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Abstract—In this study, the Champlain Towers South
building collapse in Florida allegedly caused by a deck
collapse was examined through the finite element analysis
based on the existing hypotheses and investigation. The
Adaptively Shifted Integration (ASI) — Gauss code was
applied for the numerical analysis. In addition, the member
strength failure algorithm of RC components was modified,
and the flat-plate structure was introduced into the
numerical model of the building. According to the analyses,
the building did not collapse when the pool deck beams
connecting to the columns of the 1st-floor interior, so-called
key columns, were removed by the collapse of the pool deck.
When the model was revised to include deterioration of
concrete slab and corrosion of rebars, and then triggered by
the removal of columns in the underground parking garage,
the middle section of the buildings reached a total collapse.
This supports the latest collapse theories, which cite punching
shear failure at pool deck columns as the initiating event.

Keywords—collapse analysis, flat-plate structure, RC
building, deterioration, corrosion, ASI-Gauss code

L INTRODUCTION

The middle and eastern sections of Champlain Towers
South in Florida (Fig. 1), USA, a 13-story condominium
built in 1981, collapsed without warning at approximately
1:25 a.m. on June 24, 2021. According to the surveillance
video [1], the collapses of the middle section and the
following eastern section only lasted for 12 seconds (Fig.
2). At least half of the 136 units in the building had
collapsed (Fig. 3), and all of them were characterized by
the fact that they collapsed instantly after it began to
collapse. The U.S. National Institute of Standards and
Technology (NIST) investigated the collapse the following
day, June 25, and a total of 98 deaths were confirmed as of
July 22, 2021 [2]. It is currently believed by many that the
direct cause was the additional concrete, sand, and pavers
placed on the surface layer of the pool deck located in the
southeast area of the building in 1996. This increased its
weight, causing the deck to finally cave in as punching
shear gradually progressed between it and the columns in
the basement [3]. The collapse of the deck reduced the
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buckling capacity of the first-floor columns, or the failure
of the connection dragged the columns into failure, leading
to the progressive collapse of two-thirds of the building.
Others believe that the main causes of the collapse were
water infiltration and the deterioration of the reinforced
concrete of the parking lot beneath the housing units due
to corrosion of the rebar. Florida is a regular hurricane
zone, and as buildings are exposed to saltwater,
deterioration is likely to progress. Also, the possibility that
the direct trigger of the collapse was a collision of a vehicle
with a column in the basement garage cannot yet be ruled
out.

In October 2018, Morabito et al. [4] reported to
residents that they found "significant structural damage" to
pool decks, adjacent driveways, and planters where
corrosion had been caused by water penetration. The report
noted that various cracks and spalling of concrete were
also found in the columns, beams, walls, and entrance deck
of the underground parking garage. The most severe
deterioration was found in the underground parking garage
and the ground deck. Cracks and spalling of concrete were
found in the parking lot columns and spalling with exposed
steel rebar was found at topside of the garage deck. Also,
punching-related distress was found slowly progressing in
the concrete around planters on the pool deck. Furthermore,
the penthouse on the 13th floor did not exist at the start of
construction and was added after construction started,
apparently without re-design of the lower structure. This

Photographs from Figs. 8 to 13: © Janine Pardee
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would have increased the risk of exceeding the load-
bearing capacity of the condominium.

(a) 1 s from collapse initiation (b) 3 s from collapse initiation

(¢) 5 s from collapse initiation
initiation

(d) 12 s from collapse
Fig. 2. Collapse sequence of the Champlain Towers South [1].

In addition, 90% of the high-rise buildings on Florida's
east coast are flat-plate structures, and Champlain Towers
South was one of them. Flat-plate structures are slab-tied

to columns without beams, and this structure is known to
be very sensitive to punching shear. Another Florida
condominium with a similar flat-plate design collapsed
during construction in 1981. NIST also investigated this
collapse of Harbour Cay in Cocoa Beach, and the cause
was described as punching shear failures [5].
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Fig. 4. Hypotheses of the building collapse.

