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Bridge Displacements Monitoring Using
Space-Borne X-Band SAR Interferometry

Milan Lazecky, Ivana Hlavacova, Matus Bakon, Joaquim J. Sousa, Daniele Perissin, and Gloria Patricio

Abstract—The development of interferometric methodologies
for deformation monitoring that are able to deal with long time
series of synthetic aperture radar (SAR) images made the detec-
tion of seasonal effects possible by decomposing the differential
SAR phase. In the case of monitoring of man-made structures,
particularly bridges, the use of high-resolution X-band SAR data
allows the determination of three major components with signifi-
cant influence on the SAR phase: the linear deformation trend, the
height of structures over terrain, and the thermal expansion. In
the case of stable metallic or (reinforced) concrete structures, this
last effect can reach a magnitude comparable to or even exceeding
the other phase components. In this review, we present two case
studies that confirm the feasibility of InSAR techniques for bridge
deformation monitoring and our original approach to refine the
thermal expansion component.

Index Terms—Displacement measurement, radar interferom-
etry, remote sensing, road transportation, space-borne radar,
synthetic aperture radar (SAR), thermal expansion.

1. INTRODUCTION

N order to completely determine the condition of a bridge, a
complex set of analyzes including various monitoring meth-
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ods is necessary [1]. Space-borne synthetic aperture radar (SAR)
interferometry (InSAR) allows a deformation analysis over ar-
eas spanning hundreds of kilometers with an accuracy of as high
as 1 mm/year at low costs and retrospectively. It has the poten-
tial to play a key role in the development of effective bridge
monitoring techniques or warning systems [2].

The main improvement achieved using the persistent scatterer
interferometry (PSI) technique is that uniform deformations at
low rates could be assessed more accurately [3]. However, for
the difficulties in resolving high-phase gradients or non-uniform
deformations [4], a new model for retrieving the deformation
signal is needed. The influence of various seasonal sources of de-
formation, such as temperature changes, can be observed within
PSI displacements time series [S]—[7]. In the case of metallic
or reinforced concrete structures, it is known that the thermal
expansion is often a significant component affecting the phase
signature.

Up to now, several authors [8]-[12] have dealt with the
thermal expansion of bridges or other structures monitored
by InSAR-based techniques. The issue of separating the de-
formation and the thermal expansion is documented in In-
SAR analyzes of C-band data [13], [14]. Nevertheless, due
to better spatio-temporal resolution and a shorter wavelength,
current X-band SAR systems are more sensitive to thermal
expansion [15].

Section II of this review deals with the most significant com-
ponents affecting the interferometric phase in case of bridges,
with a particular focus on the decomposition from line-of-sight
(LOS) measurements and the thermal expansion component.
Section III-A introduces a novel technique of refining the com-
ponent by finding the correlation between the InSAR phase
residues and the estimated thermal expansion coefficient that
can be found within an InSAR processing for some acquisi-
tion pairs and that indicates that the structure is expanding
in an unexpected way. Section III-B continues in the topic
by providing a method for either calibrating the temperature
values or estimating a calibrated thermal expansion compo-
nent that fits a physical model. Section IV presents an ap-
plication of this methodology to two case studies where the
thermal dilation component formed a major part of detected
displacements:

A. Radotin bridge, Prague (Czech Republic)

Radotin bridge is a highway bridge located near the conflu-
ence of Moldau and Berounka rivers in Prague. It is built from
steel and concrete, measuring over 2 200 m (six segments), with
a unique construction based on oblique pillars. Shortly, after
putting into operation in September 2010, microscopic cracks
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in the welding of metal supports were found. For this case,
33 TerraSAR-X Staring SpotLight scenes were acquired with
temporal resolution of 11 days within one year period (June
2014-June 2015).

B. Svinov Bridges, Ostrava (Czech Republic)

Deformations of Svinov bridges at the D1 highway round-
about in Ostrava occurred soon after its opening in 2008 and
have been detected using PSI processing of Envisat dataset from
2008 to 2010 [5]. For follow-up work, TerraSAR-X Stripmap
images since 2013 were ordered; current dataset includes 17 im-
ages with mostly 33 days of temporal baseline within 1.5 year
(October 2013—May 2015).

