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Abstract: Permanent Scatterer Interferometry (PSI) has been used to detect and characterize the
subsidence of the Pisa urban area, which extends for 33 km? within the Arno coastal plain (Tuscany,
Italy). Two SAR (Synthetic Aperture Radar) datasets, covering the time period from 1992 to 2010,
were used to quantify the ground subsidence and its temporal evolution. A geotechnical borehole
database was also used to make a correspondence with the detected displacements. Finally, the
results of the SAR data analysis were contrasted with the urban development of the eastern part
of the city in the time period from 1978 to 2013. ERS 1/2 (European Remote-Sensing Satellite)
and Envisat SAR data, processed with the PSInSAR (Permanent Scatterer INSAR) algorithm, show
that the investigated area is divided in two main sectors: the southwestern part, with null or very
small subsidence rates (<2 mm/year), and the eastern portion which shows a general lowering with
maximum deformation rates of 5 mm/year. This second area includes deformation rates higher than
15 mm/year, corresponding to small groups of buildings. The case studies in the eastern sector of the
urban area have demonstrated the direct correlation between the age of construction of buildings and
the registered subsidence rates, showing the importance of urbanization as an accelerating factor for
the ground consolidation process.
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1. Introduction

Ground subsidence is a phenomenon that affects coastal areas where major cities developed
sometimes without proper urban planning. The natural compaction processes of normally consolidated
fine-grained sediments are strongly accelerated in the case of building load, especially if soft clay, peat
or reclamation are present.

Considerable ground displacements and building stability problems related to the presence
of compressible layers have been reported for several cities around the world, such as Rome [1,2],
Venice [3,4], Shanghai [5,6], Beijing [7], Hong Kong [8], Hanoi [9], Jakarta [10], New Orleans [11]. The
urbanization, which includes the magnitude of imposed load and the construction age of the buildings,
has been demonstrated as another factor which is involved in developing a consolidation process with
high displacement rates [5,12,13].

In the last decades, satellite DINSAR (Differential Interferometric Synthetic Aperture Radar) has
been successfully demonstrated to be highly valuable in measuring land motion in a wide range of
application fields, including ground movements related to various geohazard phenomena such as
floods, landslides and subsidence [14,15]. This EO (Earth Observation) technique is ideally suited
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to measuring the spatial distribution and magnitude of surface deformation associated with ground
subsidence. The millimeter accuracy, associated with a few meters of spatial resolution at the ground,
has given the opportunity to detect this natural hazard with high precision and with a relation of
cost/measurement density not affordable using leveling or other field monitoring techniques [16-25].

This study exploits the high precision of satellite PSINSAR (Permanent Scatterer Interferometry)
data (ERS 1/2 (European Remote-Sensing Satellite) and Envisat satellites) to quantify the subsidence
phenomenon and its temporal evolution and spatial distribution in the Arno coastal plain (Tuscany
region, Italy), particularly in the city of Pisa. The time series analysis, which is demonstrated as a
powerful tool to highlight acceleration or slowdown in the temporal trend of ground motion [26-29], has
been used to characterize the registered subsidence rates at building scale. The local-scale deformations
have been examined in order to demonstrate the existing relations between subsidence rates, local
stratigraphy and urban development.