Two hypotheses presented in the Washington Post [6]
suggests that the collapse of the pool deck into the
underground parking garage may have weakened the key
columns and caused the widespread collapse. The light
blue member shown in Fig. 4(a) is a key column that is
critical to the support of the building. The red arrows in the
figure indicate the horizontal loads acting on the column.
The left side of the key column represents the pool deck
connected to the building, and the right side represents the
Ist-floor interior. An illustration explaining the first
hypothesis by Mosalam ef al. is shown in Fig. 4(b). It states
that the collapse of the pool deck extended beyond the key
columns, causing the columns to buckle due to overloading
caused by the loss of horizontal support on the deck side.
In this study, we call this Hypothesis 1. An illustration
explaining the second hypothesis by Porter et al. is shown
in Fig. 4(c). It states that the collapse of the pool deck was
not so extensive that the key columns were pulled by the
surrounding deck beams, causing the key columns to
collapse together with the pool deck beams. We call this
Hypothesis 2.

In this study, verification analyses were conducted to
determine whether the key columns would reach the
buckling load and begin to collapse under Hypotheses 1
and 2 explained above. The failure of the connection joints
between the pool deck beams and the columns on the 1st
floor of the building due to the tension applied from the
pool deck was not considered. On the other hand, analyses

were also conducted assuming the loss of the columns in
the underground parking garage as the trigger for collapse,
with simple consideration of the deterioration of the steel
bars and concrete.

At the time this study was conducted, some theories and
information had not emerged. Observers of the site and the
collapse photos have posited that several widespread
construction flaws can be observed. These hypothetical
construction defects could not be quantified for this
analysis. More recently, Wiss, Janney, Elstner Associates,
Inc. (WJE) [7] conducted an engineering study for the
condominium  association, with significant new
information and theories of the failure. These hypotheses
could not be examined in time for this study.

II.  NUMERICAL FRAMEWORK

In this study, the ASI-Gauss code [8] was employed to
simulate the collapse behavior of the building. For
problems with strong nonlinear behavior, such as collapse
analysis, high computational efficiency and reduced
solution time can be achieved using this code. This code
has been utilized in various fields, such as impact loading
[9], progressive collapse [10, 11], seismic collapse [12],
and demolition [13, 14], owing to its numerous advantages
and flexibility.

The main idea applied in the ASI-Gauss code is to shift
the numerical integration point to an appropriate position
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on a linear Timoshenko beam element when a plastic
section is determined to be formed. When the plastic hinge
is later unloaded, the numerical integration point is shifted
back to its initial position to accurately capture the elastic
unloading behavior. The relationship between the
locations of the numerical integration point and the plastic
hinge used in the shifting procedure is obtained by
comparing the strain energy approximation of the finite
element beam model and the rigid body—spring model
(RBSM). The RBSM consists of two rigid bars connected
by rotational and shear springs that simulate the plastic
hinge by reducing the stiffness of the springs. The yield
condition used in this code is expressed as follows [8].

_ (M)’ ﬁ)z () —1=f-1=

f_(mxo) +(My0 +(3) —1=H-1=0 (O
where f,, is the yield function, and M,, M,,, and N are the
bending moments around the x -axis, y-axis, and axial
forces, respectively. The terms with subscript 0 are values
that result in a fully plastic section in an element if they act
on the cross-section independently.

Furthermore, the ASI-Gauss code can reduce the
inaccuracy arising from the evaluation of the low-order
displacement function of the beam element in the elastic
range which uses one-point integration. In this code, two
consecutive elements are considered subsets of a member.
The two integration points in the elements are placed at
locations, such that the stress evaluation points in the
elastic range coincide with the Gaussian integration points
of the member. The stresses and strains in the elastic range
are evaluated at the two integration points, while one-point
integration is performed on an element. Thus, the
appropriate elastoplastic behavior of a member can be
attained using a minimum number of elements, thus
reducing memory use without sacrificing numerical
accuracy.

