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Complex Urban Infrastructure Deformation
Monitoring Using High Resolution PSI

Hengxing Lan, Langping Li, Hongjiang Liu, and Zhihua Yang

Abstract—The rising concern on the urban vulnerability to the
intensive infrastructure development requires enabling technolo-
gies offering a prompt and accurate monitoring of urban infra-
structures deformation. Urban infrastructures vary dramatically
both spatially and temporally and their deformation characteris-
tics are complex. We evaluated the potential of high resolution Per-
sistent Scatterer Interferometry (PSI) technology using coherent
stacks of Spotlight mode TerraSAR-X images in monitoring the
deformations of different types of infrastructures in a new eco-
nomics center in China. The high density of Persistent Scatterers
(PSs) was identified and therefore facilitates analyzing the defor-
mation character of individual structures. All PSs weer categorized
by identifying their corresponding ground object so as to enable
to characterize deformation pattern of certain type of urban in-
frastructure. The spatial and temporal varying patterns of the de-
formations of typical building infrastructures and transportation
infrastructures are revealed. They are strongly related to the in-
teractive effects between the types, engineering structures, geome-
tries, engineering geological settings and various loading scenarios.
Besides subsidence of the ground surface, thermal dilation of the
infrastructure itself might be another factor accounting for the ob-
served deformation of infrastructure. Although the interpretation
for the observed deformation patterns could be quite site-specific,
high resolution PSI is shown to have the potential to reveal detailed
deformation characteristics of complex urban infrastructures at a
relatively large scale.

Index Terms—Deformation monitoring, persistent scatterer in-
terferometry (PSI), TerraSAR-X, urban Infrastructure.

I. INTRODUCTION

R APIDLY swelling urban areas present a complex set of
infrastructure. It is composed of diverse types of elements

arranged by humans in complex ways to residential and com-
mercial buildings, transportation systems and utilities [1]. The
recent impressive engineering construction in many urban areas,
particularly in China posts major potential vulnerability to city
subsidence [2] as the dewatering of groundwater was controlled
strictly in most of the urban areas to minimize its effect on
ground deformation [3]. Therefore, monitoring the deformation
of complex urban infrastructures and their impact on the ground
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deformation is becoming a major concern for the well-being of
the urban development.

However, there exist big challenges since types of urban
infrastructure vary dramatically in both spatial and temporal
pattern. Their deformation characteristics are affected by var-
ious factors such as 3D shape, engineering structure, foundation
type and geological configuration. Monitoring such complex
infrastructures in a large regional scale requires enabling
technologies. The coverage of traditional ground based survey
techniques, such as leveling, total station surveys and GPS,
is limited. Such point-by-point in-situ measurement is hard
to generate high dense survey network required by regional
infrastructure monitoring [1], [4].

The advanced Persistent Scatterer Interferometry (PSI) tech-
nique is a multi-temporal radar-based remote-sensing technique
to measure and monitor surface deformation. Since the idea of
PSI was firstly introduced as PSInSAR [5], [6], various other
PSI techniques have been developed, such as Small Baseline
Subset Approach (SBAS) [7], Coherent Pixels Technique
(CPT) [8], Interferometric Point Target Analysis (IPTA) [9],
Stanford Method for Persistent Scatterers (StaMPS) [10],
Spatio-Temporal Unwrapping Network algorithm (STUN)
[11], Stable Point Network (SPN) [12] and Coherent Target
Monitoring (CTM) [13]. PSI technique performs interfero-
metric phase analysis only on those permanent scatterers (PSs)
with stable backscattering character to overcome problems
including baseline decorrelation, temporal decorrelation and
atmospheric disturbance that traditional InSAR techniques
might have difficulties to deal with. PSI shows powerful capa-
bilities of precise deformation monitoring motions at a level
of mm/year by simultaneously processing all the available
SAR images acquired during repeated satellite passes [14]. A
test in Las Vegas shows that ERS and TerraSAR-X data allow
detecting up to 450 and 30,375 respectively
[15] that conventional ground based approaches can hardly
achieve. PSI has been proved to be one of the most advanced
techniques for urban deformation mapping [2], [14], [16]–[25].

