remote sensin N
?J & bpy

Reply

Reply to Lanari, R., et al. Comment on “Pre-Collapse
Space Geodetic Observations of Critical
Infrastructure: The Morandi Bridge, Genoa, Italy” by
Milillo et al. (2019)

Pietro Milillo 1-2*(, Giorgia Giardina 3, Daniele Perissin 4, Giovanni Milillo 5,
Alessandro Coletta # and Carlo Terranova °
1
2

3

Department of Earth System Science, University of California, Irvine, CA 92697, USA

Microwaves and Radar Institute, German Aerospace Center (DLR), Weflling, 82234 Munich, Germany
Department of Civil Engineering and Geosciences, Delft University of Technology,

2628 Delft, The Netherlands; G.Giardina@tudelft.nl

Raser Limited, 33050 Ruda, Italy; daniele.perissin@sarproz.com (D.P.); alessandro.coletta@asi.it (A.C.)
Italian Space Agency, 75100 Matera, Italy; giovanni.milillo@asi.it

Geoportale Nazionale, Italian Ministry of the Environment, 00147 Rome, Italy;
Terranova.Carlo@minambiente.it

Correspondence: milillop@uci.edu

check for

Received: 30 October 2020; Accepted: 2 December 2020; Published: 8 December 2020 updates

Abstract: We would like to thank our colleagues for their comment, as we believe that this discussion
further highlights the importance of innovative research in the emerging field of INSAR applications
to civil engineering structures. We discuss the statement from Lanari et al. (2020): “Our analysis
shows that, although both the SBAS and the TomoSAR analyses allow achieving denser coherent
pixel maps relevant to the Morandi bridge, nothing of the pre-collapse large displacements reported
in Milillo et al. (2019) appears in our results”. In this reply we argue that (1) they cannot detect the
pre-collapse movements because they use standard approaches and (2) the signals of interest become
observable by changing the point of view.
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1. Introduction

In this response we provide arguments and explanations as to why the approach used in
Lanarietal. [1] does not allow the detection of movements over the Morandi bridge, while Milillo et al. [2]
detected signals that showed a high correlation with possible precursors of the bridge collapse.

2. Discussion

2.1. The Standard Techniques

InSAR time series techniques were originally developed 20 years ago. They reached their
maturity for the detection of surface displacements in geophysical processes, such as earthquakes [3,4],
landslides [5,6], volcanoes [7-11] and glacier motion [12-18]. In the last decade, the latest generation
of radar satellites has provided high spatial resolution, short revisit time and millimeter precision.
InSAR measurements have been increasingly used to monitor displacements on buildings [19-21],
infrastructures such as dams [22-24], and the ground above tunnels [25-27]. The measurement
techniques adopted by Lanari et al. [1] are indeed state-of the-art. Specifically, we refer here to the
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full-resolution SBAS (Full-res SBAS) technique [24] and the advanced tomographic SAR (AT-SAR)
technique [28-30], as cited in Lanari et al. [1]. The technique used instead in Milillo et al. [2] is an
evolution of the persistent scatterers approach developed by Ferretti et al. [31,32]. It is not our aim
here to discuss which of the above-mentioned techniques is most suitable to the analysis of buildings
and infrastructure displacements. The interested reader can find additional information in this regard
by searching in the bibliography. Instead, we want to consider all the above-mentioned techniques as
equally suitable for this analysis. In fact, at the time of the writing we were aware that the application
of standard conservative techniques (Full-res SBAS, AT-SAR, PS SqueeSAR) had not revealed clear
and irrefutable surface deformation signals over the Morandi bridge. For the sake of clarity, some of
the Italian research groups cited by Lanari et al. [1] have also used the same SARPROZ software [22]
used in our analysis without reporting the same outcome as in our paper [2]. The reason they have not
found the same results, even if using the same software, is due to the fact that they adopted a standard
approach using the common processing chain. Luckily, the software is very flexible, and it allowed us
to implement a non-standard analysis.

2.2. Beyond Standard Techniques

As mentioned above, INSAR techniques were originally developed for the analysis of geophysical
phenomena. The availability of long series of SAR data pushed the scientific community to implement
new processing techniques that paved the way to infrastructure monitoring. The main assumption
behind the analysis of INSAR time series is that the displacement of radar scatterers is correlated in time.
Initially, a simple linear model of surface displacement was adopted, which applies to most geophysical
processes well [31]. More complex surface displacement models have also been adopted (as in the
case of sudden shifts, caused, e.g., by earthquakes [3,4]), but in any case, the type of movement of the
ground or of objects on the ground must be pre-defined. The use of models allows us to separate the
multiple interferometric phase components and solve the multi-temporal system of equations [31,32].