A degrading trilinear model with viscous damping [15,
16] was used for the constitutive equation of the reinforced
concrete members. The failure strength of the RC members
was determined by evaluating the shear strains and
tensional normal strain for the elements that approached
the bending yield strength or ultimate shear strength. The
following equations were used to determine the member
strength failure [8]:

Yxz Yyz
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where ¥y, ¥y, and &, are the shear strains for the x- and
y-axes and the axial tensile strain, respectively. The terms
with subscript 0 are the critical values of these strains. A
variation in the critical values may affect the results in
detail; thus, these values should be carefully selected and
validated. In this study, the critical strains for the member
strength failure were selected based on the evaluation
results of the anti-seismic performance of RC pillars with
high-strength rebars [17]. The actual values used in the
analyses are presented in the next section.

In this code, the contact between objects is determined
by first evaluating the geometric relations between the four
nodes constituting two elements in the potential contact.

The shortest distance between these two elements is
evaluated, and the final contact is determined by
examining the angles between the assumed contact point
and nodes. Once these two elements are determined to be
in contact, they are bound by four gap elements between
the nodes. The gap elements are assumed to have the same
physical and material properties as those of the nearby
elements. These are automatically eliminated when the
mean value of the deformation of the four gap elements is
reduced to a specified ratio.

The simplifications of the algorithms matched the
simplified approximations of structural members using
beam elements, and their reliabilities were ensured based
on the verification and validation results [13, 18]. Detailed
information regarding this technique can be found in [8].

III. NUMERICAL MODEL AND CONDITIONS

A.  Numerical Model of the Champlain Towers South

Based on the design drawings of Champlain Towers
South [19], the numerical model shown in Fig. 5 was
constructed. Its plan, elevation, and side views are shown
in Fig. 6. The modeled members were columns, beams,
floors, and wind-resistant walls. The flat-plate slabs were
modeled using braced beam elements. The total height of
the building was 38.506 m. The floor heights of the
basement and 1st floor were 3.404 m and 4.166 m,
respectively, and the floor heights of the 2nd through 13th
floors were 2.692 m each. Gr. 60 with a tensile strength of
420 MPa was used for the main rebars, and Gr. 40 with a
tensile strength of 280 MPa was used for the shear rebars.
The compressive strengths of the concrete used was 41.4
MPa for the basement through 3rd floors, 34.5 MPa for the
4th through 7th floors, and 27.6 MPa for the 5th through
13th floors. The concrete slabs for the building floors were
203 mm thick, and those for the pool deck floors were 153
mm thick. Floor loads of 6,792 N/m? for the building and
3600 N/m? for the deck were incorporated into the
numerical model by adding to the density of the load-
bearing beam and floor members. Wind-resistant walls
placed from the basement to the 13th floor were
represented by braced beam elements with a thickness of
305 mm. The stiffnesses of both floor members and wall
members were set only to allow out-of-plane deformations.
The critical strains for strength failure of members [16, 17]
were set as shown in Table 1. The natural period of the
numerical model constructed under the above conditions
was 1.52 s in the X-axis direction (East-West direction)
and 0.71 s in the Y-axis direction (North-South direction).
The natural period in the Y-axis direction was shorter than
that in the X-axis direction because the number of wind-
resistant walls in the Y-axis direction was larger than that
in the X-axis direction. The total number of elements and
nodes in the numerical model was 12,172 and 7350,
respectively.

TABLEI.  CRITICAL STRAIN VALUES FOR STRENGTH FAILURE OF
MEMBERS
Beams and columns  Floors
Axial tensile strain 0.170 0.170
Shear strain for x -axis direction 0.20 0.03
Shear strain for y -axis direction 0.20 0.03
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Fig. 5. Finite element model of Champlain Towers South with 1
basement floor and 13 floors above ground.
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Fig. 6. Plan, elevation, and side views of the numerical model.