For mapping urban infrastructure characteristics, using PSI
technique is particularly of interests for discriminating very
small scale features. Generally, the spatial scale for urban
infrastructures (e.g., road and bridge) may have the magnitude
as low as several meters that can be hardly discriminated by
SAR images with spatial resolution more than 10 meters (e.g.,
ERS-1/2, ENVISAT and JERS-1). The high density of persis-
tent scatterers (PSs) extracted by 1-m resolution TerraSAR-X
image (i.e., tens of PSs for individual building) allows inves-
tigating the structural deformation of individual infrastructure
[22], [23], [25]–[27], and permits 3D and 4D reconstructions
of individual buildings [26], [28]. In addition, compared to

1939-1404/$31.00 © 2012 IEEE
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TABLE I
TerraSAR-X SAR IMAGES USED IN THE STUDY AREA

the first generation of satellite SAR sensors (e.g., ERS-1/2
and RADARSAT-1) launched before 2006, the new generation
of TerraSAR-X (X-band) Persistent Scatterer Interferometry
performs much better in resolving small scale geometric ambi-
guities due to lay-over, shadow, and multiple scattering effect
[14], [26]. It benefits substantially from its X-band ( 3 cm)
acquisition, different concurrent polarizations, high geometric
and radiometric resolution and high revisit frequency. The
dramatic increase of PS density allows us to achieve a dense
sampling of a single infrastructure (e.g., a building), which
opens promising application perspectives for complex urban
infrastructure monitoring [22], [27].

The objective of this paper is to examine how high resolu-
tion TerraSAR-X PSI may be of value for discriminating a wide
variety of urban infrastructure categories and mapping their de-
formation characteristics. The corresponding urban infrastruc-
ture type of each PS point is identified firstly. Then, detailed de-
formation patterns are investigated in respect of different types
of urban infrastructures. The spatial and temporal deformation
characters of building and transporting infrastructures are pre-
liminarily presented and discussed to show the potential of high
resolution TerraSAR-X PSI to monitor the deformation of in-
frastructures in complex urban environments.

II. STUDY AREA AND DATA

A. Study Area

The study area Tanggu District is located in the southeast of
Tianjin (Fig. 1). It is the heartland of the “Tianjin Binhai New
Area”, the rising new economics center in China. As a center of
North China’s coastal area, Tanggu District has been becoming
one of the most important import/export gates for Central North
China and Northwest China. It has been suffering from sub-
sidence since its foundation. Latest survey has shown that the
average annual settlement is nearly 20 mm with a maximum
value of 68 mm. Since the dewatering of underground water
has been strictly controlled with an aim at “zero underground
exploitation” in 2014, the primary urban subsidence is there-
fore attributed to the disturbance of massive engineering in-

Fig. 1. Tanggu study area with the coverage of TerraSAR-X image indicated by
a red frame. Insert map in the top-right indicates the location of Tianjin in China.
Insert photo in the bottom-left shows a future view of the New International
Financial Center in Tanggu. An ongoing construction to build a 300 m high-rise
building is also presented.

frastructures. Nowadays, tremendous engineering constructions
are taking place in Tanggu with an effort to build an Interna-
tional Financial Center (Fig. 1).