II. INSAR PHASE COMPONENTS IN CASE OF BRIDGES

In case of urban constructions, particularly bridges, mon-
itored using high-resolution SAR data from current X-band
missions, three major components influence SAR phase con-
siderably: linear deformation trend, height difference (the
residual height-induced phase difference after removal of the
topography-related component) and the effect of thermal ex-
pansion. These components can be properly distinguished if:
1) appropriate number of SAR acquisitions is provided in the
dataset; 2) none of the components exhibit extreme values; and
3) no significant correlation between the temporal, spatial, and
temperature-based baseline vectors is present.

It is not easy to delineate borders between an experimen-
tal research and a reliable comprehension of these components
that would quantify the ambiguous terms “appropriate num-
ber of acquisitions,” “nonextreme values,” and “no significant
correlation.” This needs to be considered by an InSAR oper-
ator on a case-to-case basis. To evaluate the applicability of
InSAR for bridge monitoring, the operator should also work
with terms such as the sensitivity of InSAR dataset for height
estimation [16] or the accuracy of estimations based on the stan-
dard deviation of their residues [17] derivable from the temporal
coherence [18].

The situation is even more complicated by taking into account
the nonlinearity of bridge movements in time and space—within
the first years after its construction, a bridge can settle down
nonlinearly, with maximum movements in the middle of or on
top of the bridge construction [19].

A. Displacement From the Line-of-Sight Direction

The effect of various sources of phase change differs based
on the orientation toward the satellite LOS. The movements of
a bridge are expected in 1) vertical direction, i.e., displacements
due to construction subsidence, possible bending due to a tem-
perature difference between the bottom and the top of a bridge,
as well as potential bending due to significant differences in the
load of the bridge; or in 2) horizontal direction, i.e., along the
bridge direction, that is, displacements due to thermal expan-
sion. Any detected variations from the expected displacements
can be a sign of construction stability problems, especially in

sateliite track

[

Fig. 1. Scheme of a movement detected in the SAR look direction (dy,0g),
w.r.t., the direction of the real movement (d).

case of horizontal movements in the direction perpendicular to
the bridge.

In practice, high-resolution SAR acquisitions from both as-
cending and descending tracks, needed for a reliable 3-D de-
composition [20], are often not available over the monitored
area. A simplified conversion of displacement measurements
from a single LOS direction, dy,0g, into a displacement d corre-
sponding to the expected direction of the detected movement is
performed as in the following equation, based on [21]:

d— dros )

€08y, COSHip . + Sincy, cosay, o Sinb;, .

with 6;,. being the SAR incidence angle, ay,, the horizontal
angle between the assumed orientation and the satellite LOS
direction, and «, the angle between the real movement and the
vertical direction as depicted in Fig. 1.

The major thermal expansion is typically expected as a hor-
izontal displacement component along the longitudinal axis of
the bridge, dj, 1on, - The following equations obtain either dj, 1o,
or a rate of displacement in the vertical direction d,, from dy o,
assuming no other movement affecting the dy,og value at the
time (v, is either 0 or 7/2 rad):

d B dLos _dpos @)
hilong = — =
e sinf, . - cosaor Sh,long
dros  dros 3)
cosbine Sy

To enhance the readiness of dependence of InSAR to the
orientation of deformation vector, it is possible to establish the
denominator of (1) as a sensitivity parameter, s, of dpos on
real movement d. Then, the sensitivity s, 1ong, the denominator
of (2), describes the sensitivity of the movement of the bridge
in the longitudinal direction to the satellite LOS, neglecting
vertical movements, and similarly s,, the denominator of (3),
describes the sensitivity of InSAR in the vertical direction to
the satellite LOS.