2. Geological and Hydrogeological Setting

The study area is located in the northwestern part of the Tuscany region within the Arno coastal
plain (Figure 1); it is bounded by the Pisani Mountains to the northeast, by the “Livorno-Sillaro”
tectonic line to the south and approximately by Massaciucoli lake to the north [30,31]. The northern
boundary of the plain is not well defined due to the complex superposition of several paleo-channels of
the Arno and the Serchio rivers [32]. The plain is ca. 450 km? wide and represents the southern inshore
portion of the subsiding half-graben Viareggio basin, with a characteristic triangular shape wedging
out northwards [33,34]. The depositional evolution of the youngest portion of the basin is essentially
related to the late Quaternary glacioeustatic sea level fluctuations [35-37]. In fact, the sea level decrease
after the Last Glacial Maximum (LGM) caused the development of an incised valley 5-7 km wide and
40 m thick, perpendicular to the present shoreline [35-37]. This valley was rapidly filled by estuarine
and coastal plain deposits between ca. 13,000-8000 cal year BP, thanks to the eustatic sea level rise post
LGM [37,38]. Over this succession lies a 20-25 m thick transgressive deposit, developed during the
last 8000 cal year BP after the phase of decelerated sea level rise [39]. At the base of this Holocene
succession, a continuous level of clays and silty clays locally known as “pancone” is clearly defined
and it is widespread from the Pisa Mountains to the beach ridges of the coastal plain [35]. This clayey
deposit records the existence of a 6-km-wide lagoon in the time period from 8000 to 6000 cal. year
BP [40]; at that time the shoreline was more than 7 km landward from its present position. The lagoonal
“pancone” deposit is overlaid by a 10-15 m thick fluvio-deltaic succession, composed of clays and silts
with occasional sand and silty sand bodies which reflect the repeated phases of coastal progradation
and the resulting development of modern Arno delta [34].

During the Pre-Roman and Roman age (ca. 6000-1600 year BP), one of the old branches of the
Serchio River, called “Auser” (Figure 1), was connected to the paleo-Arno. Despite several engineering
works developed to protect the city from floods and wetland formation, this network persisted
throughout all the Middle Ages [41,42]. The “Auser” was diverted outside city walls during the 11th
to 12th centuries, leaving only one channel to flow through the city (the modern Arno river [43]).

The stratigraphy and architecture of the Holocene succession, with highly compressible layers as
the “pancone” layer, represent a geotechnical weak point that may influence the ground subsidence in
the urban area of the city [32].

In the investigated area, a phreatic aquifer, a few meters thick, composed by sandy and silty layers
within the clayey sequence, is present. This water reservoir is not usually used for water extraction
because of its low quality and variable specific storage and transmissivity [44]. This aquifer (Figure 2)
shows a maximum water level in the area of Ospedaletto (1.5 m above sea level) and a minimum (2 m
below sea level) in the southern boundary of the Galileo Galilei International Airport; in the northern
part of the city the surface does not show any significant variation.
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Figure 1. Geological and geomorphological sketch map of the Arno coastal plain, modified after [32].
Hypothesized paleo-valley boundaries are shown as black dashed lines. Actual river paths and “Auser”
abandoned branch are shown in light blue.
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Figure 2. Phreatic surface in the urban area of Pisa (from [44]). The black line represents the investigated
area. The contour map is overlaid on a 2013 digital orthophoto.
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3. Available Dataset

3.1. PSInSAR Products

Differential SAR interferometry (DInSAR) exploits phase information of SAR images to retrieve
ground displacement which occurred between two different acquisitions of the same area [45].
Conventional DInSAR is affected and limited by two major sources of errors: temporal and geometric
decorrelation [46] and phase distortion due to atmospheric effects [47].

Fifteen years ago, a new algorithm for InSAR data analysis was developed: the PSInSAR
(Permanent Scatterer INSAR) technique [48,49]. This technique analyzes long stacks of co-registered
SAR images to identify point-wise targets (PS, Permanent Scatterers) within the ground resolution
cell which can be natural or man-made and have stable radiometric characteristics during the entire
acquisition interval. Phase information backscattered from these coherent points is used to derive
the ground displacement and the temporal evolution of the movement. The main limitation of this
technique is the almost-absence of coherent PS points in rural or wooded areas, where changes
in vegetation geometry or wetness cause phase decorrelation and make the selection of coherent
points difficult.

The resultant ground displacements are recorded along the line of sight of the satellite (LOS),
which is the sensor for target direction, tilted at about 23° for ERS 1/2 and Envisat satellites. The
displacement values are then influenced by the vertical and horizontal components of the movement
and have to be corrected for the slope direction of the displacement. In the case of subsidence
phenomenon, this correction is not required due to the vertical direction of the movement. The
displacement value for each PS is expressed as a velocity in millimeters for a year and have a negative
sign if the target moves away from the sensor (ground subsidence) or a positive sign if the target
approaches the sensor (ground uplifting).