The application of INSAR time series techniques to infrastructure monitoring, in particular after
more and higher resolution data were available, made it clear that simple linear models or models
based on time-correlation were not enough to describe the wide variety of the observed movements.
Additional surface displacement models that have been adopted include, e.g., thermal expansion
or hydrostatic pressure [23]. Both of these models were utilized, e.g., to analyze the movements of
large dams [24]. However, in the case of high buildings or bridges, strong random components of
movement are present as well. High buildings can, e.g., swing because of wind, and bridges oscillate
as a consequence of a number of factors, such as wind or traffic load. At the moment, modeling such
phenomena is particularly complex, if at all possible.

Exactly for the reasons stated above, if we were to look at a suspended deck of a bridge using
conventional InNSAR time series techniques, and take a static common reference point on the ground,
we would only observe noise. The movement of the deck caused by traffic load, wind and other factors
would easily exceed half the wavelength and could not be modeled with the available information.
In other words, conventional InNSAR time series techniques would fail to analyze it, as Lanari et al.
state in [1].

Given that we all agree on the fact that standard techniques fail to find coherent points on the
suspended deck of a bridge (in other words, that the current known models fail to match the observed
displacement), it is legitimate to put efforts into mitigating this limitation. Lanari et al. [1] do not
take into consideration that different approaches could be explored. We believe that our duty as
researchers and scientists is to investigate new signals and to research new methods to understand
whether any information could be gained about why the bridge collapsed. Exploring something new
can be challenging and can lead to errors or partial results. However, we prefer taking this path and its
possible risks rather than stopping at what is already known and standardized.

From this point of view, it is methodologically interesting to highlight that Lanari et al. (2020) [1]
detect movements of a “coherent pixel [ ... ] atapproximatively 450 m from the line origin, which exhibits
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a linear deformation of more than 1.5 cm/year”. According to the standard approach they use,
they consider it noise, i.e., “likely related to a false alarm which, however low was the desired
probability of false alarm, passed the GLRT detection stage”. We are, on the contrary, interested exactly
in the signals that standard approaches discard. Our aim is to find information where others have only
found noise.

Lanari et al. [1] constrain their analysis to the pillars, discarding the suspended parts of the
deck: “The lack of coherent points in the central part of the suspended deck may be induced by large
non-linear displacements possibly induced by vibration effects and wind”. The assumption made by
Lanari et al. [1] already constrains their conclusions. In fact, while there is as yet no official consensus
on the causes of collapse, pillar failure has not been considered as the most likely triggering mechanism
of this collapse. Instead, investigations [33] and modeling efforts [34] focused on the potential failure
mechanisms involving the stay-cables, the deck, and the stay-cable connection with the antenna or the
deck. These mechanisms would not involve movements of the pillar, but could reflect movements
at the deck level. Lanari et al. [1] state that no movement was detected over the bridge, but their
analysis, under those assumptions, could not see movements related to the most likely causes of
collapse, as these movements would only be detectable at the deck level. In other words, if we are
interested in detecting possible precursors of the bridge collapse, we argue that the technique followed
by Lanari et al. [1] is inadequate.

The solution to this limitation, adopted by Milillo et al. [2], is to take a different observation
point, this time located over the bridge. This is a non-standard choice compared to traditional studies.
The aforementioned non-standard choice allows us to focus on differential-displacement along the
suspended part of the bridge. By looking at two nearby points on the deck, we strongly reduce
the deformations not correlated in time and caused by unmodeled phenomena (such as wind and
traffic load). In this way, we are able to isolate the remaining phenomena that retain a time-correlated
component. Our results show exactly this component, and in the exact location around the connection
of the cable to the deck.

In our paper, we presented the results of a non-standard approach, aimed at investigating the
possible pre-failure deformations of the Morandi bridge. Our analysis focused on the information
provided by relative movements between bridge deck elements, reducing the time-uncorrelated
components which usually lead standard InNSAR time series processing techniques to fail. As an
outcome, we unveiled signals that show deformations over time prior to the bridge collapse. We argue
that a challenge to these results should be performed through techniques that are actually able to
observe the type of movements relevant to this case.

3. Conclusions

To conclude, while our work does not undermine the importance of established techniques
for routinely standardized analysis (Full-Res SBAS, AT-SAR, PS), we stand behind the possibility of
adopting non-standard approaches to investigate signal components that would be otherwise neglected.
Our aspiration is that standard approaches will not be brandished anymore against the attempt to
research hidden signals in complex situations. More importantly, we strongly advocate the importance
of raising new challenges with innovative approaches, bridging the gaps between InNSAR time series
analysis and the structural engineering fields of science.
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