﬁ,h displacement components,
both proportional to o7,g. Off-diagonal covariance is not
considered for the sake of simplicity. From this, the error
amplification factor is defined as the ratio oy,,/0;0s and
Oy,n/0L0s: the larger this ratio, the higher the propagation of the
variance on the LOS measurements onto the expected variance
of vertical and horizontal displacements. Thus, elevated error
amplification factors can indicate that AC-InSAR is not
adequate to measure uy, and/or u, in a given wg, because of the
large amplification of LOS variance

Figure 8 displays the error amplification factor obtained
for varying constraining angles wg in the global coordinate
system, based on L., from Eq. (11) and view angles (CSK
descending: 6 = 26.2° and a = 347.7°; TSX ascending: 6 =
42.8° and a = 350.3°). A peak in error amplification occurs
when horizontal displacement aligns with wz =~ +£90° (North-
South direction), as expected, where the amplification function
largely increases. Notably, the variance is higher for horizontal
than vertical movements, ie., gy, > 0y, across all wg,
indicating that settlement estimates are more reliable than
horizontal ones. This results from the LOS vector being close
to vertical, such that u, contributes more to the LOS
deformation than ug. For instance, for an arbitrary threshold of
5, the orientations are wy € [77.5°,106.5°] + k- 180°, with
k € {0,1}for horizontal displacement, while for settlements
the interval is [90°,94°] + k - 180°.
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4  AC-INSAR AND TERRESTRIAL RESULTS

In this section, MT-InSAR estimates are compared to the 3D
target data selected at SKP (Figure 3). At SKP, the local x- and
y-axes aligned with the excavation walls have orientation 8, =
—44° (clockwise from North), see Figure 5. Figure 9(a) shows
the temporal evolution of wy fie1q at the 3D target along with
the corresponding analytical value w4, = 11.9°, while
Figure 9(b) shows the magnitude of the total displacement
recorded at the target. Furthermore, Figure 10 compares AC-

InSAR and 3D target displacements when adopting as an
analytical constraint either w, ., = 11.9° or the temporal
evolution of wy fie1q. Note that the AC-InSAR analysis period
was limited to the temporal duration of the (shorter) acquisition
timeline of the CSK dataset.

During piling, the direction fluctuated between
approximately —50° and 50°, as reported by data in Figure 9(a)
while the magnitude of the local total displacement
(||uloc'target ||) was negligible (Figure 9(b)). As construction
progressed (see stage being indicated with vertical dashed line),
the displacement magnitude increased while wy fie;q Stabilised
around an average of Wy fieiq = 11.5° (giving Wg fie1q =
—32.5°), which is close to the analytically predicted wy g, =
11.9°. This confirmed uy is nearly aligned with the local x-
axis towards the excavation and the ground loss analytical
model could realistically estimate w,.
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Next, fixing a constraint plane oriented by wp = wg gy =
Ba + 11.9° the AC-InSAR analysis method is evaluated in
terms of data for the local displacements u;,. with components
Uy, Uy and u, (which are in the directions longitudinal and
transverse to the nearby wall along with settlements), in
addition to horizontal displacement within the kinematic
constraint plane, up, and the transverse component to such a
plane up, (which is null by assumption for AC-InSAR while it
correlates to a measure of the error for the terrestrial dataset).
The excellent agreement between the AC-InSAR-derived and
target-derived vectors confirms that the proposed methodology
effectively captured the salient features of both vertical and
horizontal deformation at the specific location, with a non-
trivial component of displacement along the wall (u,) and
displacement transverse towards the wall (u,) greater than the
settlement (u,) of the area close to the target.

5  CONCLUSIONS

This study addressed the AC-InSAR approach that leverages
geotechnical knowledge of the excavation problem (namely,
the analytical relationship between ground losses and features
of the displacement pattern) to reduce the uncertainties in the
3D decomposition of InNSAR LOS measurements into vertical
and horizontal displacement fields. This approach does not
require fixing vertical-to-horizontal movement ratios, which
are critical quantities for risk assessments and back-analyses;
rather, it introduces an analytically derived field for the
horizontal displacement direction (quantified by the angle w).

The case study at Skjolds Plads (SKP) metro station
highlighted the limitations of single-orbit InSAR in deep
excavations. At a location of one-quarter of the wall length from
the corner, the terrestrial displacement vector was nearly
orthogonal to the CSK LOS, rendering CSK effectively “blind”.
In contrast, while TSX successfully captured the displacement
thanks to its favourable viewing geometry, its 3D
decomposition still depends on empirical assumptions
regarding vertical and horizontal movement. This demonstrates
the value of double-orbit MT-InSAR for deep excavation cases
when horizontal movements are relevant.

Analytical results illustrated that the complexity of the
constraining wy;eq can be captured with relatively simple
analytical models, having as input solely the ground loss
distribution at the excavation periphery. Validation of the
proposed double-orbit AC-InSAR with terrestrial data
confirmed high accuracy: the analytically derived w differed
from field measurements by less than 0.5°, and predicted
displacements in both vertical and horizontal directions
(perpendicular and longitudinal to the wall) closely matched
total station data (see Figure 10). Finally, an error amplification
factor to quantify potential “blind” orientations was provided,
which requires further investigation.

For practical applications, empirical double-orbit
approaches with fixed displacement direction may suffice under
plane strain or axisymmetric conditions, such as steady-state
tunnelling, circular shafts, or linear excavations. However, this
study highlights the value of analytically derived, mechanics-
based constraints in InSAR analyses of 3D excavations.

Future work will apply the AC-InSAR method to other
Cityringen stations to evaluate its robustness across varied
excavation geometries and different relative positions around
the excavation perimeter.
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