B.  Numerical Conditions

To reproduce the conditions in Hypothesis 1, the pool
deck collapse was simulated by forcibly disconnecting the
members connected to the east, west, and north sides, the
members between the key columns, the deck columns, and

the floor members inside the building as shown in Fig. 7(a).

As for Hypothesis 2, the pool deck collapse was simulated
by forcibly disconnecting the members connected to the
east and west sides and the deck columns, as shown in Fig.
7(b). The time increment was set to 1 ms, and a total of
3000 steps were computed.

: %
X

Y(N)
| X(E) ? s Forcibly disconnected
Key columns members
(a) Hypothesis 1
Y(N) o

Forcibly disconnected
members

I—» X(E) N

Key columns
(b) Hypothesis 2
Fig. 7. Numerical conditions based on Hypotheses 1 and 2 [6].

Next, we describe our hypothesis of the collapse process
based on the results of the field investigation. The design
drawings [19] show that beam members were placed only
in the lowest story of the western section of the building,
with almost no beam members placed in the middle and
eastern sections of the building; the western section was a
rigid-frame structure, while the middle and eastern
sections were flat-plate structures with relatively low
strength. Therefore, as can be seen from the photographs
in Figs. 8 and 9, only the west wind-resistant wall
remained after the accident, and it was little damaged after
the building collapsed. As shown in Figs. 10 and 11, the
floor slabs appeared to have been severed at the wind-
resistant wall, exposing a meager number of thin and bent
rebars. Therefore, it can be inferred that the horizontal
rebar in the floor slabs was not entangled with the rebar in
vertical members. There was insufficient load transfer
from the floor slabs into the columns and wind-resistant
walls to form a stable structure. From the images depicted
in Fig. 2, it can also be inferred that the initial structural
damage began with some of the lower middle columns,
and it is possible that the key columns were damaged due
to, for example, the failure of the slab-column connections
at L13.1 and K13.1 [19], as reported by Fadden [7]. This
is supported by Fig. 12, which shows the parking deck
columns protruding through the collapsed pool deck slabs,
just south of the key columns. The remaining columns may
also have had some degree of impairment due to
inadequate shear reinforcing, other construction defects, or
corrosion. Eventually, the key column-to-slab connections
failed, and the remaining weakened columns were no
longer strong enough to support the upper loads and
buckled, leading to the complete collapse of the middle
section. As for the eastern section, the debris piled up after
the collapse of the middle section exerted a certain amount
of pressure on its lower part, causing damage, which may
have triggered its collapse. Fig. 13 supports this scenario,
showing that the eastern section “pancaked” down and to
the south, then cascaded to the west with increasing
displacement.
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Since the rebar at both ends of the floor can be seen to
be almost cleanly pulled out as shown in Figs. 10 and 11,
the critical value of shear strain of the flat-plate floor
members from the ground to the 13th floor, shown in
yellow in Fig. 14, was set to 1/1000 to account for the
pullout of the rebar at the joint between the wind-resistant
wall and the flat-plate floor. The weakening of the concrete
and reinforcing bars in the subterranean columns was also
considered based on the nearly vertical drop of the middle
building seen in Fig. 2. According to Sancheza et al. [20],
after a certain degree of concrete deterioration, the
compressive strength reduces about 35% and the modulus
of elasticity about 70% at maximum. Therefore, the
compressive strength and modulus of elasticity of the
concrete in the basement columns were set to 65% and 30%
of their original values, respectively, to follow a worst-
case scenario. In addition, the tensile yield stress of the
steel bars and shear rebars was set to 1/200 of their original
values to account for the deterioration of the rebars and
poor workmanship. The columns shown in green in Fig. 14
are the columns with lowered bearing capacity. In the
analysis, the damage to the subterranean columns caused

by a wvehicle impact was assumed by forcibly
disconnecting the key columns and the floor members of
the deck connected to the key columns, shown in red in the
figure.

