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ABSTRACT:

The recovery phase of an earthquake-affected settlement is a time-consuming and complex process that requires monitoring, which is
now possible using UAS. The purpose of this paper is to present the methodology followed and the results obtained by the
exploitation of UAS for rapid multitemporal 3D mapping during the recovery phase of Vrisa traditional settlement, Lesvos island,
Greece, which was highly damaged by the earthquake (Mw=6.3) on 12" June 2017. More analytically, three (3) flight
campaigns covering the period July 2017 — May 2020 took place by means of an UAS for collecting high-resolution images on:
i) 19t May 2019, ii) 29" September 2019, iii) 17t May 2020. Structure from Motion (SfM) and Multi Stereo View (MSV) methods
have been applied and produced: i) Digital Surface Models — DSMs, ii) 3D Point Clouds — 3DPC and iii) Orthophoto-maps, of
Vrisa. In parallel, GIS capabilities has been exploit to calculate building volumes based on: a) DSM produced by UAS image
processing, b) DEM produced by 233 RTK measurements and c¢) building footprints derived by the digitization of the orthophoto-
map of 25% July 2017. The methodology developed and implemented achieves extremely reliable results in a relatively easy, fast
and economically feasible way, which is confirmed with great precision by field work. By applying the above-described
methodology, it was possible to monitoring the recovery phase during July 2017 and May 2020 which 302/340 buildings that had
been severely damaged by the earthquake have been demolished. A small number of new buildings have also been rebuilded and
small number of buildings that have just begun excavations for their construction. An important parameter for obtaining reliable data
and comparable results is the correct selection of flight parameters and their maintenance at all times when it is decided to take data,
without affecting the accuracy of the results from taking photos or videos. Automation in the future of the proposed methodology
can significantly accelerate the achievement of reliable results without the intermediate interpretation of orthophoto-maps.

1. INTRODUCTION methodology to apply for monitoring the building demolition

and reconstruction process that occurs during the recovery
Several studies worldwide reveal the significance of UAS phase.

capabilities for 3D mapping during an emergency and especially
shortly after an earthquake (Adams and Friedland, 2011). 1.1 Study area
In cases where there is a large number of heavily damaged
buildings, dangerous and unrepairable there is a great need for
their demolition. The demolition process is taking place during
the recovery phase of a natural disaster and is crucial to be
mapped to monitor and document its progress.

UAS proved to be a safe, cost effective technology for rapid 3D
mapping of the effects of a natural disaster to manmade
structures (Huang et al 2017). Especially, building damage TURKEY t
assessment as a result of an earthquake activity by the N
exploitation of high-resolution images acquired by UAS has a
great research interest worldwide. Structure from Motion (SfM) Lesvos Isl.
and Multi Stereo View (MSV) methods provide accurate and ; Lol
reliable geospatial 3D information and more analytically 3D
Point Clouds (3DPC), Digital Surface Models (DSM) and
orthophoto-maps.

Vrisa traditional village, on the south-eastern coast of Lesvos
island, Greece, was partially ruined by a devastated earthquake
(magnitude Mw=6.3), on 12th June 2017 (UTC 12:28:38.26)
(Kiratzi, 2018, Papadimitriou P., et al 2018) (Figure 1).

The use of remote sensing in emergency situations offers “ @Vrisa

several advantages, the first and foremost is the investigation - i

and information acquisition in extremely dangerous zones. At -

first, for an ‘early damage assessment’, the high-resolution -

images are very useful to detect quickly the areas and structures *Mw=6.3

that suffered the worst damages (Baiocchi et al. 2012; Tong et 0o 10 20 9

al. 2012), but for a complete and detailed survey of structures
and infrastructures, useful for the following reconstruction
phase, the Unmanned Aerial Vehicle (UAV) photogrammetry
technique is more suitable (Xu et al. 2014)

Despite the fact that 3D modelling and mapping by means of traditional settlement of Vrisa.
UAS high-resolution images is rapidly expanding to address the
needs of a post-earthquake situation, there is no robust

Figure 1. The epicenter of the earthquake of 12th June 2017,
near the coast of Lesvos, which destroyed a part of the

The main factors controlling the spatial distribution of building
damages are the geological and geomorphological setting along
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with the building characteristics. Specifically, the combination
of old masonry structures founded on alluvial deposits in an
area bounded by significant faults in combination with probable
directivity phenomena resulted in destruction (Lekkas et al.
2017).

