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Abstract. Amsterdam currently has a huge task of assessing and potentially upgrading its quay walls along the
historic canals. Before replacement can take place, Amsterdam needs to determine the potential impact the re-
placement can have on the nearby buildings. The rate of vertical deformation of the adjacent buildings is used as
indicator of potential foundation problems. To determine that rate, the current practice is to monitor the buildings
by levelling for two years at least. This study shows that application of satellite measurements using Permanent
Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) could reduce the monitoring period to a few
months. The paper describes the statistical procedure that has been applied to levelling and satellite measure-
ments to verify their reliability and determine the rate of vertical deformation of the buildings. The procedure
was applied in three case studies. The rates of deformation observed in the InSAR measurements are in good
agreement with the rates of deformation observed in the levelling in two of the case studies. The locally opti-
mized InSAR data set with observations in the period 2014–2019 provides an almost 100 % coverage of reliable
data points for all buildings in the case studies. More experience will need to be gained in the interpretation
of InSAR measurements with respect to vulnerability of the buildings. Also, the procedure may be extended to
include analysis of non-linear trends such as second order trends and seasonal effects.

1 Introduction

The City of Amsterdam is facing the huge task of assess-
ing and potentially replacing 200 km of the quay walls of its
charming old inner-city canals. Soft soils underly the Am-
sterdam inner-city, causing an average subsidence rate of
2 mm yr−1 and making the adjacent historical buildings sus-
ceptible to damage by nearby construction activities. A city
guideline (Crux, 2014) describes regulations that apply to
construction activities for minimising the probability of dam-
age to the adjacent historical buildings.

The guideline uses the vertical deformation rate of the
buildings as indicator for potential foundation problems.
Buildings with foundation problems are especially vulner-
able during quay wall replacement. A vertical deformation
rate higher than the background subsidence of 2 mm yr−1 is

considered as a threshold for potential foundation problems,
such as timber decay. If the vertical deformation rate exceeds
the threshold value, further investigations of the foundation
is required to assess the need for foundation improvement
prior to quay wall replacement.

Until now the deformation rate is determined by traditional
levelling of markers in the building facades. The monitoring
of the markers should last two years at least to produce a
reliable time series of building subsidence.

Permanent Scatterer Interferometric Synthetic Aperture
Radar (PS-InSAR) (van Leijen, 2014) can measure deforma-
tions of objects with high reliability. For the last ten years
the TerraSAR-X satellite (ESA, 2019) produces deformation
time series with high temporal and spatial resolution. Ap-
plication of satellite measurements using InSAR to build-
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Figure 1. Typical examples of levelling time series.

ing monitoring could reduce the monitoring period from two
years to a few months.

The Technical University of Delft (de Jong, 2018) and
Deltares (Venmans, 2019) have examined the reliability of
the procedure and its potential for use in the city. Section 2
describes the procedure that has been applied to levelling and
satellite measurements to derive the rate of vertical deforma-
tion of the buildings with a known reliability. Section 3 de-
scribes one out of three case studies in the Amsterdam inner
city. Section 4 compares the results of the procedure applied
to two InSAR data sets compared to the results of the proce-
dure applied to the levelling data set. Section 5 gives conclu-
sions and recommendations.

2 Procedure

2.1 Data sets

Three data sets were used in the case studies. The levelling
data set usually comprises the last 2 to 4 years. The level-
ling measures the level of two markers installed in the fa-
cades of the buildings at low elevation, relative to a network
of fixed points in the inner city. Figure 1 gives an example
of a levelling time series. The accuracy of the levelling mea-
surements is in the order of 1 mm. The precision, expressed
as the a-priori standard deviation, is around 0.5 mm (Amster-
dam, personal communication).

Two pre-processed InSAR data sets were supplied by Sky-
Geo: a general data set covering the entire city (2009–2018),
and a locally optimized InSAR data set (2014–2019). The lo-
cally optimised data set gives a larger number of data points
and better reliability than the general Amsterdam InSAR data
set. The accuracy of the InSAR measurements has not be
assessed by direct comparison with reference measurements
e.g. from permanent GNSS stations. Every InSAR process-
ing uses 2000 to 3000 of the most stable data points in a
radius of 5 km around the area of interest to determine ref-
erence time series. The precision, expressed as the a-priori

Figure 2. Typical examples of InSAR time series.

standard deviation, is approximately 3 mm (Marinkovic et
al., 2007).

For all InSAR datasets the deformation in the direction
of sight of the satellite (line-of-sight deformation) is con-
verted to the vertical deformation using the incidence an-
gle of 31.1◦. This procedure assumes that the buildings do
not move in the horizontal direction because their movement
results from subsidence processes acting over a larger area.
The analysis only uses InSAR data points with an elevation
at least 2.5 m above street level to make sure that the points
represent the buildings.