R e ] ]

Fig. 12. South end of the uncollapsed western section. This photo is
looking west. It can be inferred that the entire pool deck plus two bays of
the first level parking slab collapsed in punching shear. The columns of
the building did not collapse despite the increased unbraced length. The
column labeled for parking space 75 is K-13.1 and the one in front of it
is L-13.1. The pool deck collapse is attributed to these two slab-column
failures.

7 1) ,
Fig. 13. Slabs of the eastern section. This photo is looking north from the
pool deck across the debris pile. The roof is at the left, the tan tile is on
the 13th story balcony slab, the red tiles on 12th, and so on, with the pink
tile at far right the 9th floor balcony. This indicates the eastern section
toppled south and then west.

Basement columns with
lowered bearing capacity

Y(N)

/
]—' X(E) Forcibly disconnected members

Fig. 14. Numerical conditions based on the hypothesis with
deterioration of concrete slabs, corrosion of rebars, and loss
of kev columns as the main cause.
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Fig. 15. Numerical results based on the hypotheses with pool
deck collapse as the main cause.

IV. NUMERICAL RESULTS

When the extent of pool deck failure exceeded the key
columns as in Hypothesis 1, the key columns did not

buckle and did not lead to a final collapse state (Fig.15(a)).
In the case where the extent of pool deck failure did not
exceed the key column as in Hypothesis 2, the key column
lead to a final collapse state, but the entire building did not
collapse (Fig. 15(b)). These results suggest that other
factors may have triggered the collapse of the building. It
should be noted here, again, that the analyses for
Hypotheses 1 and 2 did not consider the failure of the
connection joints between the pool deck beams and the 1st-
floor columns, and there is still room for consideration.

Fig. 16 shows the collapse process of the model
considering the reduction in bearing capacity of the
reinforced concrete, the pullout of the rebar, and the loss
of key columns at the start of the analysis (¢ = 0.0 s). As
shown in Fig. 16(a), when the reduction in bearing
capacity of the basement columns was considered, the
columns were in the final state from the beginning; they
are shown in red in the figure. The key column and floor
members were fractured at £ = 0.005 s. Subsequently, the
joints at both ends of the middle section began to fracture
under their weight, and the middle section of the building
fell. Then, at ¢+ = 2.0 s, all the joints at both ends are
fractured, as shown in Fig. 16(b). The remaining
subterranean columns could no longer withstand the
vertical load and the building tilted to the north. The
subterranean columns are completely grounded to the floor,
as shown in Fig. 16(c), at = 2.7 s. 5.0 s after the start of
the analysis, as shown in Fig. 16(d), the columns in the 7th
to 8th floors collapsed in the East-West direction and fell
on top of the 6th floor. Then, at # = 8.0 s, the columns in
the 6th to 9th floors collapsed and the floors piled up, as
shown in Fig. 16(e). The 5th to 7th floors in the eastern
section were in contact with the 11th to 13th floors in the
middle section and were vibrating slightly. After 15.0 s
from the start of the analysis, only the middle section
collapsed completely, as shown in Fig. 16(f), and the
eastern section did not collapse. Fig. 17 shows an isometric
view of the numerical result at = 15.0 s.

For comparison, a collapse analysis was also performed
for a model that did not consider the pullout of steel bars
and the reduction in the bearing capacity of reinforced
concrete under the same numerical conditions. Although
the key columns and floor members were missing from the
initial numerical model, the entire model did not collapse
at all. From these results, it can be inferred that the middle
section did not collapse due to the missing key columns
and floor members alone.
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Fig. 16. Numerical results based on the hypothesis with deterioration of concrete slabs, corrosion of rebars, and loss of key columns as the

main cause.

V. RECENT EVIDENCE AND CONSTRUCTION DEFECTS

Some information and theories were not available at the
time this study was conducted, or could not be quantified.
Such data has implications for our interpretation of this
study.