B. Data Sources

TerraSAR-X provides high resolution and short wavelength
SAR imagery at a repeat cycle of eleven days [29]. The most
interesting part of using TerraSAR-X images in this research
for PSI is the high resolution Spotlight mode of the sensor [26],
[27]. Therefore we used a series of TerraSAR-X repeat observa-
tions in very fine-resolution Spotlight mode (1 m azimuth reso-
lution and 0.4 m range resolution), single polarization (VV) and
an incidence angle range of about 41 degree. Until June, 2008,
11 ascending scenes ( 9.65 GHz) have been acquired (Table I).
They are also characterized by perpendicular baseline values
between 338 and 96 m with respect to the central reference
image of March 15, 2008 (Table I). The spatial coverage of Ter-
raSAR-X scenes is shown in Fig. 1. DEM from STRM with res-
olution of 90 m is used to generate differential interferograms.
In addition, a 0.5 m high resolution optical aerial photo is used
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Fig. 2. Comparison of 1-m resolution TerraSAR-X image to 0.5-m resolution
optical image.

to assist the classification of PS points. The comparison of Ter-
raSAR-X image with the optical aerial photo indicates the high
capabilities of TerraSAR-X image in discriminating fine urban
features (Fig. 2).

III. PSI PROCESSING

The Interferometric Point Target Analysis (IPTA) technique
[9], [30], one of the PSI techniques, is used in processing the
time series of 1-m high resolution TerraSAR-X images. The
IPTA processing on time series of traditional low resolution
SAR images [19], [21], [24], [31]–[36] or high resolution Ter-
raSAR-X SAR images [2], [37] has been successfully used to
investigate earth surface deformations in a mm/yr scale.

Similar to other PSI techniques, the scattering stability of
point targets in both spatial and temporal domain permits inter-
pretation of interferometric phase of pairs with long baselines,
and thus makes a more complete use of the achieved data. For
large SLC data stack, a criterion of low temporal variability and
high intensity of backscattering is adopted for the selection of
point target candidates, while low spectral diversity criterion is
used for small data stack. The differential interferometric phase

is expressed as the sum of topographic error , de-
formation , atomospheric , and terms:

(1)

The phase model indicates a linear dependence of the to-
pographic error phase on the perpendicular baseline compo-
nent. By introducing a constant deformation rate component, a
linear dependence of the differential interferometric phase on
the linear deformation rate is also founded. Consequently, a
two-dimensional linear regression analysis of differential inter-
ferometric phase on perpendicular baseline and time is possible,
with the slope of the regression indicating the height correction

and the linear deformation rate. For large interferogram stack,
phase unwrapping is achieved in the mean time during the re-
gression, while spatial phase unwrapping may be required be-
fore regression step for small stack. This 2D regression analysis
in the temporal domain is performed for the entire point list.
The deviation of differential interferometric phase from the re-
gression, i.e., the residual phase, is composed of nonlinear de-
formation phase, atmospheric phase, and noise phase. Different
components of residual phase can be discriminated according
to their dissimilar spatial and temporal correlations. Parameters
can be improved stepwisely by iteratively using the obtained
parameters including height corrections, refined baselines, and
atmospheric phase to refine the phase model in (1).

To make the point target analysis more sophisticated, it is
possible to detect the quality of points and reject those points
not suited for analysis according to their phase standard devi-
ation from regression, and to expand the list of points eligible
for IPTA based on refined phase model. The outcome of pro-
cessing mainly consists of the deformation history (both linear
and nonlinear), the corrected heights and the atmospheric phase
for each point. It has been reported that observed deformations
might be in fact dominated by thermal dilation for short period
monitoring (less than one year) in urban area [22]. Extended
phase model with thermal dilation component considered was
also introduced in some recent studies [38], [39].

Low temporal variability criterion is not suitable to detect
PS points for small stack of images because statistical char-
acters of backscattering intensity rely on large stack of images
to be fairly revealed. As only 11 TerraSAR-X images is avail-
able in our experiment, the PS candidates were selected based
on the combined use of low spectral diversity and a low tem-
poral variability criteria to achieve a balance between the quality
and quantity of candidates. A stack of interferograms with 56
pairs was created using multiple reference images instead of
single reference image. The use of multiple reference images
can significantly increase the number of interferometric pairs
and therefore help to advance the reliability of regression pa-
rameters. Low spectral diversity criterion takes those well-fo-
cused point targets whose backscattering intensity almost keeps
constant when processing different looks with fractional az-
imuth and range bandwidth as PS candidates. The number of
initial PS candidates is 261,074. After iterative model refine-
ment and quality control, a total of 40,120 high quality persis-
tent scatterers were identified accounting for a density of nearly
1,000 points per . In addition, a large number of interfero-
metric pairs also allows phase unwrapping to be achieved during
the regression step.

