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Abstract. At the end of February 2018 the Mediterranean area of Montpellier in France was struck by a significant snowfall that
turned into an intense rain event caused by an exceptional atmospheric situation. This rain-on-snow event produced pronounced
damage to many buildings of different types. In this study, we report a detailed back analysis of the roof collapse of a large
building, namely the Irstea Cévennes building. Attention is paid to the dynamics of the climatic event, on the one hand, and
to the mechanical response of the metal roof structure to rermaeadingdifferent snow-and-rain loads, on the other hand. The
former aspect relies on multiple sources of information that provide reliable estimates of snow heights in the area before the
rain came into play and substantially modified the spew—qualityload on the roof. The latter aspect relies on detailed finite
element simulations of the mechanical behavietr-behavior of the roof structure in order to assess the pressure due to snow
eover-snow-and-rain loading which could theoretically lead to failure. By combining the two approaches, it is possible to
reconstruct the most probable scenario for the roof failure before its full collapse. As an example of building behavieur-behavior
and vulnerability to an exceptionat-atypical rain-on-snow event in the Mediterranean area of France, this detailed case study

provides useful key points to be considered in the future for a better mitigation of such events in non-mountainous areas.

1 Introduction

In the framework of snow-faltssnowfalls, there are a number of reported cases of roof collapses caused by snow loads outside
mountainous areas. The following events which-that occurred during the two past decades ;-and-are-for some-of them-reported
in-the-seientifie iteratarecan be mentioned:

— In France: the collapse of the roof of a warehouse at Satolas-et-Bonce in the Isere department and of a supermarket store
at Bricquebec in the Manche department (January 2010), several collapses of roofs in Western France (at least nine store
roofs in the Manche department) in March 2013, several damage to shops in the department of Hérault at the end of

February 2018 in the cities of Béziers, Lattes, Montpellier, Peyrols (see examples shown in Figure 1).

— In Europe: the collapse of a self-weighted metallic roof in Spain in March 2004 (del Coz Diaz et al., 2012), the collapse
of a public fair pavilion in Italy during February 2001 (Brencich, 2010), total collapse of the Katowice fair building
in Poland which caused 65 deaths and 180 injuries in January 2006 (Biegus and Rykaluk, 2009), the collapse of the
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Bad Reichenhall Ice Rink roof in Germany which led to 15 deaths the same month (Winter and Kreuzinger, 2008), the
collapse of a gymnasium roof in Switzerland in 2009 (Piskoty et al., 2013), the collapse of a store hall in Gdansk (Poland)
in February 2010 (Biegus and Kowal, 2013), collapse of a shopping facility in Poland during January 2015 (Krentowski
etal., 2019).

— In other regions of the world: collapse of truss roof structures in Turkey in February 2003 (Caglayan and Yuksel, 2008)

as well as during January and October 2015 (Piroglu and Ozakgul, 2016; Altunisik et al., 2017), many roof collapses in
Northeastern United States (O’Rourke and Wikoff, 2014) during the winter 2010-2011.

a-in the literature for these building collapses is a stronger
(greater than the standard) snowfall hazard (Strasser, 2008; Holicky and Sykora, 2009; Geis et al., 2012; Le Roux et al., 2020).

It should be noted that a poor design or insufficient material strengths may sometimes be identified as another main reason
for the collapse (Biegus and Rykaluk, 2009; Caglayan and Yuksel, 2008; Brencich, 2010; del Coz Diaz et al., 2012; Biegus
and Kowal, 2013; Piskoty et al., 2013; O’Rourke and Wikoff, 2014; Altunisik et al., 2017; Krentowski et al., 2019). In a large

meta-analysis of building failures related to snow loads, Geis (2011) found that these incidents are commonly attributed to the

large amount of snow, followed by problems in the design of the building, melting snow and rain-on-snow events.

toreinPe ol (Photo adit: O FEranece [2 R onic
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and-(d)-arestavrantina-Grande Motte (Phote-eredit—©France3)- Roof collapses due to rain-on-snow surcharges can happen
in situations where the temperature is close to 0°C during the snow event. In the United States, the potential rain-on-snow
surcharge of roof snow loads has been discussed in detail by O’Rourke and Downey (2001) and is taken into account in the

building standards (ASCE, 2013). Canada considers the direct sum of the snow load and the rain load (Canadian Commission on Building a

