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Abstract— The 2021 Champlain Towers South Condomini-
ums collapse in Surfside, Florida, resulted 98 deaths. Nine
people are thought to have survived the initial collapse, and
might have been rescued if rescue workers could have located
them. Perhaps, if rescue workers had been able to use robots to
search the interior of the rubble pile, outcomes might have been
better. An improved understanding of the environment in which
a robot would have to operate to be able to search the interior of
a rubble pile would help roboticists develop better suited robotic
platforms and control strategies. To this end, this work offers an
approach to characterize and visualize the interior of a rubble
pile and conduct a preliminary analysis of the occurrence of
voids. Specifically, the analysis makes opportunistic use of four
days of aerial imagery gathered from responders at Surfside
to create a 3D volumetric aggregated model of the collapse in
order to identify and characterize void spaces in the interior
of the rubble. The preliminary results confirm expectations of
small number and scale of these interior voids. The results
can inform better selection and control of existing robots for
disaster response, aid in determining the design specifications
(specifically scale and form factor), and improve control of
future robotic platforms developed for search operations in
rubble.

I. INTRODUCTION

Improving the response to structural collapse disasters is
a major focus of search and rescue robotics research. Due
to the size and accessibility of areas to search, searching
the interior of a rubble pile presents different challenges
than searching the standing or partially damaged portions
of a structure, and thus requires a different set of tools
than what is conventionally available today. We believe
that robots should be in such a toolbox, and searching
rubble piles necessitates different sizes and form factors of
robots. This work focuses on the collapse of the Champlain
Towers South Condominium in June 2021, which is the third
largest structural collapse in the United States [1]. Of the 98
resulting deaths, nine were deemed to not be caused by crush
injuries, indicating that these nine victims might have been
rescued if they had been quickly found and extricated from
the rubble [2], [3].

Rescue workers may be able to use uncrewed ground
vehicles (UGVs) to search the interior of a rubble pile at
a disaster site to help locate survivors, as robots can be
sent into areas that cannot be accessed by human or canine
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rescue workers. UGVs have been successfully used at the
World Trade Center disaster [4], and the Berkman Plaza II
collapse [5], [6], as well as in post-earthquake relief efforts in
Mexico City [7] and Christchurch [5]. However, despite this,
UGVs were not used for searching for survivors at Surfside.

One possible reason for the lack of UGVs is that UGVs
are not designed to search the interior of rubble. Prior work
[5] has attempted to characterize the interior of rubble as
a work envelope, but that characterization has been based
on inferences from what robots to date have already en-
countered. Structural engineers have not been able to predict
the occurrence of voids in ways that help with robot design
specifications. Therefore, an improved understanding of the
number, locations, and characteristics of void spaces in
disaster sites is needed to inform the development of better
suited robotic search and rescue platforms.

This work provides a data-driven analysis of void spaces
in the Surfside rubble, with the goal of characterizing and
visualizing interior voids in order to inform future work. The
data used in this work was collected by flying an uncrewed
aerial system (UAS) over the disaster site at Surfside in a
grid-like flight pattern. Aerial RGB and thermal images, and
oblique imagery, were collected by responders for use in
strategic planning on-site. Multiple flights were conducted
each day for the duration of the response, with the first flight
occurring on June 25, 2021 at 16:30 local time. The images
collected were processed using Structure from Motion soft-
ware (specifically Agisoft Metashape Professional) to create
dense 3D point clouds of the disaster site (see Fig 1). Agisoft
Metashape was also used to generate orthophoto mosaics,
which are raster images made by merging orthophotos (aerial
or satellite photographs which have been transformed to
correct for perspective so that they appear to have been taken
from vertically above at an infinite distance) of the collapse.
This work focuses on data collected on four separate days
(June 27-30, 2021) at similar times of day. This limited
subset of the available data is used as a proof of concept
of using the approach presented in this work to locate and
characterize void spaces.