The TerraSAR-X scene acquired in March 15, 2008 (image
ID 4) was used as SLC reference geometry. Geocoding was per-
formed on the multi-look intensity image of the reference scene.
The geometry of digital elevation model was also transformed
into the SAR geometry to assist the coregistration of images.
Offsets between the coregistered images reach below 0.1 SLC
pixel and therefore suggest very fine coregistration. Very short
baselines and temporal intervals of each TerraSAR-X interfer-
ometric pairs (Table I) facilitate the unwrapping and interpre-
tation of interferometric phase. After iterative refinement of the
phase model and filtering analysis of the final residual phase, the
linear and nonlinear deformation histories of PSs were obtained.
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Fig. 3. TerraSAR-X PSI derived deformation rates of selected PS points. The
deformation rates are divided into three levels: high, medium and low. The lo-
cations of two villages (Donggu Petroleum New Village and Bohai Petroleum
New Village) and four infrastructures (Nanjiang Overpass Bridge, Haihe Nan-
jiang Bridge, Tanggu Beach Road and Nanjiang Conveyor Belt) are illustrated.

The linear deformation rates in vertical direction of selected
PSs are presented in Fig. 3. They have been categorized into
three classes according to the specification of China geological
disaster prevention: high (annual rate 50 mm/yr), medium
(annual rate: 20–50 mm/yr), and low (annual rate 20 mm/yr).
Points with high, medium, and low deformation rates are ex-
pressed with red, yellow and green respectively. It can be seen
from Fig. 3 that most of the research area present low deforma-
tion rate, although some PS points with high deformation rate
are found in especially Beijiang Port, Nanjiang port and south-
west region of the research area. Detailed discussion about the
deformation patterns of different infrastructure types will be is-
sued later in this paper.

PSs have been categorized into their corresponding types of
urban ground objects (i.e. building, road, bridge and etc.). The
classification of PSs has to be accomplished in the first place
for further deformation analysis in respect of certain urban in-
frastructure type. An urban map (1:2000) in the year 2008 of
the “Tianjin Binhai New Area” provided by the local governing
department is used to recognize the urban structure type that
each PS corresponds to. Overlay analysis was performed be-
tween the geocoded PS points and the urban map to classify
the PSs. The accuracy of PS classification can be improved
by rechecking the locations of PS points on the 0.5 m resolu-
tion aerial photo. The extracted PSs from TerraSAR-X data are
then subdivided into predefined urban structure categories (e.g.,
ground, building, bridge, road and etc.) and subcategories (e.g.,
high-rise, medium-rise and low-rise building). The distribution
of PSs in a number of representative infrastructure categories in
the research area is shown in Fig. 4.

IV. RESULT

A. Building Infrastructure

As the most important urban infrastructure, buildings fre-
quently suffer from severe damage caused by uneven deforma-
tion. It often results in wall cracking, floor and structure tilting

Fig. 4. Classification of PS points regarding their corresponding urban ground
objects. Some representative classes of PSs are presented.

and even collapse. Buildings in the Tanggu District are classi-
fied into three sub-categories based on the number of stories and
height, namely low-rise, medium-rise and high-rise building.
The deformations of buildings in Donggu Petroleum New Vil-
lage (Donggu PNV) and Bohai Petroleum New Village (Bohai
PNV) were analyzed. Their locations are indicated in Fig. 3.
Both residential and commercial buildings are located in these
two Villages. Due to different geographical location and geolog-
ical conditions, different characteristics of building deformation
present in these two villages. By comparing the tempo-spatial
characteristics of building PSs, it is of interest to reveal the ef-
fect of the building type, construction time, geographical and
geological environment on the building subsidence.