For subsidence detection in the Pisa plain area, ERS 1/2 and Envisat interferometric data have
been used (Figure 3); these data were obtained from the National Cartographic Portal (PCN) of the
Pst-A Project (Piano Straordinario di Telerilevamento, [50,51]). The reliability of these interferometric
data has successfully been proven by other authors in other Italian study cases [52-55]. For the purpose
of this study, 68 ERS 1/2 and 37 Envisat images, seamlessly covering the time period from 1992 to
2010 with the exception of a gap in 2002, have been processed with the PSINSAR algorithm. ERS 1/2
and Envisat satellites both operate in C-band (5.6 cm wavelength; 5.3 GHz frequency) with a ground
resolution of about 20 x 5 m and a revisit time of 35 days. Both datasets show a high density of points
(maximum value of 700 PS/Km?) where the highest density of buildings and man-made structures can
be found (Figure 3), i.e., in the city center and in the southern industrial area of Ospedaletto (Table 1).
In the agricultural areas with sparse houses, the PS density abruptly decreases to less than 50 PS/km?.

Table 1. Details of the SAR datasets used in this study.

. Minimum Maximum Maximum Maximum
Satellite CovIe)Zi;‘lo:l"lme Nllllrnn;)e:sof PS Density PS Density ]S)t:;:zljn gﬁ?:slecg Subsidence Rate Uplift Rate
8 (PS/km?) (PS/km?) (mm/year) (mm/year)
ERS 13 May 1992
1/2 16 December 2000 68 15 350 + 0.8 0.58 22.0 25
25 January 2003 37 50 700 +12 0.68 211 28

Envisat 45 1une 2010 *
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Figure 3. Registered LOS velocities in the Pisa plain between 1992 and 2001. (1) ERS 1/2 data;
(2) Envisat data. PSI maps are overlaid on a 2010 digital orthophoto. The black line represents the
investigated area inside the Pisa municipality. (A) Galileo Galilei International Airport; (B) inner city
area; (C) Cisanello-San Cataldo-La Fontina district; (D) Ospedaletto district.

3.2. Borehole Classification and Geotechnical Interpretation

For the geological reconstruction of the investigated area, subsoil data from the Pisa Province
borehole database were used. This database includes more than 10,000 various types of geological
and geotechnical data (from classical borehole to dynamic and static penetration tests or nucleus
destruction boreholes). Within this database, 92 geotechnical boreholes with a depth of investigation
greater than 10-15 m (Figure 4) were selected in order to intercept the upper limit of the “pancone”
deposit. The original stratigraphical information was modified with a lithostratigraphical-geotechnical
classification of five facies associations, proposed for the city of Pisa by Sarti et al. [32].

The classification takes into account not only the stratigraphical changes but also the geotechnical
characteristics of the different layers; these latest parameters are obtained from undisturbed/minimally
disturbed samples retrieved with Osterberg or Shelby samplers. These samples were used to obtain
index parameters for each class: Atterberg limits (liquid limit—W?7, and plastic limit—Wp), state
parameters as natural water content (Wy), plasticity index (Ip) and consistency index (I.) and
mechanical parameters derived from the oedometric compression test (compression index—C)
or direct shear test (drained cohesion ¢’ and drained friction angle ¢’). Below are described the
stratigraphical and geotechnical characteristics definitions and interpretations of the five facies
associations; for the state and mechanical values see Table 2.
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Figure 4. Selected boreholes for the investigated area (represented as a black line).
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Table 2. Lithological and geotechnical characteristics of the five lithology classes. Parameters, obtained
from 105 undisturbed /minimally disturbed samples, are shown as mean values with standard deviation

for each unit.