In this work, the point clouds generated from data col-
lected in four different UAS flights are used to identify
and characterize voids in interior rubble, with the aim of
better understanding the environments in which rescue UGVs
must operate. The constructed point clouds are manually
aligned, and the resulting point cloud stack is systematically
investigated to identify and locate potential void spaces.
The potential voids and related oblique imagery are then
evaluated to determine scale and cause of the voids. This



Fig. 1.

Aerial imagery collected to support the Surfside disaster response [8] was processed to create an aggregated 3D model of the disaster site in the

form of a point cloud stack (right), which was then analyzed to find and characterize voids. For contextualizing this 3D volumetric model, an aerial view

of the Surfside collapse site [9] is shown (left).

approach allows roboticists to see voids in rubble, and offers
evidence of their location, frequency of occurrence, and size.

The paper is organized as follows. Prior work in disaster
site analysis, the use of ground robots at other disaster
responses, and void detection in 3D point clouds is discussed
in Section II. Our approach to locating and characterizing
interior rubble voids is presented in Section III. Section IV
contains observations made, and analysis of identified voids.
Finally, conclusions and directions for future work are pre-
sented in Section V.

II. BACKGROUND AND PRIOR WORK

Prior work has attempted to characterize voids in rubble
suitable for robotics, either through sensing with ground
penetrating radar of simulated voids or from inference from
cumulative studies; this work attempts to directly detect
and characterize voids in an actual collapse using aerial
imagery. Prior work has also considered detecting voids in
3D point clouds, however those efforts have focused on more
structured point clouds of synthetic data with smaller number
of points. This work addresses large, complex and noisy 3D
point clouds generated from real-world imagery.

A. Analysis of Voids in Rubble

Prior works have attempted to infer void characteristics
from technical search tools, or to characterize in situ voids
with ground penetrating radar [10]. However, these efforts
have been conducted in low fidelity physical simulations,
and not with actual voids. Further, ground penetrating radar
suffers performance degradation in heterogeneous condi-
tions, due to signal scattering, thereby leading to limited
applicability in the mixed-material environment of a rubble
pile at a disaster site.

There is also analysis of building collapses from a civil
engineering perspective. For example, for the Surfside col-
lapse, the nature and location of the rubble pile was analyzed

in order to estimate the cause of the collapse, and some
associated structural information [11]. From this analysis, a
simulation of the collapse can also be created. However, such
analyses do not consider the interior properties of the rubble
pile itself, and do not provide information on what voids may
have existed in the rubble.

The most comprehensive formal definition of the charac-
teristics of rubble for robots appears in Disaster Robotics [5]
and related articles [20], [21]. The set of attributes presented
in Disaster Robotics helps characterize the interior rubble
as a robot work envelope, which is useful for selecting
and deploying robots at a disaster site, as well as for
developing new robotics rescue technologies. There are
eight attributes: 1.scale, 2.verticality, 3.tortuosity, 4.surface
properties, 5.severity of obstacles, 6.accessibility elements,
7.number of regions, and 8.non-navigational constraints, with
2-7 being collectively referred to as traversability. These
characteristics overlap with, and go beyond, two other sets
of attributes developed for ground robot navigation, see [18],
[19]. This work focuses on determining scale and number of
regions.

B. Void Detection in 3D Point Clouds

There exist several methods for detecting voids in point
clouds. One method has the user manually detect point
cloud voids, and then is able to fill these point cloud
voids in geometrically complex areas [12]. This approach
however cannot process both smooth and sharp (or low and
high frequency geometry) voids at the same time, as such
properties are encoded into the parameters that are selected
at run-time. Other methods create polygonal meshes from
input point clouds using a Delaunay Triangulation algorithm,
and then either perform a set of angle checks in order to
determine which vertices are on the boundary of a void [13],
or conduct a data search on the mesh to determine which
vertices are present only in a single polygon, and thus lie on



the void boundary [14]. Another work employs Ball Pivoting
mesh generation [15] to improve void detection.