TerraSAR-X PSI monitoring results of building deformation
in Bohai Petroleum New Village and Donggu Petroleum New
Village are shown in Fig. 5 and Table II. It can be seen that
over 90% of buildings in the two Villages are characterized by
slow deformation (annual deformation rate 20 mm/yr). The
1,712 building PSs located in Bohai PNV suggest an average
annual deformation rate of 8.9 mm/yr with a maximum of 44.2
mm/yr. Donggu PNV has totally 2,205 monitoring points on the
buildings indicating an average annual deformation rate of 11.6
mm/yr with a maximum of 60.3 mm/yr. The proportion of build-
ings characterized by fast subsidence in Dongu PNV is larger
than in Bohai PNV (Table II). For the same type of buildings,
the average deformation rate in Bohai PNV is far less than that
in the Dogngu PNV. For example, the average deformation rate
of medium-rise buildings is 6.0 mm/yr in the Bohai PNV, while
those in Donggu PNV show much larger average rate of 14.6
mm/yr.

The spatial and temporal heterogeneity of building sub-
sidence was observed in both villages (Fig. 5). In Donggu
PNV, buildings located near Haihe River show much larger
deformation rate that those in inland regions, while buildings in
the southwest part of Bohai PNV were sinking faster than those
in northeast region. The time series deformation of buildings
basically exhibits linear trend, while visible non-linear defor-
mations were detected during the period from March to May,
2008 in Bohai PNV (Fig. 5).
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Fig. 5. TerraSAR-X PSI monitoring results for buildings in Donggu and Bohai Petroleum New Villages. The color code of deformation rate of Fig. 3 is adopted.
Figures in the right show the time series deformation histories in different regions.

TABLE II
PARTITION OF BUILDING DEFORMATIONS IN DONGGU AND BOHAI PETROLEUM

NEW VILLAGE

Different types of buildings also show distinctive different
deformation characteristics (Fig. 6). The deformation rate of
low-rise buildings is generally more than 10 mm/yr which is rel-
atively faster compared with medium-rise and high-rise build-
ings. For example, the typical high-rise buildings in Bohai PNV
have an average deformation rate of only 2.6 mm/yr, while the
value in Donggu PNV is 3.8 mm/yr which is slightly higher.
High rise buildings also show slightly nonlinear characters in
spite of small deformation rate (Fig. 6). Meanwhile, PSI mon-
itoring results show that large deformation occurred more fre-
quently in the corner of buildings adjacent to major roads.

The building subsidence processes are related to multiple
causative factors including engineering geological conditions,
foundation structure and construction time. As expected,
buildings are sinking much faster in the regions along Haihe
River (as shown in Donggu PNV) and the southwest side of
the study region (as shown in Bohai PNV) where soil layers
with high compressive feature and low-strength are widely
distributed. High-rise buildings usually utilize deep concrete
pile foundation which minimizes the effect of loading on the
underneath uncompacted soil layers and therefore are less
prone to subsidence compared with low-rise buildings with
no concrete pile structure available for their foundations. The

Fig. 6. Time series deformation characteristics of different types of buildings
in Donggu and Bohai PNV.

interaction between building loading and the surface geolog-
ical layers takes time to reach its equilibrium state. Buildings
usually demonstrate faster subsidence in the initial stages after
construction. This might explain why the buildings in Donggu
PNV were sinking faster than in Bohai PNV since Donggu
PNV is much younger than Bohai PNV. Another factor that
may account for the faster sinking rate in Donggu PNV is
that the underlaid sensitive soil layer in Donggu PNV is much
thicker than other regions and therefore exaggerates the effect
of building loading.