. Rain-on-snow surcharges have been the subject of several studies in Japan (Otsuki et al., 2016; Takahashi et al., 2016) followin

a rain-on-snow event that occurred in February 2014 in the Kanto region and where the additional rain on the snow load
caused the collapse of many large span structures. Using controlled outdoor experiments where rain is added to a snow cover,
Otsuki et al. (2017) show that rain contributes to a larger increase of the snow load for larger roofs with smaller slope angles,
due to the time it takes for the water to reach the eaves. In Europe, Eurocode 1 provides the guidelines for the calculation of
the design snow load (AFNOR, 2007). Eurocode 1 specifies that in areas where rain-on-snow may cause melting followed by
frost, the values of loads due to snow on the roof must be increased, especially if snow and ice can block the roof drainage
system. The NF EN 1991-1-3 standard stipulates that roof snow load must be increased by 0.2 kN.m"? when the slope for
water flow is lower than 3 %, in order to account for the snow density increase resulting from difficulties of water drainage in

case of rain.
The current paper reports a detailed and specific case study of a roof collapse induced-by-a-of a scientific laboratory (ex-Irstea
INRAE) which occurred on the 1st of March around 18:00 following an intense rain-on-snow event-which-oceurred-in-the
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Figure 1. Roof collapses due to heavy snowfalls occurred on 28 February and 1st March 2018 in the surroundings of Montpellier, France:

collapses of (a) the shopping center Estanove in Montpellier (Photo credit: ©Jean-Michel Mart), (b) a car wash station in Lattes (Photo credit:

©Le Petit Journal de Lattes), (c) the Darty store in Peyrols (Photo credit: ©France 3 LR / S. Banus) and (d) a restaurant in La Grande Motte
Photo credit: ©France 3).

vent in a Mediterranean area. Several roof collapses took place in this
area in the same period (see Figure 1).

Figure 2 shows the main damage observed during a field visit on 18 March 2018, shortly after the collapse of the experimental
hall of the Irstea Cévennes building in the central part of the structure, in the east-west direction. The western and eastern
facades were heavily damaged, as seen in Fig, 2a and 2¢. On the contrary, the other two facades (see Figure 2b and 2d) were
much less damaged due to the presence of the inner concrete walls of the offices and of the inner metal frames of the laboratory.
rooms along the southern and northern facades, respectively. Local damage observed on structural elements consists of (i)

buckling and bending for the roof tubular profiles, (ii) bending and shear for the tubular supportin lons and (iii) crackin,

on the walls of the offices (see close-up views of the damage shown in Figure S3 in the Supplementary Material (SM)).
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Figure 2. Different pictures showing the hierarchy of damage as observed on 18 March 2018 on the western (a), southern (b), eastern (c),
and northern (d) facades of the Irstea Cévennes building.
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does it compare to the characteristic values (e.g. Eurocode Snow loads)? 2) What is the most likely scenario for the roof failure,
i.e. how did the structure reach a critical state which led to its collapse? We first present the meteorological event consisting of
a snowfall followed by rain at the time of the roof collapse —TFhis-question-will-be-tackled-in-Seetion—2-thanks-te-in Section 2

using multiple sources of information: outputs from the AROME numerical model, which is the French fine-mesh-fine-mesh
numerical weather forecast service model, social network testimonies and weather observations. {ﬁ%eeeﬂé%ep,—bymalﬂﬂg
g@m of the mechanical behaviour-behavior of the building subject to a-uniformpressure-field-that-roughly-—mimies

sis-different pressure fields representing snow-and-rain loads. Section 4

makes the link between Sections 3 and 2 and presents a detailed description of the most probable scenario for the roof collapse
of Irstea Cévennes buildingis-propesed-in-Seetion4. This example of a roof collapse caused by an intense rain-on-snow event

whieh-that occurred in the Mediterranean area is ﬂna}}yﬂseekﬂffheﬂtseussteﬂ—seeﬁeﬁglvsgvgsvgq to emphasize a number of

questions which-that need to be addressed in the future, in particular

, what improvements can be proposed to minimize the

risk of a roof collapse due to spew-snow-and-rain loading in those areas.

2 Description of the meteorological event
2.1 An exceptional atmospheric situation

At the end of February 2018, France, and more generally Europe, was subject to wintry weather conditions. A disordered polar
vortex unleashed a very cold air mass through central Europe around 24-25 Feb. Driven by a powerful anticyclone localized in
Scandinavia and a sustained eastern flux, this cold spell spread over western Europe during the following days, resulting in the
most intense cold spell over Europe since Feb. 2012 which is referred to as “Beast from the East”.

Figure 22-3 presents the outputs of the high-resolution AROME model for different times and lead times. The regional
AROME model assimilates various types of observations (radar, ground measurement data, radio, sateHites-satellite radiances
(see Bouttier and Roulet (2008)) and must be interpreted with care. AROME outputs provide interesting information regarding
the spatio-temporal dynamics of the meteorological event. Four parameters are represented: temperature at 850 hPa, tempera-
ture at 2 m, wind at 10 m, and precipitation amount accumulated in 1 hour.