Facies

Class Association Wi (%) Wi (%) Wp (%) ¢’ (kPa) @' (°) C, Ip I
Ui”t Veg’a;"“ 5344127  69.0+141 313+71 2144120 43423 05401  377+88 02401
Unit Soft clay
;“ andsilty  441+170 586+64  284+54 223+141 81+31 04+01 28.9 +5.2 04+0.1
clay
Alternation
Unit  ofclayey 555, 49 360+60 27+21 164+91 170+85 02401 133 +59 -
3 silt and
sandy silt
Unit Stiff clay
A and silty 267 +44  430+149 250429 383+175 98437 03402 185+123  1.0+0.1
clay
Unit Silty fine
5 to coarse 224 +5.0 - - 10.0 + 8.1 285+ 4.2 - - -
sand

Unit 1 consists of “pancone”, a homogenous succession of very soft gray-blue clay and silt clay
with sporadic, thin, fine, sandy layers, mainly appearing in the upper part of the layer. Abundant
shells, wood fragments and organic matter characterize the unit. This sequence reflects the depositional
brackish environment of a lagoonal basin [40]. The unit is 3-12 m thick and its upper boundary ranges
from 8 to 20 m below the surface. According to the Casagrande plasticity chart [56], the unit is classified
as inorganic or organic clay of elevated plasticity (CH-MH/OH). It is also characterized by an high
natural water content (Wyy) that is near or sometimes higher than the liquid limit (WL), and a low
consistency index (I.) with a high compression index (C.). By the geotechnical point of view Unit 1 is
the weakest level in the Holocene sequence, as previously shown by Rampello and Callisto [57] in the
case of Leaning Tower settlements. The depositional environment (lagoonal basin) leads to the high
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compressibility of the level and the high water content (53.4% + 12.7%), which sometimes is close to
or even greater than liquid limit (69.0% =+ 14.1%). These parameters are strongly dependent on the
organic matter content of this facies; in fact, variations in shear strength and physical parameters can
be related to organic matter content variations or to the presence of fine sand intercalations that form a
stiff layer in the sequence.

Unit 2 consists of dark soft clay and silty clay with high organic matter content with occasional
peat layers, typical of swampland environment [32]. Abundant wood fragments and scattered shells
are present. This unit is recorded between 6 and 10 m below surface with a variable thickness of
2-6 m. According to the Casagrande plasticity chart the unit is classified as inorganic or organic clay of
elevated plasticity (CH-MH/OH). Unit 2 is another level with low strength and high compressibility
which is characterized by water content and Atterberg limits (W, Wp) similar to the values of Unit 1
while the consistency index (I.) and shear strength values are higher than Unit 1; this fact is probably
related to a lower organic matter content of some samples.

Unit 3 is generally represented by a rhythmical alternation of clayey silt and sandy silt or silty sand
of yellow-brownish color. No fossils are recorded. This succession is related to an alluvial environment
close to the principal rivers and frequently subjected to flood events [32]. This unit has a discontinuous
distribution in the plain at 2-6 m below surface, with a thickness smaller than 4 m. According to the
Casagrande plasticity chart the unit is classified as inorganic or organic silt and silty clay of low to
medium plasticity (ML/OL-CL). This level shows a high variability of state and mechanic parameters
depending on the fine sand percentage in the succession (an example is given by the value of the
drained friction angle, ¢’). Unit 3 shows a decrease in water content, plasticity index and compression
index as well as an increase in mechanical parameters compared to the two previous units. However,
it must be considered a potentially compressible layer because of its degree of saturation; in fact, if
these fine-grained layers are in saturated conditions, great loss of volume and compaction processes
can occur due to the high load of a building [58].

Unit 4 consists of stiff clay and silty clay with low organic matter content and high consistency,
pedogenetic calcareous nodules and yellow-brown mottles due to the presence of iron and manganese
oxides [32]. This feature reflects a subaerial exposure of clay in a depositional setting of a floodplain
far from the river channel, which is rarely affected by floods. The unit widely crops out in the
plain, reaching a maximum depth of 5-6 m. According to the Casagrande plasticity chart the unit is
classified as high consistency and low plasticity silt and clay (ML-OL) and it is characterized by a low
compression index (C.), high consistency index (I.) and the highest shear strength resistance among
the clayey layers.