While these methods have shown results in automatically
detecting voids in 3D point clouds, they do not perform
well on highly unstructured data, and point clouds that are
missing sections, such as that of a rubble pile. The approach
presented in this work uses systematic manual inspection, as
the focus is on characterizing the voids found, and not yet
on automating void characterization.

III. LOCATING AND CHARACTERIZING VOID SPACES

In this work, a systematic manual approach is used to
find, locate and characterize void spaces in the rubble pile of
the Surfside building collapse. The approach can be broadly
divided into two high-level steps: locating potential voids
spaces, and characterizing the identified voids.

A. Potential Void Space Identification

Finding potential void spaces involves processing the data
gathered at Surfside, and then manually looking for voids in
the following steps.

1) Aerial images of the disaster site were collected from
flying an uncrewed aerial system (UAS) to support
response efforts [8].

2) Agisoft Metashape was used to process the collected
data into dense 3D point clouds of the disaster site.

3) The 3D point clouds were manually aligned and
“stacked” to create an aggregated 3D volumetric rep-
resentation of the collapse (see Fig 1).

4) Cross sections were taken of the 3D volumetric model
of the rubble pile to be able to look for potential voids.
The cross sections were taken on a 4m x 4m grid, as
depicted in Fig 2.

The UAS flights over the Surfside site were conducted
at several times each day during the response and recovery
to map the disaster site [8]. This analysis opportunistically
uses the imagery from one mapping flight at roughly the
same time each day for four days: June 27, 2021 13:30, June
28, 2021 13:30, June 29, 2021 13:00, and June 30, 2021
11:00 local time. These four days were chosen because it
was a manageable set of data and it spanned days where the
activity on the rubble pile was limited. Starting on July 1,
2021, operations increased and more people and equipment
began to cover the surface of the rubble pile distorting the
construction of point clouds.

B. Void Space Characterization

Once potential void spaces have been identified, each one
was characterized, specifically in terms of size and scale
Additionally, each potential void space was analyzed to
distinguish between naturally occurring voids and artifacts
of excavation. The steps for analyzing each potential void
space are as follows.

1) The centroid location of the potential void was esti-
mated, and then plotted on each of the four orthophoto
mosaics of the Surfside site being considered in this
work (June 27 - 30, 2021). The orthophoto mosaics

Fig. 2. In order to systematically look for void spaces in the interior of the
rubble pile, “slices* or cross sectional views are taken into the aggregated
3D volumetric model, or point cloud stack, to examine cross sections of the
rubble pile on a 4m x 4m grid. The slices are Im x 64m in the XY plane,
and have the depth of the entire rubble pile. Here the slices are depicted
on the orthophoto mosaic constructed from images gathered during a single
UAS flight on June 27, 2021.

were generated using Agisoft Metashape, with one
orthophoto mosaic for each UAS flight.

2) Dimensions of the potential void were estimated by
inspecting the XZ plane and YZ plane cross sections
of the void space. Here, the Z axis points up.

3) The estimated dimensions were used to approximate
the size and volume of the potential void space.

4) The orthophoto mosaics, and oblique imagery of the
potential void, were inspected for excavation activity,
and compared to void dimensions and shape seen in
the cross sectional views in order to determine if the
potential void occurred naturally or was created by
excavation.

IV. RESULTS AND DISCUSSION

To frame our observations, the effort described in this
paper focuses on characterizing voids, which will help estab-
lish the necessary form factor and perceptual constraints for
search and rescue robots operating in the interior of rubble.
This work represents the first step: finding and confirming
naturally occurring voids in the rubble pile.

Consistent with hypotheses formed from Disaster
Robotics, Very few potential voids are seen in the rubble pile.
“Slicing* the rubble pile model (i.e. inspecting cross sections
of the 3D volumetric model) on a 4m x 4m grid produced
only six candidate voids (depicted in Fig 3) out of 225
possible locations. The candidate voids average a maximum
height of 1.46m, a minimum height of 0.26m, and a cross
sectional width of 4.89m. A summary of their characteristics
is presented in Table I. While the voids themselves are not
large enough to be survivable, they could offer breathing
space, and show the types of void spaces that a robot would
need to reach, inspect, and transit through.