LAZECKY et al.: BRIDGE DISPLACEMENTS MONITORING USING SPACE-BORNE X-BAND SAR INTERFEROMETRY 207

B. Introducing the Thermal Expansion Component

Horizontal movements due to thermal expansion may cause
significant difficulties in bridge displacement monitoring.
Whereas the InSAR sensitivity is usually the highest for vertical
movements, horizontal thermal expansion of bridges often ex-
ceeds centimeters, and in extreme cases even decimeters, mak-
ing the thermal phase component hardly distinguishable from
other sources of phase contribution, especially when the bridge
direction is nearly parallel to the satellite LOS. In such cases,
the thermal expansion appears as the major phase component
and must be estimated in order to properly model other compo-
nents such as the linear deformation trend, kq.f, [m/year], and
the residual height estimation, ky; [m].

Both kqer, and kpe; components are estimated in common
multitemporal InSAR algorithms by finding a linear relation be-
tween (unwrapped) interferogram phase values A®; [rad] and
either temporal differences At; [years] (in case of kqef,) Or nor-
mal baselines B; [m] (for kye;) between each of the i=1... N
interferometric combinations of SAR images [22]. As imple-
mented in the SARPROZ software [13], the approach for iden-
tifying the thermal expansion component, K¢cmp, [rad/°C], uses
an additional parameter, searching also for a relation between
A®; and differences of temperature values AT; between the
image acquisition times. These components are found as values
maximizing the coherence as in (4), i.e., minimizing the phase
residues, w;, as in (5).

N

% Z elwi

i=1

[k:deﬁu kheh ktemp} = (4)

argmax

Wi

4w B;
A(I)z — | k e'oAt'i —k ei.iz
* A ( def b Rsm@im)
_ktnmpAT}, (5)

where A is the base wavelength of the SAR system and R is the
coarse minimal distance between the point and the SAR sensor.

III. THERMAL EXPANSION COMPONENT REFINEMENT

Based on experience acquired from the application of the PSI
technique to bridge displacement monitoring, we propose an
approach to decrease phase residues by refining the temperatures
(A), and to calibrate the temperature differences in order for the
estimated kiemp Value to conform to physical properties of the
bridge (B).

A. Temperature Refinement

The thermal expansion is estimated as ko, on the basis of
the measured temperature, assuming a linear relation between
the temperature and the SAR phase. However, temperature val-
ues of a bridge construction are rarely available, and in addition,
the temperature may differ in each part of the construction.

In our case studies, both air and surface temperature was
measured at weather stations installed directly on bridge A and
at a road in nearby surroundings of bridge B, and are reported at
the acquisition times with a 5-min tolerance. Differences of up
to 11°C between the air temperature 7};, and the road surface

v

[
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T T rad ?| Tai=14.5°C, cor=0.688
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77ILOS - !?7 mm 02 -01 0 01 0.2Kemp
Fig. 2. Residues of November 09, 2014-May 26, 2015 interferogram over

Radotin bridge after removal of estimated kj i, kdefo» and kemp parameters
using air temperature (7,;,) values (a) before and (b) after the temperature
refinement; right subfigure: coarse correlation between phase residues with
estimated ke, using original T, .

temperature 75, have been observed. Root mean square (RMS)
of phase residues w (i.e., phase values after removal of kiemp,
kdefo, and kye; estimates) was in both study sites lower when
the T,, temperature values were used.

However, in both T,;, and T}, cases, significant spatial pat-
terns similar to the pattern of k., coefficients were observed
in individual spatial plots of phase residues for some inter-
ferograms (an example is shown in Fig. 2). These can be at-
tributed to nonmodeled displacements: such a pattern may be an
indication of a nonlinear thermal expansion [9], but it can also be
caused by an inaccurate temperature value, which is attributed
to the difference between the air or road surface temperature
and the temperature of the bridge structure itself. The sole fact
that phase residues are correlated with some parameter is a sign
of an inappropriate model.