Thermal dilation is another possible factor that might con-
tribute the diversity of deformation pattern of buildings. Typical
annual range of temperature in study area is about 30 which
would account for an expansion of 3.6 mm for a 10 m long struc-
ture if thermal dilation coefficient is assumed to be

. Our observation time (2007-12-29 2008-06-22) is ap-
proximately a span from peak winter to peak summer. In other
words, for buildings, 10 m difference in height could probably
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Fig. 7. TerraSAR-X PSI Monitoring results for Nanjiang Overpass Bridge. The
deformation histories of the main part and the northwest approach of the bridge
are shown in the up-right. Insert photo in the up-left also shows heavy duty
vehicle passing through.

result in 2.7 mm difference of thermal deformation during our
observation time. Therefore, more vertical dilations of high-rise
buildings could be a possible explanation for their less observed
deformations compared with medium-rise and low-rise build-
ings (less than 4 mm averagely, see Fig. 6). Similar correla-
tion of the observed movement with the height of buildings is
also detected [40]. Unfortunately, as thermal effect module is
included in the phase mode of current codes, we therefore are
not able to precisely evaluate the effects of thermal dilation on
the observed deformations.

B. Transportation Infrastructure

High resolution PSI technique is capable of recognizing
meter-scale linear features and allows performing engi-
neering-scale deformation monitoring on narrow urban linear
transportation infrastructures. It helps engineers evaluate the
conditions of transportation infrastructure in a fast and reliable
way. The deformation processes of selected typical transporta-
tion infrastructures including bridge, road and linear conveying
belt were analyzed in this section. Their influencing factors and
associated mechanism were also discussed.

Nanjiang Overpass Bridge is one of the two major represen-
tative bridges in the study area. It is located in the south of the
study area and is the important transportation channel to Tanggu
port. It is a double-way road bridge with total of six lanes and
transportation capacity of 75 tons. Totally 205 PS points were
detected over the surface of the bridge (Fig. 7). The overall av-
erage deformation rate is 15.1 mm/yr. Different parts of the
bridge are characterized by different clusters of deformation
rates. It can be seen that main part of the bridge is relatively
stable indicated by a large number of green PS points on its sur-
face, while all the approach roads connecting to the main part
of the bridge are characterized by rapid deformation with an av-
erage rate of 31.5 mm/yr. The maximum deformation occurred
in the section of northwest approach bridge with a deformation
rate up to 73.3 mm/yr as shown in Fig. 7 by a red cross. Un-
even subsidence often results in sharp height change on the road

Fig. 8. The diversity of deformation between the west part and the east part
of Haihe Nanjiang Bridge. An interpolated map of deformation rate has been
generated based on monitoring results of PS points.

surface. As a result, vehicles are prone to jump when passing
through the intersection between the approach and main part of
bridge. The sinking time series of both the northwest approach
and the main bridge show primary a linear behavior (Fig. 7).

The deformation characteristics of bridge are directly re-
lated to the interactive effect between vehicle loading and the
engineering structures of bridges, while thermal effect plays
minor role. Field survey has observed a shuttling of heavy duty
vehicles crossing the bridge. The slow subsiding main bridge
is equipped with the concrete pile structure, while natural soil
foundation is used in the approach sections which results in
more severe deformation under the same vehicle loading.