Engineers who were present on the site during the
delayering of the debris attributed the collapse to punching
shear of the slabs through the columns. They have also

noted that the drawings specified that 25% of the column
strip bars were to be run through the column footprints.
Such bar concentrations were not found in the remnant
columns or the slabs. Discontinuities in reinforcing at the
remaining shear wall of the western section were also
observed. These hypothetical construction defects could
not be quantified for this analysis. But such observations
imply that the punching shear capacity could have been
greatly diminished by these omissions.
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A webinar [7] was conducted on May 25, 2023, by the
WIE engineers who summarized new evidence and
hypotheses. The factors cited were the mis-location of
reinforcing, the obvious punching shear failures at many
columns, and the loads added to the pool deck slab. They
analyzed the slab-column joints as being under-designed
for the shear loads. The WIJE analysis identified the same
misplacement of column-strip bars outside the column
footprint reported by engineers at the site. They also noted
that errors in reinforcing placement depth — placing the top
bars too low — reduce the effective depth of the slab for
punching shear. Most significantly, they found a report of
slab/column distress at column L13.1 dated 7 months
before the collapse, and another citing slab/planter distress
near column K13.1 dated just 22 days before the collapse.
The cracks shown in the K13.1 ostensibly show an
imminent punching shear failure in the process of
degenerating. WJE stated the collapse most likely started
with the punching shear failure at these 2 columns.

Fig. 17. An isometric view of the numerical result at # = 15.0 s.

The numerical results of this study, such as the lack of
collapse behavior in the numerical model until columns
were removed or disconnected, tend to confirm the
findings offered by WIJE. It was difficult to induce a
cascading failure in the numerical model, and it never
progressed to the eastern section of the building in the
model. This numerical model shows that if the building
had been nominally constructed according to its design, the
loss of several columns would probably not have been
enough to progress to sudden failure.

This logic implies another phase is needed for this study.

The numerical analysis can be repeated after modeling the
reductions in strength due to those construction defects and
added loads observed in the field and by the various
investigating engineers. The collapse behavior can be
compared to the videos and to the debris field to confirm
the correlation from reality to model.

VI. CONCLUSIONS

In recent years, the progressive collapse of buildings
due to the deterioration of structural members has been
occurring frequently, posing a significant threat to social
assets and human lives. Understanding the collapse
mechanism of buildings with deteriorated components or
construction defects will enable effective reinforcement of

buildings and prevent unexpected collapses. Champlain
Towers South, a 13-story beachfront condominium,
collapsed at approximately 1:25 a.m. local time on June 24,
2021, in Florida, USA. In this study, we attempted to
reproduce the accident based on the investigation data.

First, a 13-story RC building model was analyzed based
on the hypotheses published in newspapers. In the case
where the extent of pool deck collapse exceeded the key
column (Hypothesis 1), neither the final state nor buckling
of the key column was confirmed. In the case where the
extent of pool deck failure did not exceed the key column
(Hypothesis 2), the key column was in the final state, but
the entire building did not collapse.

Next, a collapse analysis was conducted based on the
hypothesis that removal of key columns was the main
cause of the collapse, by constructing a model that
considered the pullout of the rebar and the reduction in the
bearing capacity of the reinforced concrete. The model
confirmed the collapse of the middle section, but no
collapse was observed in the eastern section of the building.
These results suggest that the pullout of the rebar at the
connection joint between the wind-resistant wall and the
flat-plate floor, the reduction in bearing capacity of the
basement columns, and the removal of key columns were
some of the main mechanisms of the collapse of the
Florida Condominiums.

There is still room for further study of the phenomenon
considering the more recent evidence provided by
investigating engineers. Revising the numerical model to
reflect construction flaws can provide further confirmation
of the hypothetical causes and the observed mechanisms.

Since there are thousands of similar condominium
developments in the USA alone, the number of such
collapses could increase in the future. Engineers must
continue to elucidate the collapse mechanisms of buildings
with deteriorated or flawed members. In Florida, and other
parts of the world, flat-plate structures have been used
because they are economical. New codes and standards
mean that many existing buildings must now be re-
evaluated, and their collapse mechanisms in worst
scenarios, if needed, should be investigated.
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