Unit 5 consists of silty fine to coarse sand, occasionally rich in wood fragments and bioclasts,
locally with founded pebbles and mud clasts. The unit has a distinctive fining-upwards trend and it
is interpreted as fluvial channel fills [36,37,40]. The level has a strongly variable thickness (from 1 to
10 m) and can be found at various depths in a typical lenticular shape, sometimes overlaying Unit 1
deposits. Unit 5 shows low values for water content (Wy) and drained cohesion (¢’) associated with a
high drained friction angle (¢’); the variability of these parameters could be correlated to a greater or
lesser percentage of silts and fine sands. Unit 5 shows high shear resistance and low water content,
making this level the one with the lowest settlement potential.

The worst geotechnical properties and high deformability potential are shown by Units 1 and
2, whereas Units 4 and 5 have the lowest compressibility values; Unit 3 displays intermediate
characteristics. The presence of a highly compressible level (Unit 1) at a depth of 10-15 m below
the sea level cannot explain itself in the settlements registered; in fact, only major buildings can transfer
load at such depth. The subsidence must be related to the entire stratigraphy under a building, not only
to a single layer. The worst scenario will be the simultaneous presence of Units 1 and 2, overlapped
by variable thicknesses of Unit 4 with the local presence of saturated Unit 3 layers and the partial or
total absence of Unit 5. With this context, major settlements must be expected. An improvement in the
general resistance of this type of stratigraphic succession is the presence of a thick Unit 5 layer that, as
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reported by Sarti ef al. [32], sometimes overlays directly on Unit 1, giving an increase of stability to the
sequence, especially if the transmitted load does not reach the deepest compressible levels. Moreover,
the depth of the most compressible sequences’ (Units 1 and 2) upper limit plays an important role in
the consolidation process duration; in fact, a deeper limit implies a lower overpressure induced by a
building’s load, producing a primary consolidation process that develops in less time.

4. Results and Discussion

The city of Pisa shows two areas with different deformation rates: the southwestern part, with
null or very small subsidence rates, and the eastern portion, with a general lowering with maximum
subsidence rates of 5-7 mm/year. This subsidence is associated with localized high deformations
corresponding to single buildings or groups of buildings (Figure 3). Subsidence related to water
overexploitation was excluded for two reasons: the phreatic surface does not show seasonal significant
variations (Figure 2) and the extent of the subsiding areas with the highest displacement rates shows
distribution and widening not coherent with the water exploitation.

The two main areas that show small deformation rates are the Galileo Galilei airport and the
old town center (Figure 5a,b). The two areas with the highest localized deformation values are the
Cisanello—San Cataldo—La Fontina and Ospedaletto districts (Figure 5c,d). The Galileo Galilei airport
structures and the runway area appear to be stable for the whole investigated time period. The mean
LOS velocity values are 1.7 mm/year for ERS 1/2 and 1.1 mm/year for Envisat (Figure 5A). Different
velocities are only found in the structures of the western part of the airport, with peaks of 6 mm/year
and 5 mm/year for ERS 1/2 and Envisat, respectively. The inner city shows a general stability for the
period from 1992 to 2010; the most important historical monuments such as the Leaning Tower show
a displacement lower than 1 mm/year for both investigated periods. The average LOS velocity for
the area inside of the city wall perimeter (Figure 5b) is 1.4 mm/year for ERS 1/2 and 1.2 mm/year
for Envisat. The northeastern part of Pisa shows a general subsidence rate from 6 to 4 mm/year in
both studied periods, with local peaks of velocity in proximity of some buildings (Figure 5C). In the
La Fontina district, subsidence rates are higher than 15 mm/year for ERS 1/2 and 9 mm/year for
Envisat. In the San Cataldo area, three groups of buildings show the highest LOS velocity in the area,
more than 18 mm/year for ERS 1/2 and 20 mm/year for Envisat. The Cisanello district also reveals
local deformation with maximum values on the order of 13 mm/year for ERS 1/2 and 11 mm/year
for Envisat. The southeastern portion of Pisa, which hosts the industrial district of Ospedaletto,
shows a particular pattern with LOS velocities increasing eastward from 1 mm/year to a maximum of
10 mm/year for ERS 1/2 and —16 mm/year for Envisat (Figure 5d).
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Figure 5. PSI maps of LOS deformation velocities in Pisa city districts between 1992 and 2010
showing stable areas ((a) Galileo Galilei airport, (b) city center) and high deformation districts ((c) La
Fontina—San Cataldo—Cisanello districts, (d) Ospedaletto district). PSI maps are overlaid on a 2013
digital orthophoto.