Damaged buildings belonging into scales 4 (very heavy
damage: heavy structural damage, very heavy non-structural
damage) and 5 (destructive: very heavy structural damage),
according to the EMS-98, should be demolished by their
owners while all the rest ones should be repaired. Practically,
almost 340 out of 1100 buildings of Vrisa traditional settlement
should be demolished and reconstructed.

On 25" July 2017, an UAS (hexacopter) flew over the Vrisa
village at 65 m altitude and captured vertical and oblique
images using a Canon camera with a fixed lens of 28 mm focal
length for nadir images and three IXUS 160 cameras with a
fixed lens of 6.16 mm focal length for oblique images
(Soulakellis et al 2019). The significant results obtained
were the orthophoto-map and the DSM (25th July 2017).

The July 25" orthophoto-map (Figure 2) fully presents the
condition of the buildings in the settlement a few weeks after
the earthquake. About a third of the settlement's buildings have
been severely damaged and need immediate demolition a third
of the settlement's buildings have suffered minor damage and
need to be repaired, and only a third of the settlement's
buildings have not been damaged.
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Figure 2. The 25™ July 2017 orthophoto-map. Only along the
roads have the debris been removed to facilitate traffic
throughout the settlement while all the other wreckage of the
earthquake is around the destroyed houses.

Due to its high-resolution, the DSM on July 25 (Figure 3)
accurately shows the heights of the buildings just as they were
formed immediately after the earthquake and in this way, they
allow future mapping of their changes based on the changes in
their volume during the recovery face.
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Figure 3. The 25™ July 2017 DSM accurately presents the
settlement's buildings height.

2. METHODOLOGY

The methodology of the present paper entails three steps:
. UAS data acquisition and 3D modelling on three
different epochs:
i. 19t May 2019,
ii.29" September 2019 and
iii. 17" May 2020)

. DSM (difference and building volume calculation
and
. Evaluation of the results based on field work and

visualization of the changes occurred during the post-
earthquake recovery phase.
The sequence of the methodology is portrayed in Figure 4.

Input data Data acquisition and 3D modelling

[1 9/05/2019 ] [ 29/09/2019 } [ 17/05/2020 ]

Products
DsSM D3M DsSM
19/05/2019 29/09/201 17/05/2010
| |

Comparison b

DSM - DEM

Building Volume
calculation

Building footprints,

Evaluation
Orthophotomap N
25/07/2017
Visualization

Figure 4. Flow chart of the methodology followed for
monitoring and mapping the recovery phase at Vrisa settlement
after the destructive earthquake.
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2.1 UAS data acquisition and 3D modelling

Aiming to map the progress of post-earthquake recovery phase
of Vrisa settlement, three (3) flight campaigns have been
performed on:

i 19 May 2019,
ii. 29" September 2019 and
ii. 17™ May 2020.

As dates for these flights, the beginning and the end of the
summer were chosen, which is the best period for construction
activity.

Flight planning has been performed in the lab with dedicated
software (Litchi Hub) and crucial flight parameters have been
decided. More analytically:

. Flight height: the altitude of 85 m and flight speed
of 25 km/h proved to be the most suitable for the
specific study area, approximately 0.27 km?. This
height and flight speed was obtained because the
flight duration of a UAS battery is about 20 min, it
had to be done with one flight and the GSD were
calculated to be approximately 2.5-3 cm/pix.

. Flight path: for reaching the specific research
goals a flight plan was designed, using Litchi Mission
hub software, taken into consideration the orientation
of the street network by following flight paths that are
parallel mainly to the main streets and having 50m
distance among them, providing a 50% side
overlapping.