In [25], a possibility of a temperature refinement according to
the data is mentioned; however no particular model is presented.
In case of wrong temperature values, residual phase values of
PS points for a selected interferogram grow in relation with
their estimated K. ,,. The temperature values can be corrected
through finding a correlation between phase residues w of an
interferogram and K., of the PS points (selected based on the
temporal coherence threshold). Their relation can be visualized
for each interferogram i as a cloud of points as shown on the
right part of Fig. 2. The dependence of both values can be
approximated by a line as follows:

Wi = a; - ktemp + b; (6)

with a; and b; being the least-squares regression results—a;
can be directly applied as the temperature correction parameter
for the ith acquisition pair. In the presented test areas, the con-
vergence was achieved in two iterations, for both temperature
sets. The achieved refined temperatures differ if based on 7,
or on Ty,,. The reestimated kicmp,rof Values differ as well for
both sets. However, the phase residues are almost the same (and
minimized) in both cases. After the refinement step, the RMS
of the phase residues decreased by 5-60% and the coherence
increased for most of points, as seen in Fig. 3 (the most signif-
icant increase was observed for 7};,; for that reason, only the
refined T, ref 1S presented).

It was found out that a ratio p between the two values of
ktemp estimated using both refined air (K¢emp,air,ref) and surface
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Fig. 3. Coherence histograms of PS for sites A and B before and after the

refinement of air temperature data.

(ktemp,sur,ref) temperature sets (Tair,refa Tsurﬁref) conforms to
the relation (7). The p ratio is approximately the same for ko
estimations of any PS point and approximately the same for AT
of any interferogram as

_ ktemp,air,ref _ ATsur,ref

)

ktcmp,sur,rcf Afwir,rcf

B. Calibration Based on Thermal Expansion Model

To make a simple model of thermal expansion in the horizon-
tal plane, it is possible to use the coordinates of the expansion
joints, and then, compute the position of expansion centers, as-
sumed to be in between the joints. The bridge segment between
the expansion joints should behave based on a thermal expansion
model, £, as

t=c-1-AT (8)

where c is the thermal expansion coefficient for the material
(e.g., c =12 x 107 5K~! for steel/concrete), [ is the length of
the expanding structure, and AT is the structure temperature
change causing the expansion.

Afterwards, the phase component of the thermal expansion
model K¢emp mod (9) for a selected PS point in the longitudinal
distance / from the expansion center is

47
- 9)

In special cases of small or short data series, e.g., less than 1
year, the Kiemp,mod May substitute kierp estimations. In such
cases, however, precise structure temperature measurements and
a proper coefficient c are necessary.

The comparison of the kiemp,moa model and kienp, based
on the refined T};, data for sites A and B is shown in Fig. 4.
In the case of site A, a feature of two correlation alignments
(lines) appeared. In the spatial analysis, it was found out that

ktemp,mod =c-l- Sh,long *

ktemp
r 0.571
T 1027
y,' * :‘('xo' 1o
s’ :?.ﬁ'"‘.
e . 402 :
051 ¢
t t t t t B A B S —
05 -02 0 02 04 05 -02 0 Ktempmod
(a) (b)
Fig.4.  Thermal expansion model-based coefficient ke mod (x-axis), w.r.t.,

InSAR-based coefficient ktemp (y-axis) for PS points of coherence > 0.8 of
sites A and B, using values of refined air temperatures.
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8 0 000 ShEEeen - point ID: 1187
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Fig. 5. From top to bottom: Linear deformation trend kq.f, computed

(a) before and (b) after temperature refinement; (c) thermal expansion com-
ponent based on original temperature values Kkiemp,air; and (d) refined
Ktemp,air,ref for points of coherence >0.7 of the Radotin bridge. Below are
the measured time series of the selected point 1 187 over a river including
both kqeto and ktemp,ret models and suggesting the major cause of estimated
movement to be due to seasonal changes. The red rectangle marks the segment
with a detected shift of the thermal expansion center (the slight shift is not
visible here).

the shorter (not centered) line corresponds to a bridge segment
that is expanding eccentrically. The cause of this effect is not
known. The distance between the center of the segment and its
thermal expansion center was estimated to be approximately
80 m. The affected points are marked by a red rectangle in
Fig. 5.
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Using Ktemp,moa in (7), it is possible to recalculate (cali-
brate) the preferably refined 7;.¢ values used to estimate refined
parameter Kicpp rer according to

AT, = Frempret ATt

ktcmp,mod

(10)

theoretically, the calibrated temperature values 7T¢,; should give
the real values of the structure temperature, assuming accurate ¢
(8), and their use in (4) and (5) leads to the calibrated parameter
ktcm p,cal-

IV. APPLICATION TO CASE STUDIES

The progress leading to the presented case study results has
been documented already in [2], [5], [23], and [25]. For both
case studies, the refinement of 7};, has been applied based on
investigation of w by (6) after estimation of K.}, and kyei and
kaeto parameters using (5). Because a one-year cycle (case of
site A) is not sufficient to distinguish between Eqero and Kiemyp
(the separation is unstable), the inappropriately estimated kqefo
has been neglected from the refinement process at the site A.