The layers of the aggregated volumetric model constructed
did appear to match the oblique imagery, implying that the
layers are reasonably correct, and capture large objects and
the “stair steps® of the layers of a pancake collapse. An
example of this is seen in Fig 4.



Void Approximate | Maximum Minimum XZ Plane Cross YZ Plane Cross Cause
Volume (m3) Height (m) | Height (m) | Sectional Width (m) | Sectional Width (m)
Yellow 29.10 2.28 0.37 4.23 2.87 Excavation
Cyan 34.53 1.88 0.33 4.25 6.25 Excavation
Orange 41.71 1.45 0.15 5.03 6.91 Excavation
Purple 28.71 1.19 0.20 6.37 5.06 Excavation
Pink 10.94 1.14 0.26 341 5.73 Naturally Formed
Green 10.33 0.82 0.23 2.69 5.91 Naturally Formed
TABLE I

SUMMARY OF CHARACTERISTICS OF IDENTIFIED VOID SPACES IN THE INTERIOR OF THE SURFSIDE RUBBLE PILE.

Fig. 3.

Our observations also support the hypothesis that robots
deployed to similar disaster sites would need to be able
to burrow into the rubble in order to be effective (this is
consistent with Disaster Robotics). The voids seen in the
Surfside collapse do not appear to form a connected set of
tunnels. The voids also did not appear to have entrances from
the surface of the rubble. A UGV would thus need to be able
to burrow into the rubble to both access the voids, and also
to traverse between them.

Further, it is difficult to determine which voids are nat-
urally occurring and which are artifacts of excavation. By
examining oblique imagery from throughout the four days,
four out of six of the candidate voids appeared to be the
result of excavation (see Fig 5). Oblique imagery from June
27,2021 and June 28, 2021 show high excavation activity in
the regions of the yellow, cyan, orange, and purple potential
voids. This leads us to infer that the void space seen between
the June 27 and June 28 layers is the result of excavation.

Two of the six voids, specifically the pink and green voids
in Fig 3, were in the pancake section of the collapse, and the
associated oblique imagery suggests naturally forming voids

The locations and estimated XY plane bounding boxes of the six identified voids are overlaid on the orthophoto mosaic from June 27, 2021.

were revealed by removing slabs.

A layer of material is visibly removed between the June
27th and June 28th (see Fig 6), however, the void seen
between the corresponding layers of the digital surface model
is larger than would be expected from excavation alone,
based on the estimated thickness of the slabs removed. This
implied that a naturally formed void space was underneath
the layer of slabs that were removed.

Similarly, slabs were removed from the pink void region
between June 27th and June 28th, with a void space that is
larger than the estimated thickness of the slabs (see Fig 7).
In both the green and pink voids, slabs act as a “ceiling* of
sorts for the void space underneath.

Analysis of the voids shows that they may require robots
with smaller form factors and more flexibility, which is
consistent with predictions made in Disaster Robotics 2014.
The six voids varied in maximum height from 0.82m to
2.28m, minimum height from 0.15m to 0.37m, and cross
sectional width from 2.69m to 6.91m. The two voids in
the pancake section (pink and green) were on the order of
0.25m - 1.14m in height. While not survivable, these voids do
indicate the size constraints for a robot to be able to penetrate



Fig. 4. By inspecting oblique imagery of the purple void (right), and relating this to a cross sectional view of the purple void (left), it is seen that large
objects and features are reasonably recognizable and consistent between the imagery and the layers of the constructed 3D volumetric model.

Fig. 5. High levels of activity are seen in the oblique imagery from June
27,2021 (left), and June 28, 2021 (right) in the region of the yellow, cyan,
orange, and purple voids. It can be inferred from this that these potential
voids are really artifacts of excavation.