4.1. Land Subsidence in the San Cataldo District

The most evident example of local deformations is the San Cataldo district where two groups
of buildings recorded subsidence rates higher than 13 mm/year (Figure 6a). The highest mean LOS
velocity is registered in the proximity of building B, a residential structure of five floors with a plain
area of ca. 1000 m?; in the same complex of buildings (black square in Figure 6a) a deformation increase
occurs from 20 mm/ year of the subsidence rate at the northwestern building to 8.5 mm/year at the
northeastern building (point A in Figure 6a). The four structures seem to be of the same constructive
type with almost equal plain areas.

Time series of displacements show a linear increasing negative trend for buildings A and B; only
Envisat data are available because the age of the construction of these structures is almost simultaneous
with the end of the ERS 1/2 acquisition period. Building C shows mean LOS velocities lower than
buildings A and B, but that is higher than those of the nearby buildings: 13.4 mm/year for ERS data
and —9 mm/year for Envisat data. The time series of displacement shows a linear negative trend for
the whole acquisition period, with a decrease in the LOS velocity value from ERS 1/2 to Envisat data
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(Figure 7c). Only three boreholes localized within building C’s perimeter are available (Figure 6a), with
a mean distance of 300 m between the boreholes and buildings A and B; it is reasonable, considering
that no important variation can occur in this distance thanks to the almost homogeneous distribution
of Units 1, 2 and 4 (only local variations of Units 3 and 5 are possible). In particular, the upper limit
of the most compressible succession (Units 1 and 2) lies at a depth variable from 4 (borehole 1642)
to 5 m (borehole 1640) below the surface. This sequence, which has a total thickness of 25-30 m, is
overlaid by a Unit 4 layer in boreholes 1641 and 1642, while in the borehole 1640 Unit 4 is partially
replaced by a silty Unit 3 level (Figure 6b). As previously mentioned, this type of sequence is the most
susceptible to settlement. With the exception of the presence of Units 3 and 5 in local intercalations,
the same stratigraphy for the three buildings can be assumed; in this case, differences in the cumulate
displacement and time series trend must be related to a further factor of anthropogenic origin. This
external factor is the age of the construction of the buildings.
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Figure 6. (a) LOS displacements in the San Cataldo district (points A, B and C). PSI map is overlaid
on a 2013 digital orthophoto; (b) Borehole selected for the analyzed area, the classification is the one
proposed by Sarti et al. [32]; (c) ERS 1/2 and Envisat time series for building A, B and C. The gap
between 2001 and 2003 was filled by a prediction trendline (black dashed line in panel c).
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In the San Cataldo district the direct correlation between the anthropogenic factor and registered
LOS velocities is clear; highest subsidence rates are shown by building B which has the most recent age
of construction (time interval of 2000 to 2003, based on orthophotographic interpretation) while
building C, which is the oldest, shows lower velocities. Considering buildings with an age of
construction previous to 1988, subsidence rates decrease to the values of 3.5-5 mm/year, which
are the lowest recorded in this area.

The consolidation process is divided in two phases [59]: primary consolidation, in which the
greatest settlements are recorded, and secondary consolidation, where only cohesive and organic
soils can produce a smaller amount of compression. The end of the process is highly time-dependent
and is modified by the cohesive layers’ thickness, hydraulic conductivity, and drainage conditions,
as well as by time and magnitude of the load imposition. An example of this process is represented
by building C, where the mean deformation time series show a decrease in the velocity value in the
Envisat acquisition period (2003 to 2010), which is symptomatic of a slowdown in the consolidation
process typical of the transition from primary to secondary phase. The subsidence rate is still higher
than 9 mm/year in some PS for two main reasons: the geotechnical characteristics of Units 1 and 2
(high compressibility, low hydraulic conductivity and high organic percentage) and the dimensions of
the structure (occupied an area of around 30,000 m? by the three floors of main building) that transfer
a high load to the ground. On the other hand, building B shows a linear increasing negative trend
between 2003 and 2010 with values coherent with a primary consolidation process which involves
compressible organic-clayey layers as in Units 1 and 2. Building A shows lower LOS velocities than
building B which is considered as a result of a consolidation process which began few years before
building B was built (age of construction between 1996 and 2000 and after 2000 for building A and
B, respectively).