This event can be described as follows:

— 28/02/2018 08:00 - Formation of a convergence zone: On the 28th of Feb., at 8 am (local time), just before the
beginning of the snow storm, temperatures are very cold over lands in the region, in altitude (—6° at 850 hPa, corr. to
about 1500 m) and on the ground (between —2° and 6° at 2 m). We can observe a line of convergence on the sea, with,

on the one side, cold air brought from the North-East-northeast related to the cold spell and, on the other side, winds
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from the Seuth-East-southeast bringing warm air. This convergence zone will generate vertical fluxes and will create this

atmospheric disturbance at the origin of important snow and rain accumulations.

— 28/02/2021 14:00 - Beginning of the snowfall: At 2 pm (local time), important precipitation amounts occur around
the convergence zone, mainly along the coast but also offshore. At the North-Westnorthwest of this zone (Montpellier,
Béziers), despite of-a slight and progressive increase of temperature at the ground and in altitude, the supply of cold air

from the North leads to solid precipitation only.

— 28/02/2018 20:00 - Snow/rain event: Between 8 pm and 2 am (local time), winds from South-East intensify, and
precipitation amounts on Montpellier increase. AROME model shows a temporary movement of the convergence zone
from the plains. Then, a Nerth-East-northeast flux with cold air at low altitudes leads to snow again in the surroundings

of Montpellier.

- 01/03/2018 02:00 - Warming and rainfall gets stronger: During the night between 28/02/2018 and 01/03/2018,

warming is rising at high altitudes (from —3° at 6 pm to 0° at 2 am at 1500 m) and rainfall becomes dominant.

— 01/03/2018 08:00 Intense rain event: In the morning of 01/03/2018, despite efthe persistence of the convergence zone
and cold ground temperatures, warming in altitude is too important and precipitation only falls as rain. The collapse took

lace at around 18:00.
2.2 An intense rain-on-snow event

This rain-on-snow event is exeeptional-atypical in the region of Montpellier considering the accumulated amount of precipi-
tation and the amount of precipitation fallen as snow. Ground measurements indicate that snow depth-depths of more than 25
cm have occurred only five times since the 1950s (35 cm in February 1954, 35 cm during the winter 1962-1963, 27 cm on the
14-16/01/1987, 28 cm on the 22/01/1992 and the event described here). The empirical return period of the snow event alone
exceeds 10 years (five events in 70 years). What makes the rain-on-snow event exeeptional-particularly unusual is the large

amount of rainfall whieh-that followed the snow event. Its occurrence can be explained by the main following elements:
— the presence of very cold air at all altitudes and in particular at the low troposphere;
— the blocking of a strong convergence zone leading to an intense rain/snow event;
— the preservation of this convergence zone and cold wind supply from the Nerth-East-northeast around Montpellier.

Figure-22-The last column of Figure 3 presents the evolution of the type of precipitation simulated by the AROME model
for 1h lead time. AROME clearly simulates an intense snow event from 28/02/2018 at 14:00 until the end of this day, followed

by a rain/snow event during the night. An intense rain event brings-high-brought large amounts of liquid precipitation during
the whole day of 01/03/2018.
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Figure 3. Outputs of the high-resolution AROME model for the following parameters: temperature at 850 hPa [°C], temperature at 2 m [°C],

wind at 10 m [km/h]and-, precipitation amount accumulated in 1 hour [mm] and the corresponding type of precipitation (rain, snow or ice

pellet). The maps shown on each line correspond to different runs for 1h lead time, from 28/02 at 8:00 to 01/03 at 14:00 (local time). Source:

Meteo-France.

2.3 Snow accumulation

Meteo-Languedoc is an association providing various information about weather forecasts and natural risks on-in the region
around Montpellier. This exceptional data is described in details-detail on their websitetast-aceess:24-January-2022)-! and

Thttps://www.meteolanguedoc.com/evenements- majeurs-en-languedoc-roussillon/episode- neigeux- du-28- fevrier-2018- jusqu-a- 35-cm- pres-de-montpellier/

p513, last access: 05 September 2023
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Figure 4. Snow accumulation during the snow event of 28/02/2018, based on 5000 testimonies. The red marker shows the position of the
collapsed building. Source: Meteo-Languedoc.

includes various information about the meteorological event, including photos from amateurs following their facebeekpage;
tast-aceess:24-January2022)Facebook page?. Through their faceboek-Facebook page, MeteoLanguedoc asked their 120000
followers to provide observations, and photos supporting these observations. Thanks to the collection of 5000 feedbacks, a
robust estimation of the depth of the snowpack at the end of the snow event was obtained, leading to the interpolated field of
snow accumulation provided in Figure 4. The data clearly shows that the snow depth was more important at-in the North of

Montpellier, likely due to a hill separating the city center from the Lavalette site.
2.4 Estimation of the snow height-and-density-load at the time of the collapse

Figure 5 shows the evolution of the temperature, rain, and snow amounts according to two different and independent sources

of information:

— Just next to the center of Irstea in Montpellier, a weather station (the Lavalette station) records various meteorological
parameters, including temperature and rain. For this station, the tipping-bucket rain gauge is not heated and snow was

probably blocking the rain gauge according to the operator of the station.