Fig. 6. The removal of some material in the green void region is seen
between June 27, 2021 (top left) and June 28, 2021 (top right). There appears
to be some slabs removed, which is consistent with the shape of the top of
the void space seen in the XZ plane cross sectional view of the green void
(bottom). Thus, the green void was likely was naturally formed.

Fig. 7. Some material was removed in the pink void region between June
27, 2021 (top left) and June 28, 2021 (top right). There appears to be some
slabs removed, which is consistent with the shape of the top of the void
space seen in the XZ plane cross sectional view of the pink void (bottom).
This implies that the pink void was naturally formed during the collapse.

and navigate into the void, and search for bigger voids. They
also provide insight into the form factors best suited for
exploring these voids - smaller, more flexible robots, like
snake robots, are best suited.

Candidate voids at Surfside did not show the verticality
encountered in void spaces seen at the World Trade Center,
parking garages, and mine disasters, however the depth of the
rubble pile reinforces the notion that robots have to penetrate
more than 6m into the rubble to reach areas where there
might be survivable voids.

V. CONCLUSIONS

This preliminary work establishes a promising approach to
characterizing and visualising the interior of rubble that not
only allows for formally characterizing voids as robot work
envelopes, which can aid in the design of effective robots, but



also offers data that could assist civil engineers in predicting
where voids are likely to form. Further, this work could help
rescue workers focus search efforts on areas where voids
are likely. The approach enables void spaces in rubble to
be visualized for the first time by using a 3D volumetric
aggregated model of the entire collapse that can be examined
as cross-sections or “fly throughs.”

However, further work is needed. The results showed an
average translation error in point cloud alignment of about
80 cm, even though it is possible to detect interesting void
spaces from point clouds, improvements would need to be
made in order to more accurately characterize the dimensions
of these voids. Development of a tool to automatically
register and align point clouds would help reduce the trans-
lation error. Automatic point cloud alignment on this data
is challenging due to it’s complex and dynamic nature, and
an analysis of existing methods for alignment supports the
need for additional work in this space [16]. This work also
only considers four days of data (27 June, 2021 - 30 June,
2021), which correspond to the “top* layers of the collapse.
More work is needed to cover all of the days of data, but
activity significantly increased on the site after 30 June 2021,
so while voids may appear deeper in the rubble pile, it may
be harder to distinguish between naturally occurring voids
and artifacts of excavation.

Further, this is an opportunistic post hoc study; the aerial
imagery was collected for strategic planning for the on-the-
ground response and has notable gaps in frequency of data
collection and viewpoints that would help ascertain voids.

The data was also restricted to RGB images. This approach
can be improved both with dedicated data collection at higher
frequency of UAS flights and from different angles, and also
by using additional sensors, such as Lidar. More frequent
mapping imagery and obliques, or the use of Lidar, would
likely support automated registration of point cloud layers.
However, such data collection may interfere with the search
and rescue priorities at a disaster site, and therefore, there
is no guarantee that better data can be obtained, and most
certainly, we do not want to interfere with the work flow of
the rescue workers, as saving lives is the highest priority.

Despite these limitations, the preliminary results presented
in this work confirm expectations of the small number
and small scale of void spaces in rubble. These results
can be used for better selection and control of existing
robotic platforms for a disaster response. The purpose of
this paper was to show that identifying the existence of
voids is possible. The next step is then to provide in-depth
analysis of the these voids, to both better characterize the
rubble pile for possible locations of survivors, as well as
understand how real rubble piles impact robot design. Such
design considerations include size, number of degrees of
freedom, payload, sensory needs (especially for confined
spaces) and compliance in the mechanism. Compliance is
important because the rubble pile is highly unstructured, and
thus will have an abundance of unmodeled features. While
this paper does not provide a detailed analysis of identified
voids, further analysis will explore small size and actuation,

structure or robot and payload, compliance due to lack of
structure, and perception required to explore these voids. The
complexity of the rubble with the different types of collapse
modes may favor a modular robotics approach in order to
adapt to the different types of confined space environments
in different collapse areas.
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