4.2. Land Subsidence in the Ospedaletto District

The Ospedaletto industrial district is another case study which shows the relationship between
local high subsidence rates and urbanization (Figure 7a). Three structures show the highest subsidence
rates in this area: group of buildings A (13.1 mm/year), building B (11.8 mm/year) and building C
(12.1 mm/year). These structures are composed by commercial and light industry facilities with a
maximum height of two floors and a plain area variable from 2500 m? (southern building of group A
structures) to 5400 m? (building B).

Three of the 10 boreholes drilled in this area are shown in Figure 7a. The stratigraphic asset is
again characterized by the presence of a deeper “pancone” layer (Unit 1) that is overlaid by a Unit 2
layer with a maximum thickness of 5 m. The upper limit of this highly compressible sequence lies at a
depth variable from the minimum value of 5 m below the surface (borehole 9256) to the maximum
of 9 m below the surface in borehole 1730; in borehole 4810, the drill did not reach the Unit 1 upper
limit. The sequence is overlaid by a continuous Unit 4 layer with an almost unvaried thickness equal
to 4 m. As in the previous example, this type of sequence is the most susceptible to settlements. Only
one low compressibility level is found in borehole 1730, where a Unit 5 layer, 2 m thick, is recorded;
the presence of this little break in the compressible sequence cannot represent an important factor in
the settlement reduction. The small differences of registered subsidence rates between building B and
the other two analyzed buildings are explained by the variation in the depth of the upper limit of the
most compressible sequence (Units 1 and 2); in fact, in borehole 1730, which is the closest to building
B, the Unit 2 upper limit is found at 9 m below the surface. In this case, the compressible sequence can
be less influenced by the stress increment produced by the building load.

The age of construction factor once again plays a crucial role in the settlement evolution of the
Ospedaletto industrial district: subsidence rates higher than 11 mm/year are recorded in proximity of
buildings A, B and C (Figure 6a) which have been built in the time period from 2000 to 2003. Time
series analysis has shown a slight decrease of LOS velocities for all three buildings at the end of the
acquisition period (approximately from the 17 July 2008 acquisition, Figure 7c). This trend is in part
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due to an oscillation in the last four acquisitions of the satellite, but also can be related to the beginning
of the slowdown phase in the consolidation process. Considering buildings with an age of construction
ranging from 1978 to 1988, a clear decrease in the Envisat LOS mean velocities is noticeable. Two
examples of this behavior are represented by buildings D and E which show ERS 1/2 subsidence
rates (11.0 and 10.0 mm/year, respectively) almost double the Envisat rates (6 and 6.5 mm/year,
respectively); this type of decreasing trend was already shown by building C in the San Cataldo district
(Figure 6¢). If we consider buildings with an older age of construction (before to 1978), registered LOS
velocities vary within the range of 4.0 to 0.5 mm/year. This is observable especially in the western part
of the analyzed area, where the oldest buildings and lowest subsidence rates are recorded (Figure 7a).

10°26'30"E

9256 1730

ro

4810

ro 0

43°40'45"N

L10m 10m

F20m

43°40'30"N

Borehole classification
I Unit 1

[ Unit2

[ Junit3

[ ]Unit4

I Unit 5

[ Landfill

43°40'15"N

95 190 380 3
E— — M eters S

Legend

() Boreholes

——Building C_Envisat mean velocity

0 T

ERS1/2_LOS velocity (mm/yr) A -7.49--5 | \
A <20 A -49--25 ol I |
A -199--15 A 249-25 |7 ‘
A -149--10 a251-5 | ‘
A 99--75 E 60 |
Envisat_LOS velocity (mm/yr) © -749--5 & ‘
° <. 0 .49-.25 & % Displacement rates (mm/yr)
D o 24925 = | BudingA-13. \’\’\.\M