An obvious uneven deformation pattern was also observed on
Haihe Nanjiang Bridge which locates in adjacent east of Nan-
jiang Overpass Bridge (Fig. 8). The east part of Haihe Nanjiang
bridge (15 PSs) shows a larger average deformation rate of 18.4
mm/yr with a maximum of 27.0 mm/yr, while an average defor-
mation rate of only 4.7 mm/yr with a maximum of 10.0 mm/yr
was found in the west part of the bridge. A deformation map is
generated by interpolation with the 23 PS points on the bridge
(Fig. 8) for better illustration of the uneven deformation phe-
nomenon. Visible non-linear and differential deformation char-
acteristics are also detected between both parts of the bridge
(Fig. 8). This might imply an existence of possible uneven sub-
sidence hazard, although the difference within the monitoring
time is quite minor ( 1 cm). Field survey has found a number of
large piles of raw construction materials adjacent to the east part
of bridge. They provide extra loadings which impact on the sta-
bility of the east part of the bridge. Considering the main bridge
over Haihe River (about 200 m) is sensitive to the thermal de-
formations, the observed diversity of deformation between the
west part and the east part of this bridge (about 7 mm, see Fig. 8)
is also possibly attributed to thermal dilation.
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Fig. 9. TerraSAR-X PSI monitoring results for Tanggu Beach Road. There sec-
tions are marked on the map to present various deformation characteristics of
different road sections.

Tanggu Beach Road is a major transportation infrastructure
connecting the north and the south of the city. It serves as
an important gateway for transporting materials in Tianjin
Binhai New Area. The PSI deformation monitoring results
for the Tanggu Beach Road is shown in Fig. 9, in which the
deformation rates of PS points are also interpolated for better
illustration. An average deformation rate of 23.2 mm/yr is
observed for the 5 km long road. The maximum annual defor-
mation (nearly 60 mm) is located at the southern intersection
between Tanggu Beach Road and Nanjiang Overpass Bridge.
Distinct spatial variation of deformation was observed along
Beach road. It can be divided into three sections (A, B and
C as indicated in Fig. 9). Section A is characterized by slow
deformation with an average rate of 13.9 mm/yr. Much higher
deformation rate was observed in Section B with an average
rate of 38.0 mm/yr. A number of abnormal sites can be iden-
tified in Section B indicated by red color in Fig. 9. Similar as
Section A, Section C has relatively low deformation rate with
an average rate of 16.9 mm/yr. The relative larger deformation
in Section B more or less resulted from the distributary of
loading near the approach of the Nanjiang Overpass Bridge. As
this road structure principally lies perpendicular to the ground
range direction, thermal dilation, if exists, would have limited
influences on its observed spatial deformation pattern.

Another interesting transportation infrastructure is the Nan-
jiang conveyor belt in south of Nanjiang Port. It is one of the
important transportation infrastructures for conveying mining
materials from Nanjiang Port. The PSI monitoring on Nanjiang
conveyor belt suggests an annual average deformation amount
of 16.4 mm with a maximum of 50.1 mm. The conveyor belt is
divided into three sections for further discussion (Fig. 10).

An interesting deformation pattern has been observed from
distribution of PSs and deformation profile along conveyor belt
(Fig. 10). The deformation rate goes up and down regularly

Fig. 10. High resolution PSI Monitoring results for Nanjiang Conveyor Belt.
There sections are illustrated in the figure to represent various deformation char-
acteristics. Temporal patterns of deformations of the three sections are also pre-
sented.

along the conveyor belt. The distribution of engineering struc-
ture is found to be responsible for the sensitive fluctuation of
deformation rate. The interval of deformation distribution is
closely corresponding to the interval of the piers supporting the
conveyor belt. The stronger the piers are, e.g., the middle part
of the conveyor belt (Section B), the less the deformation takes
place. The regular fluctuation of deformation rate in section A is
also possibly derived from thermal dilation which would make
two parts of the tracks move towards each other in the construc-
tional gaps [41] and in turn induce distinct contrast of observed
deformations between adjacent points.

V. CONCLUSION AND DISCUSSION

Rapid urbanization processes involve intensive infrastructure
development which increases the urban vulnerability to subsi-
dence. A prompt and accurate monitoring of complex infrastruc-
ture deformation at a relatively large scale is one of the most
important concerns in urbanized area. In this study, Persistent
Scatterer Interferometry has been carried out using high resolu-
tion TerraSAR-X images to monitor the deformation of complex
urban infrastructures in one fast developing area.