. Front overlapping: for the needs of the present
research a 70% front overlapping has been decided.

On the flights 19" May 2019 and 29 September 2019, a video
was shoot, then video frames extracted every 2 sec and on flight
17" May 2020, images were shooting every 3 sec.

Date 19/5/2019 29/9/2019 17/5/2020
Flight Time (local) 11:30 p.m. 12:30 p.m.. 12:30 p.m.|
Duration 20 min 20 min 20 min|
Altitude 85m. 85 m. 85 m.
Type of UAV Phantom 4 Pro Phantom 4 Pro|  Phantom 4 Pro
Weight with Lens 1.4 kgr| 1.4 kgr| 1.4 kgr|
camera FC6310 FC6310) FC6310)
Effective Pixels 16.8 MP 16.8 MP 16.8 MP
Optical Sensor Focal Length & mm & mm| 8 mm)|
Sensor dimensions Width: 13.2 mm Width: 13.2 mm| Width: 13.2 mm)
Pixel dii 2.53x2.53 p.m 2.53x253pm[ 253x253 pm)
FOV direction nadir nadir nadir|
GSD 2.28 cm/pix 2.28 cm/pix 2.28 em/pix]
Overlaping of |L 70% 70%: 70%]
photographs |side lap 50%| 50% 50%)
e Nadir 931 from video/2 sec| 862 from video/2 sec 431

|Ehotgggaghs

Total area 0.269 km? 0.268 km? 0.271 km?|

Table 1. Flight planning parameters for UAS image acquisition.

To reference the model in the Greek projection system (GGRS
1987) in the three (3) flight campaigns, were used 10 Ground
Control Points (GCPs), which were measured with the RTK
method.

The Structure from Motion (SfM) and Multi View Stereo
(MVS) algorithms are widely used for creating 3D point clouds
and DSM - digital surface models from a set of 2D images
acquired by UAS. The Photoscan/Agisoft software has been
used to process the UAS images and to produce the following
results: a) Orthophoto-maps 17" May 2020 (Figures 5) and b)
Digital Surface Models — DSM of 17t May 2020 (Figures 6).
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Figure 5. Orthophoto-map derived by UAS high-resolution
images acquired on 17% May 2020. It clearly presents the
changes occurred and more specifically the begin of the
rebuilding process.

Visual interpretation of the orthophoto-maps reveals the
significant progress of building demolition during 2018, 2019
and early 2020. Most of the demolished buildings appear on
19™ May 2019 while only two buildings have been rebuilt.
During the summer period of 2019 more damaged buildings
demolished appeared by interpreting the 29 September 2019
orthophoto-map. Finally, on 17" May 2020 several new
rebuilds are presented and excavations for starting new building
constructions.
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Figure 6. The DSM map derived by UAS high-resolution
images acquired on 17th May 2020.
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Visual interpretation of the DSM difference maps reveals the
significant reduction of the demolished building heights. Most
of the demolished buildings appear on 19™ May 2019 while
only two buildings have been rebuilt. During the summer period
of 2019 more damaged buildings demolished and can be
mapped by interpreting the 29" September 2019 orthophoto-
map. Finally, on 17" May 2020 several new rebuilds are
presented and new excavations for starting new building
constructions.

2.2 DSM difference and building volume calculation

The multitemporal monitoring of the buildings volume, as
calculated by their 3D mapping using UAS, is an important
indicator of monitoring the post-earthquake recovery phase of a
traditional settlement. However, in order to better understand
the changes in the building volumes, it is necessary to have a
good knowledge of the areas that the buildings present in the
specific settlement of Vrisa. More analytically, the traditional
settlement of Vrisa consists mostly of small (> 100 sq.m.) to
medium (100-150 sq.m.) single-storey and two-storey buildings
with roofs. The average floor height is about 3 meters while the
average height of the roofs is 1.5 meters.