Calibration results are not presented since these only change
the absolute values of ke p.

A. Radotin Bridge, Prague (Czech Republic)

LOS sensitivity to horizontal movements in the direction
along the bridge was computed as sj, 1ong = 49% (2), for ver-
tical movements s,- = 85% (3). Previous PSI processing of
8-months TerraSAR-X data showed a high correlation between
kdefo and ktemp [23]. In the current one-year dataset, parameters
kdefo and kiemyp still correlate [25].

Fig. 5 shows the results before and after the temperature re-
finement. After the refinement, the final kq.f, does not contain
the spatial pattern between expansion joints. For short segments
crossing the rivers, significant kqef, as well as significant differ-
ence between kiemp and Ktemp,mod Was detected. The separation
of kdefo and Kiemy is not stable for a 1-year data range and in
such a case, accurate temperature measurements are required to
correctly separate these two components. Probably, due to the
presence of water, the construction temperature is different for
the segments above rivers; however, the computation assumes
one temperature for the whole area.

B. Svinov Bridges, Ostrava (Czech Republic)

LOS sensitivity for the direction along the bridge ID D1-433
(bridge B) has been computed as sj jong = 40% (2). Previous
PSI processing of first 13 images (1-year cycle) showed issues
separating Kqefo and Kemp [23].

Fig. 6 presents Kiemp and kqer, of points with coher-
ence >0.8. The refinement increased the coherence of points
(see Fig. 3). Values of kq.f, remain similar before and after the
refinement. Thermal expansion joints can be clearly detected at
the endpoints of K¢y, ramps.

Linear deformation trend of point ID 3 282 is probably due
to reflections from a metallic handrail at the slope of the bridge
ramp. The slope leans on the bridge ramp wall. A wide crack

9 [mm/year]

2013 2014 temporal Baseline [years] 2015

Fig.6. From top to bottom: (a) linear deformation trend kqef, (computed after
temperature refinement); (b) thermal expansion component based on original
air temperature values Kiomp,air; and (c) refined kiemp, air,ret for points of
coherence >0.8 of Ostrava—Svinov bridges (increase of coherent points after
refinement is visible at bridge D1-443). Below are the measured time series of
point ID 3282 (at the bridge ramp wall affected by cracks).

in the wall has been spotted during a site visit in June 2015,
as presented in Fig. 6. Points around the nearby joint move in
kdefor —bmm/year.

V' DISCUSSION

We have neglected the variable delay due to atmosphere
(APS) in our work in order to prevent the removal of thermal
expansion part that would be modeled into APS (both contribu-
tions share a similar character of a spatial correlation without a
temporal trend). It is known that APS varies slowly in space [24]
but indeed it can affect the temperature refinement results even
in the local scale. In order to increase the reliability of kiemp ref
we recommend to estimate APS especially in case of monitor-
ing of very long bridges, yet we do not recommend using points
attached to an expanding bridge for the APS estimation. It can
be neglected in case of shorter bridges—we have not detected
any significant loss of coherence at distances lower than 500 m
from the reference point.

The temperature refinement proposed here would work for
structures represented by a sufficient number of points with
a significant rate of the thermal expansion. These structures
should expand linearly with temperature. Displacements of cor-
responding points should not be of a similar spatial pattern as
the thermal expansion.
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We assume that at leasta 1.5-year cycle is necessary to achieve
a reliable estimation of (independent) InSAR parameters for
bridges. In shorter periods, estimated kqeto and ke, overlap.
As observed in case study A, the temperature refinement signif-
icantly reduces this overlap.