The data set includes all points within 2 m outside the foot-
print of the buildings, because the location precision of the
InSAR points is 1 to 2 m (SkyGeo, 2020). Figure 2 gives an
example of an InSAR time series.

2.2 Procedure

The procedure to determine the measurement reliability has
a statistical basis. The final result of the procedure is the
probability that the deformation rate exceeds the threshold of
2 mm yr−1. The probability is calculated from the test statis-
tic T = (rate−2)/srate assuming a Student t distribution with
n− 2 degrees of freedom. Here, rate is the deformation rate
(positive when downward), srate is its standard deviation and
n is the number of observations in the time series.

If this probability is larger than 5 %, the building is tagged
for further investigation of its foundation. It is not enough
to determine the average deformation rate, since it does not
consider the scatter of the measurements. For this reason, the
reliability of its outcome is unknown.

The main steps in the procedure are (Fig. 3):

1. Visualisation in GIS to assess the coverage of the data
points.

2. Assessment of the homogeneity of the variance in the
time series. The assessment of homogeneity is done vi-
sually.
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Figure 3. Flow chart showing main steps of the procedure to deter-
mine the measurement reliability.

3. Assessment of the presence of sudden jumps in defor-
mation. These jumps may indicate sudden changes in
the environment that affect the foundation of the build-
ings, such as groundwater extraction or foundation re-
pairs. InSAR measurements may also be affected by
changes to the rooftops of the buildings

4. Statistical testing of the linearity of the deformation in
time. This is done by fitting a linear regression line
through the measurements and determining the standard
error of the difference between measurements and re-
gression line (residuals). The standard error of the resid-
uals is tested against the a-priori (common) standard de-
viations that can be expected for reliable measurements
as given in Sect. 2.1. If the probability that the standard
error of the residuals exceeds the a-priori standard devi-
ation is equal to or smaller than 5 %, the assumption of
linearity is not rejected.

5. Statistical testing if the deformation rate exceeds
2 mm yr−1. If the probability that the deformation rate
exceeds 2 mm yr−1 is equal to or smaller than 5 %, the
assumption that the foundation of the building is solid
is not rejected. In other words: the probability that a

building with a solid foundation is wrongly considered
to have a bad foundation is 5 % at most.

6. Statistical testing of the power of the conclusion in step
5. If the probability that a building with a bad founda-
tion is wrongly considered to have a solid foundation is
larger than 5 %, the conclusion from step 5 is rejected.
In other words: the probability that a building with a bad
foundation is wrongly considered to have a solid foun-
dation is 5 % at most.

3 Case study

The procedure was applied to three case studies in the Am-
sterdam inner-city. The results of one case study are shown
here in detail. The case study involved 42 buildings. A to-
tal number of 67 levelling markers were installed on 38
buildings. Six levelling measurements were made between
September 2016 and November 2017. The general Amster-
dam InSAR data set contained 151 data points with measure-
ments between January 2014 and January 2019, the locally
optimised InSAR data set contained 546 data points with
measurements between February 2009 and January 2018.

Figure 4 gives three maps of the buildings with the data
points of the levelling, the general Amsterdam InSAR data
set and the locally optimized InSAR data set. Green data
points indicate that the probability that the deformation rate
exceeds 2 mm yr−1 is equal to or smaller than 5 %. These
buildings are assumed to have a solid foundation. Red data
points indicate that the probability that the deformation rate
exceeds 2 mm yr−1 is larger than 5 %. These buildings may
experience foundation problems. White data points indicate
that either the time series is not linear in time, or that the
scatter in the measurements is larger than usual. These data
points are not reliable and excluded from further analysis.

4 Comparison of levelling and InSAR data sets

4.1 General

A direct comparison between levelling and satellite measure-
ments is meaningless for several reasons. Firstly, the location
of the data points on the buildings is different. The levelling
markers are located low in the facade of the buildings. The
InSAR data points are located on the rooftops. This implies
that the deformation observed in the levelling is determined
foremost by the behaviour of the foundation. The deforma-
tion observed through the satellite is also determined by the
deformation of the building itself.

Secondly, the levelling measures vertical deformation, the
satellite data points are assumed to move only in the vertical
direction. If in reality the data points also move horizontally
this will affect the interpreted vertical deformation.

Thirdly, both types of measurements are sensitive in a dif-
ferent way to external changes such as seasonal effects. The
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Figure 4. Maps showing the results of the analysis for levelling (a)
and two InSAR data sets (b) and (c). The building footprints have
been anonymised.

frequency of the levelling is too low and the scatter too high
to detect seasonal effects. Some InSAR time series display
seasonal effects with a deformation amplitude up to several
millimetres. Both types of measurements are sensitive to de-
formation of their reference points. Many levelling time se-
ries of neighbouring datapoints exhibit simultaneous random
movements up and down in the order of several millimetres.
This indicates a movement of the reference point. Also, the
InSAR reference points show a periodic movement with an
amplitude of 0.5 mm.