During the present study three high-resolution (11cm) Digital
Surface Models has been created by 233 Ground Control Points
(GCPs), which were measured with the RTK method,
presenting the heights of Vrisa traditional village surface at
three different epochs: i) 19™ May 2019, ii) 29" September
2019 and iii) 17" May 2020. By subtracting the available
Digital Elevation Model high-resolution (10cm) from the DSMs
(DEM - DSM), four DSM of difference maps have been created
showing the dramatic changes of height values into the
demolished buildings footprints (Figure 7). These four DSMs of
difference were further processed by exploiting GIS capabilities
to calculate the buildings volume at four different epochs
(Figure 8,9,10 and 11).
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Figure 7. DSM difference map between 29 September 2019
and 17™ May 2020. It clearly presents the changes occurred and
more specifically the buildings that were demolished, as well
the number of floors of the buildings that were not damaged.

The cartographic visualization of the estimated volumes, on the
four dates, aims to document the progress of the post-
earthquake recovery phase of the settlement.
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Figure 8. Building volume map of 25/07/2017.

More analytically, five categories can be distinguished:

» The first category present building volume values up to
150 cubic meters, which concerns mainly to small
single-storey buildings with roofs, which present a
significant number due to the traditional character of the
settlement.
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Figure 9. Building volume map of 19" May 2019.

* The second category present buildings with volume
values up to 300 cubic meters and concerns mainly
medium-sized single-storey buildings with roofs, which
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also present a significant number due to the traditional
character of the settlement.

The third category present several buildings having
volume values ranging from 300 up to 650 cubic meters
and concerns medium-sized two-storey buildings with
roofs while the fourth category with volumes up to 1050
refers to a small number of three-storey buildings in a
large two-storey house with roofs.

The fourth category present few buildings having
volume values ranging from 650 up to 1050 cubic
meters and concerns medium-sized three-storey
buildings with roofs or large size two-storey houses
with roofs.

Finally, buildings with a particularly large volume of
more than 1050 cubic meters are the school and the
large temple of the village.
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Figure 10. Building volume map of 29" September 2019.
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Figure 11. Building volume map of 17 May 2020.

2.3 Evaluation of the results

The evaluation of the results obtained from the application of
the proposed methodology was carried out with field work,
which took place on the same dates of the UAS image
acquisition flights. More specifically, the fieldwork concerned
the visual assessment - confirmation of the condition of the
buildings, classifying them into the following categories: a)
buildings that remained unchanged, b) buildings that were
demolished and c) new buildings that were rebuilt.

Date

Demolished 19 /05/2019 29/09/2019 | 17/05/2020
one-storey
buildings 114 13 8
two-storey
buildings 144 15 9
three-storey
buildings 3 0 0

Total 253 28 17
rebuilded 2 0 9

Table 2. Field work observation results concerning the number
of building that have been demolished and/or rebuilded at the
three dates of flight campaigns.

The application of the above-described methodology are
confirmed by the field work observation results with great
accuracy as we see in the Table 2 and analyzed in the following
chapter.
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Figure 12. Map presenting the progress of the post-earthquake
recovery phase on 17" May 2020, as derived by field
observation.

3. RESULTS AND DISCUSSION

By applying the above-described methodology and updating the
results that emerged from it, it is possible to monitor the
evolution of the recovery phase process over time after the
earthquake that damaged the buildings of Vrisa. Especially for
this traditional settlement we observe the following cases
(Figure 13):
. Buildings that did not present changes in time:
this is a significant number of buildings in the
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settlement which either did not suffer any serious
damage or suffered very light damages (damage
categories 1 and 2 according to the EMS-98) and
consequently these damages did not make it
demolishable. It is worth noting that this category also
includes several buildings which, while they have
suffered more serious damage, however, their owners
did not carry out restoration procedures through
demolition (Figure 13-unchanged).

. Buildings that were demolished: this is a critical
number of buildings in the settlement which, due to
the seriousness of the damage suffered by the
earthquake, were demolished either until May 2019 or
later. In the Figure 13-dimolished 1 we see the
buildings that existed until September 2019 and
demolished in the next period, until May 2020. In
Figure 13-dimolished 2 we see the buildings that
existed until May 2019 and demolished in the next
period, during the summer, until September 2019.