SOselS 2A9-23 1 &0 | Building B=11.8 —
o -14.9--10 ° 251-5 |~ Building C = 12.1
" 2P e P P P T S PSS IS
Buildings construction =21988 - 2000 S FLF T TF TP
== beforel978 = after 2000 ~——Building A_Envisat mean velocity=—Building B_Envisat mean velocity
£31978 - 1988

Figure 7. (a) LOS displacements in the Ospedaletto industrial district (points A, B and C). PSI map is
overlaid on a 2013 digital orthophoto; (b) Boreholes selected for the analyzed area, the classification is
the one proposed by Sarti ef al. [32]; (c) Envisat time series for building A, B and C.

4.3. Comparison between Urbanization and Subsidence Rates

The importance of buildings” age of construction is confirmed by LOS deformation velocities
averaged in the area occupied by 489 buildings in the analyzed districts of the eastern part of the city
of Pisa (Figure 5¢,d).
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In Figure 8, the ERS 1/2 and Envisat mean LOS velocity values for each selected building in the
four ages of construction classes are plotted. ERS 1/2 data (black line and dots in Figure 8) shows a
linear trend of subsidence which increases from the first class (a construction period that is previous
to 1978) to the third class (a construction period from 1988 to 2000); this trend was already observed
in the two examples of San Cataldo and Ospedaletto (Figures 6 and 7). Buildings that fall into the
after 2000 construction class are not considered within the ERS 1/2 analysis because of the acquisition
period of the satellite (May 1992-December 2000). Envisat data (red line and dots in Figure 8) shows an
equivalent subsidence trend with a lower slope coefficient value; in this case, the highest subsidence
rates are recorded by buildings that fall into the fourth age of construction classes (the after 2000
construction period). The outliers with LOS velocity values higher than 10-15 mm/year represent
buildings with high consolidation rates that are related to the geotechnical characteristics of Units
1 and 2, associated with a shallow upper limit of the compressible sequence. On the other hand,
outliers with LOS velocities lower than —2 mm/year represent structures that are less affected by
the accelerated consolidation process thanks to the presence of Units 1 and 2 layers with low organic
matter content, which leads to a lower compressibility of the two units. Moreover, another explanation
can be given by the depth of the upper limit of the compressible sequence; a deeper limit implies that
the entire succession is less influenced by the stress increment produced by the building’s load.
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Figure 8. Mean LOS velocities for analyzed buildings compared with the age of construction
classification in the city of Pisa.

5. Conclusions

In this work, the spatial and temporal evolution of the ground subsidence in the Pisa plain
has been described by combining geological and geotechnical data with PSINSAR data. The land
subsidence in the study area is mainly due to two principal factors: high compressibility of clayey
layers and recent urbanization of the eastern part of the city.

Subsidence deformation rates have been quantified through the use of ERS 1/2 and Envisat
data analyzed using the PSInSAR technique, covering the time interval 1992-2010. PSInSAR results
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showed that the highest deformations only affect buildings with maximum subsidence rates higher
than 20 mm/year for both satellites. For the single-building scale analysis, two main areas have been
chosen: the San Cataldo and Ospedaletto districts. In these study areas, a widespread compressible
sequence was detected at a depth of ca. 10-15 m below the surface; it is mainly composed of organic
rich clays and silty clays that have been classified in two different litho-geotechnical units (Unit
1—"pancone” and Unit 2). This type of sequence clearly supported the development of a consolidation
process with a high deformation rate for a long period thanks to the characteristics of the compressible
layers (very low hydraulic conductivity and high organic content).

The geological factor cannot explain itself with the high subsidence rates detected by the satellite
PSINSAR data with respect to certain buildings. Another factor had to be taken into account: the
age of construction of the buildings. Using several buildings in the eastern part of the city, the direct
correlation between the age of construction of the buildings and the registered LOS mean velocities has
been demonstrated. This type of analysis has shown the importance of urbanization as an accelerating
factor for the consolidation process.
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