The locally optimised InSAR data set contains a signifi-
cant number of time series with a non-linear trend, with the
deformation rate increasing or decreasing in time. The cur-
rent procedure can only handle linear trends. For this reason,
the data set has been cut in two, and the analysis has been
performed on the 2014–2019 data only. This operation pro-
duced a data set consisting of the most recent and relevant
observations.

4.2 Case study

Figure 5 compares the deformation rates with probability
larger than 5 % that the deformation rate exceeds 2 mm yr−1,
for the buildings in the case study presented in Sect. 3.

The deformation rate in the levelling time series usually
is smaller than in the satellite time series. The reason is not

Figure 5. Buildings in the case study with deformation rates ex-
ceeding 2 mm yr−1 with probability larger than 5 %, identified by
using the levelling data set and the two InSAR data sets.

Table 1. Summary of coverage in the three case studies.

levelling general local
InSAR InSAR

number of buildings 117 117 117
number of data points 192 467 1675
% of reliable points 58 % 78 % 70 %
% of buildings with 67 % 84 % 100 %
reliable points

clear but could for example be due to settlement of the refer-
ence points.

The locally optimised InSAR data set shows the largest
number of buildings with data points with probability larger
than 5 % of exceeding the threshold deformation rate. Most
of these data points are located in the middle or back of
buildings, although data points in the front facades facing the
canals indicate a probability less than 5 % of exceeding the
threshold. At the moment is not clear how this observation
should be interpreted in terms of the condition of the founda-
tion of the building.

The general Amsterdam InSAR data set hardly has build-
ings with probability larger than 5 % of the deformation rate
exceeding 2 mm yr−1. This may be caused by a large number
of non-linear time series that were eliminated in step 4 of the
procedure.

Both levelling and InSAR measurements indicate that the
probability of a deformation rate exceeding 2 mm yr−1 is
larger than 5 % for buildings 10, 11 and 12. Also, the lev-
elling indicates that the probability of a deformation rate ex-
ceeding 2 mm yr−1 is larger than 5 % for buildings 15, 19 and
42, whereas the InSAR measurements do not. The levelling
time series for these buildings may be less reliable because
of jumps up to 1.5 mm between subsequent measurements
and the limited (4 to 6) number of measurements in the time
series. The jumps do not correlate with a seasonal pattern.

Because of the large number of measurements in a time
series the conclusions about the deformation rate are much
more robust for the InSAR measurements in comparison with
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the levelling. The standard deviation of the deformation rate
of a levelling time series in the case study typically is in the
order of 0.5 mm. This implies that a data point may have a
5 % probability that the deformation exceeds 2 mm yr−1, al-
though its average deformation rate is below 1 mm yr−1. This
is the case for buildings 10, 11, 12 19 and 42 in Fig. 5. For
the same case study, the standard deviation of the deforma-
tion rate of an InSAR time series typically is in the order
of 0.05 mm. For this reason, InSAR measurements provide a
much more reliable estimate of the deformation rate.

4.3 Coverage

Table 1 summarises the coverage of the different data sets
for all three case studies. The traditional levelling is capa-
ble of providing a reliable conclusion for only 67 % of the
buildings. The locally optimized InSAR data set has a 100 %
coverage of the buildings, meaning that every building has
one or more reliable data points.

5 Conclusions and recommendations

5.1 Conclusions

Locally optimized PS-InSAR satellite measurements are
most suitable for assessing the deformation rate of build-
ings in the Amsterdam inner-city. The case study presented
shows that deformation rates of the satellite measurements
are significantly higher than those of the levelling on the
same buildings. The other two case studies (not shown in this
paper) show a general agreement of the deformation rates of
the levelling and the satellite measurements.

The locally optimised InSAR data set with measurements
between 2014 and 2019 has reliable data points on 100 % of
the buildings in all case studies. The large number of mea-
surements in an InSAR time series makes the standard de-
viation of the deformation rate much lower than in a typical
levelling time series, in spite of the larger scatter of individ-
ual InSAR measurements.

5.2 Recommendations

Future application of the procedure should include a com-
parison of the deformation rates derived from satellite mea-
surements and the foundation condition of the buildings. This
will improve the interpretation of the satellite measurements
and reduce the number of false positives and false nega-
tives. The improvement may include the interpretation of
data points with high probability of the deformation rate ex-
ceeding 2 mm yr−1 that are not located near the facade of the
buildings.

Also, the procedure may be extended to include analysis
of non-linear trends such as second order trends and seasonal
effects.
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