VI CONCLUSION

Thermal expansion is a significant component in case of
bridges monitored by X-band InSAR. Estimated as kiemp., its
reliability depends on correct temperature values 7. We propose
a novel method to refine and calibrate T, and thus, ke, itself.
The refinement of ki.,,,, improves the coherence of points and
helps to accurately evaluate the linear deformation of a moni-
tored bridge.

Similarly to [26], our method does not take into account the
variance of temperature within the monitored structure. Assum-
ing temperature homogeneity, its refined values are corrected
relatively, irrespective of temperature input data, and differ only
in their absolute values. The ke, moa thermal expansion model
can find its use in case of a limited number or time range of SAR
images. Its reliability depends on appropriate structure tempera-
ture values (can be based on the refinement outputs) and a proper
thermal expansion coefficient. Once reliable, it can be used to
calibrate the INSAR-based k¢cmp, Or even detect deformations in
a linear trend with temperature.

ACKNOWLEDGMENT

TerraSAR-X data for this work were provided by the
Deutsches Zentrum fiir Luft- und Raumfahrt (projects
LAN2379,LAN1130). Data have been processed by SARPROZ
(Copyright (c) 2009 Daniele Perissin, www.sarproz.com).

REFERENCES

[1] T. M. Ahlborn et al., “An evaluation of commercially available remote
sensors for assessing highway bridge condition,” Dept. Civil Environ.
Eng., Michigan Tech. Univ., Houghton, MI, USA, Tech. Rep. DTOS59-
10-H-00001, Oct. 2010.

[2] J. J. Sousa et al., “Potential of multi-temporal InSAR techniques for
bridges and dams monitoring,” in Proc. Conf. Enterprise Inform. Syst.,
Troia, Portugal, 2014, pp. 834-831.

[3] U. Wegmuller, D. Walter, V. Spreckels, and C. Werner, “Nonuniform
ground motion monitoring with TerraSAR-X persistent scatterer interfer-
ometry,” IEEE Trans. Geosci. Remote Sens., vol. 48, no. 2, pp. 895-904,
Feb. 2010.

[4] V. Spreckels, J. Musiedlak, U. Wegmuller, T. Strozzi, and C. Wichlacz,
“Detection of underground coal mining-induced surface deformation by
differential InSAR data,” presented at the ISPRS WG 1/2,1/5,1V/7 Work-
shop on High Resolution Mapping From Space, Hannover, Germany, Sep.
2001.

[5] M. Lazecky, P. Rapant, D. Perissin, and M. Bakon, “Deformations of
highway over undermined Ostrava-Svinov area monitored by InSAR using
limited set of SAR images,” in Proc. Conf. Enterprise Inform. Syst., Troia,
Portugal, 2014, pp. 414-421.

[6] M. Bakon, D. Perissin, M. Lazecky, and J. Papco, “Infrastructure non-
linear deformation monitoring via satellite radar interferometry,” in Proc.
Conf. Enterprise Inform. Syst., Troia, Portugal, 2014, pp. 294-300.

[7] D. Notti, C. Meisina, F. Zucca, M. Crosetto, and O. Montserrat, ‘“Factors
that have an influence on time series,” presented at the Fringe, Frascati,
Italy, Sep. 2011.

[8] D. Reale, G. Fornaro, and A. Pauciullo, “Extension of 4-D SAR imaging
to the monitoring of thermally dilating scatterers,” IEEE Trans. Geosci.
Remote Sens., vol. 51, no. 12, pp. 5296-306, Dec. 2013.

[9] G. Fornaro, D. Reale, and S. Verde, “Bridge thermal dilation moni-

toring with millimeter sensitivity via multidimensional SAR imaging,”

IEEE Geosci. Remote Sens. Lett., vol. 10, no. 4, pp. 677-681, Jul.

2013.

O. Monserrat, M. Crosetto, M. Cuevas, and B. Crippa, “The thermal ex-

pansion component of persistent scatterer interferometry observations,”

IEEE Geosci. Remote Sens. Lett., vol. 8, no. 5, pp. 864-868, Sep.

2011.