. Buildings that are being rebuilt: this is a limited
number of buildings that are being rebuilt in the
settlement. The following cases are distinguished: a)
buildings that were built in a very short period of time
(one year) changing not only the construction
materials but also the original design and area - form
of the building (Figure 13-rebuilded 1), b) buildings
that have just begun excavations for their construction
(Figure 13-rebuilded 2), c) buildings that were built
and retain the original plan and area (Figure 13-
rebuilded 3).

Unchanged

Demolished

Rebuilded 2

Figure 13. The evolution of the recovery phase process
buildings during the three (3) flight campaigns with UAS, that
took place in Vrisa between 2017 and 2020.

These categories of buildings are also presented in the following
charts created based on the volumes of the buildings for the
periods between the three (3) flight campaigns that took place in
Vrisa, applying the described methodology. In more detail
(Figure 14):
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Figure 14. Buildings volume charts which clearly shows the
demolition and rebuilt process between the three (3) flight
campaigns with UAS, that took place in Vrisa between 2017

and 2020.

In the volume chart (a), between July 2017 and May
2019, the large number of demolitions, 253/340, are
found, mainly of small volume of buildings that
constitute the majority of the buildings due to the
traditional character of the settlement of the island of
Lesvos. The same diagram shows the early two
buildings that were rebuilted shortly after the
earthquake effect. The diagonal shows the buildings
that were not damaged, while below the diagonal are
the buildings that were demolished. Above the
diagonal are the two buildings were rebuilted, as also
shown in Table 2.

In the volume chart (b), between May 2019 and
September 2019, there is a reduced number of
demolition of buildings that have been severely
damaged by the earthquake and without the
construction of new buildings. The small increase in
the volume of a small number of buildings is due to
the reconstruction of the roof, which was either
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severely damaged or collapsed. The roof is a basic
feature of the buildings due to the traditional
character of the settlement on the island of Lesvos. In
this diagram it can be seen that the results are almost
identical with the application of the above-described
methodology with the results from the field work, as
shown in Table 2.

e In the volume chart (c), between September 2019 and
May 2020, we observe that demolition continues at a
slow pace. At the same time, the construction of
buildings has begun, which have largely completed
their static frame, as well as the reconstruction of
roofs in buildings that had not been severely damaged
(damage categories 3 according to the EMS-98). This
volume chart shows the nine (9) new buildings that
rebuilt, the small number of the reconstruction roofs,
as well as the small number of buildings that were
demolished, all with great accuracy in relation to
Table 2. Changes in volumes smaller than 100 m? are
due to the gradual removal of debris from destroyed
buildings.

4. CONCLUSIONS

The exploitation of the UAS technologies undoubtedly confers
a strong advantage on the effort to develop innovative
methodologies for the multitemporal monitoring and 3D
mapping of the recovery phase of an earthquake - affected
settlement. Especially for the cases of traditional settlements,
where special emphasis is given to the preservation of its
traditional character, the results produced, having high-
resolution and accuracy, are a very basic tool for all
stakeholders and persons involved.

In the present study, the methodology developed and applied
for 3D mapping of the changes that took place until May 17t
2020, achieves reliable results in a relatively easy, fast and
economically feasible way. By applying the above-described
methodology, it was possible to monitoring the recovery phase
during July 2017 and May 2020 which 302/340 buildings that
had been severely damaged by the earthquake have been
demolished. A small number of new buildings eleven (11) have
also been rebuilded and small number of buildings (about 5)
that have just begun excavations for their construction. An
important parameter for obtaining reliable data and comparable
results is the proper selection of flight parameters and their
maintenance at all epochs when the data collection is decided.
The flight height, flight speed, the front overlapping and the
side overlapping are the most important parameters in the
flights. The above methodology proved that shooting video or
images does not affect the creation of DSM, neither the
calculation of the buildings volumes.

The experience obtained from this research can be further
exploited in the near future, focusing on the automation of the
proposed methodology, in order to further accelerate the
achievement of reliable results without the intermediate
interpretation of the orthophoto-maps.
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