The classification of PS points regarding their corresponding
urban structure types was firstly accomplished for deformation
analysis. Detailed deformation patterns of different representa-
tive types of urban infrastructures were successfully revealed.
The deformations of all investigated infrastructures in the study
area unanimously present a remarkable spatial and temporal
variation. The complexity of urban infrastructures with regard
to their types, engineering structures, geometries, construction
ages, engineering geological conditions and external loadings
results in complicated spatial-temporal deformation patterns of
urban infrastructures.

As expected, newer buildings and those buildings located in
relatively inferior engineering geological conditions sink much
faster. High-rise buildings show lower deformation rates com-
pared with low-rise buildings thanks to their stronger pile foun-
dation and possible larger thermal expansions.



650 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 5, NO. 2, APRIL 2012

The spatial deformation patterns of linear transportation in-
frastructures were also well revealed. Especially, a remarkable
regular fluctuating pattern of deformation rate was detected
along a linear conveyor belt. The interactive effect between
external loading and the engineering structure dominates the
deformation character of transportation infrastructure. In gen-
eral, sections of transportation infrastructures bearing heavier
loadings or supported by more sensitive foundations are more
prone to subsidence. In addition, lateral thermal dilation is
another possible factor which would dominate the diversities
of observed deformations between different parts of infrastruc-
tures, especially for short period observations [22], [39].

The observed deformation patterns of various types of infra-
structures from TerraSAR-S PSI are comparable with our field
observations. The deformation mechanism of varieties of urban
infrastructures was interpreted with regard to their types, en-
gineering structures, geometries, geological settings, construc-
tion times and exterior loadings. The spatial-temporal varying
patterns of urban infrastructure deformation in a regional scale
have been revealed although some systematic deviations might
exist between the exact value of our monitoring and in-situ mea-
surements like leveling.

The availability of SAR images is one possible drawback to
our results. Therefore multiple reference scenes in PSI tech-
nique were adopted permiting the potential of PSI analysis using
small data stacks [42]. For example, ground deformation in the
urban area of Guangzhou city was successfully detected based
on 10 ASAR images [21]. In addition, the reliability of PS clas-
sification highly relies on the backscattering characteristics of
SAR signals, accuracy of the geocoding of PS points and the ac-
curacy of the urban map. The discrepancy of coordinate systems
of different data sources would introduce coregistration problem
and therefore fallacious classification to some PS points.

To reveal the temporal variation of ground deformation,
the non-linear deformation has been addressed considerably
in the PSI processing. It was obtained by excluding phase
errors (noise), atmospheric phase from the final residual phase
generated by linear regression model. Therefore, the results
are strongly affected by the linear model. The consolidation
of linear regression model was conducted through iteratively
running linear regression analysis with refined parameters,
i.e. refined baselines, refined atmosphere and point height
estimates, using spatially filtered reference point. However, it
is always a challenge to precisely discriminate the non-linear
deformation, atmospheric effect and phase noise in the residual
phase, especially for the short temporal image stacks. For
example, the very minor component non-linear deformation
could be easily attributed to the disturbing components of phase
noises. Hence, the interpretation of both linear and non-linear
component of deformation should be performed with cautions.

A number of advanced functions have not been included in
the current PSI code used in this research. For example, the
quantitative analysis of potential influences of thermal dilation
effects on our PSI deformation monitoring is missing due to the
unavailability of certain module. Employing a phase mode with
thermal dilation considered [38], [39] could help to get more
detailed information (both dynamic and static) regarding the
deformation of infrastructures. The key element in PSI tech-

nique is to extract useful information i.e. deformation from the
original observation. Therefore the role of the “disturbing com-
ponents” has to be considered in processing and interpretation.
The robust spatial and temporal filtering technique might help
improve such discrimination. The flexibility of selection of fil-
tering window shape and length could also be a benefit.

Despite of various possible disadvantages, the potential of
high TerraSAR-X PSI to monitor the deformation of complex
urban infrastructures is fairly presented in our experiment.
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