K. Goel, F. R. Gonzalez, N. Adam, J. Duro, and M. Gaset, “Thermal

dilation monitoring of complex urban infrastructure using high resolution

SAR data,” in Proc. IEEE Geosci. Remote Sens. Symp., Quebec, Canada,

2014, pp. 954-957.

[12] M. Cuevas, O. Monserrat, M. Crosetto, and B. Crippa, “A new product
from persistent scatterer interferometry: The thermal dilation maps,” in
Proc. Joint Urban Remote Sens. Event, 2011, pp. 285-288.

[13] D. Perissin and F. Rocca, “High-accuracy urban DEM using perma-
nent scatterers,” IEEE Trans. Geosci. Remote Sens., vol. 44, no. 11,
pp- 3338-3347, Nov. 2006.

[14] M. Crosetto, O. Monserrat, R. Iglesias, and B. Crippa, “Persistent scatterer

interferometry: Potential, limits and initial C- and X-band comparison,”

Photogramm. Eng. Remote Sens., vol. 76, no. 9, pp. 1061-1069, Sep.

2010.

S. Gernhardt, N. Adam, M. Eineder, and R. Bamler, “Potential of very

high resolution SAR for persistent scatterer interferometry in urban areas,”

Ann. GIS, vol. 16, no. 2, pp. 103-111, Jun. 2010.

[16] R. Bamler, M. Eineder, A. Nico, X. Zhu, and S. Gernhardt, “Inter-
ferometric potential of high resolution spaceborne SAR,” Photogram-
metrie - Fernerkundung — Geoinf, vol. 2009, no. 5, pp. 407-19,
2009.

[17] T. Wang, D. Perissin, M. Liao, and F. Rocca, “Three gorges dam stability
monitoring with time-series INSAR image analysis,” Sci. China Earth Sci.,
vol. 54, no. 5, pp. 720-732, 2010.

[18] J. J. Sousa, M. Lazecky, I. Hlavacova, M. Bakon, G. Patricio, and

D. Perissin, “Satellite SAR interferometry for monitoring dam deforma-

tions in Portugal,” presented at the Dam World, Lisbon, Portugal, Apr.

2015.

S. Gernhardt and R. Bamler, “Structural deformation and non-seasonal

motion of single buildings in urban areas revealed by PSL” presented

at the Joint Urban Remote Sensing Event, Lausanne, Switzerland, Apr.

2015.

S. S. Esfahany, R. Hanssen, K. van Thienen-Visser, and A. Muntendam-

Bos, “On the effect of horizontal deformation on InSAR subsidence esti-

mates,” presented at the Fringe, Frascati, Italy, 2009.

[21] I. Cumming and J. Zhang, “Measuring the 3-D flow of the Lowell glacier
with InSAR,” presented at the Fringe, Liége, Belgium, 1999.

[22] C. Colesanti, A. Ferreti, F. Novali, C. Prati, and F. Rocca, “SAR monitor-
ing of progressive and seasonal ground deformation using the permanent
scatterers technique,” IEEE Trans. Geosci. Remote Sens., vol. 41, no. 1,
pp. 1685-1701, Jul. 2003.

[23] M. Lazecky, D. Perissin, M. Bakon, J. J. M. Sousa, I. Hlavacova, and
N. Real, “Potential of satellite InSAR techniques for monitoring of bridge
deformations,” presented at the Joint Urban Remote Sensing Event, Lau-
sanne, Switzerland, Apr. 2015.

[24] R.F. Hanssen, Radar Interferometry: Data Interpretation and Error Anal-
ysis. Dordrecht, Netherlands: Kluwer, 2001.

[25] I. Hlavacova, J. Kolomaznik, and L. Halounova, “TerraSAR-X staring

spotlight monitoring of a highway bridge in the Czech republic,” presented

at the Fringe, Frascati, Italy, Mar. 2015.

U. Wegmuller and Ch. Werner, “Mitigation of thermal expansion phase

in persistent scatterer interferometry in an urban environment,” presented

at the Joint Urban Remote Sensing Event, Lausanne, Switzerland, Apr.

2015.

[10]

[11]

[15]

[19]

[20]

[26]

Authors’ photographs and biographies not available at the time of publication.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