— SAFRAN reanalysis (Vidal et al., 2010) provides weather parameters at a resolution of 8 km over France, using a dense

gauge network. However, this network does not include the station at Lavalette.

Both sources of information clearly show the increase of-in temperature from the morning of 28/02/2018 until the building

collapse. SAFRAN reanalysis records an accumulation of snow water equivalent of 35 mm followed by 58 mm of rainfall

Zhttps:/fr-fr.facebook.com/MeteoLanguedoc/, last access; 05 September 2023
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before the collapse, with a rain/snow transition during the night between 28/02 and 01/03. The rain gauge, which might have
underestimated the rainfall accumulation due to the presence of snow in the receptacle, records 45 mm.

The different sources of information (outputs from AROME model, social network testimonies, weather data) on the snow
and-rain-snow-and-rain event lead to the following scenario. It can be considered with little uncertainty that the snow depth in
the area was between 30 cm and 35 cm, on a-cold ground. Since the Irstea building was located right next to the 30 cm curve
(see Figure 4), 30 cm is considered as-the best estimate, but there is an-uncertainty around this estimate.

The snow was-having—a-density—tn-therange-of-had a density of about 250 kg.m before the rain event, based on the
fact that most of the Facebook testimonies reported a heavy snow type, which is typical of a Mediterranean area. A-—rain-snow

35 v al-pro O perature - and-o seeelal ormation:

The-snowpack-has-beenfilled-As indicated above, the snowfall has been followed by 50 to 60 mm of rainfall;-neting-that-,
Colbeck (1977) indicates that rain can contribute up to 50% of the roof load for flat roofs with 10 m parallel flow to gutters
which corresponds closely to the specifications of the Irstea Cévennes building. Figure S5 in the drainagesystem-(see Figure 22

the-very-wetsnewpaelk-SM shows the roof drainage system of the Irstea Cévennes building. The roof had a slight slope of 1 %
on each side of a peak line oriented north-south, which allows rainwater to flow towards the east or west of the building and
drain through 20 cm high outlets located at the base of the low walls on the roof easily-reached-a-high-density-areund-600-ke-

o —3 ha tima of tha oo

of the northern and southern edges, one in the middle of the western edge. and two at the quarter and three-quarter points of the
eastern edge, as indicated by the red arrows in Figure 6a. In our case, it is likely that this drainage system was inefficient due
to the combination of both (i) a small roof slope and (ii) large distances between the outlets (13 m in the north-south direction

and 40 m in the

soared-snow-at-higher-density(300—400-ke—m—>)-than-east-west direction). Colbeck (1977) indicates that “Snow covered
roof [...] would certainly collapse if a rainstorm were of sufficient duration to allow complete wetting of the unsaturated layer
and full development of the saturated layer". Here, 18 hours of continuous rainfall with an average intensity of around 3 mm/h
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Figure 5. Weather observations at the station of Lavalette (plain lines) and SAFRAN reanalysis at the grid point covering Irstea building
(dotted lines).

certainly contributed to the saturation of the snow layer. As we are not able to assess the quantity of water that could reach

the outlets at the time of the collapse (which also depends on the structure deformation due to the snow load, as discussed

below), it is assumed in the present analysis that the total load corresponds to the addition of the snow load and the rain load.
We also assume that the initial snow

collapse;but-he-did-not-observe-the-snew-load (before the rain) on the roof is assumed to be equal to the snow load on th

round for several reasons. Firstly, the roof slope was low and there was a small wall around the edges of the roof. Secondly, the

wind was not significant enough to modify the snow distribution on the roof. Censequently,there-is-ne-information-available

Finally, the observed temperatures suggest that there was no snowmelt during the snowfall event.

In the remainder of this study, we thus assume that at the time of the collapse which occurred on March 1 anre-4-mat around

18:00, the snow-and-rain load is the outcome of 30 cm of initial snow with a density of 250 kg.m 3

10
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3 Moedelling Modeling of mechanical behaviour-behavior of the loaded building

3.1 Deseription-Initial state of the building (before collapse

3.1.1 Initial-state(before-eollapse)

The Cévennes building was an experimental hall built in 1982 and-sitaated-at-on the Lavalette domain in Montpellier(see
Figure-27-in-Appendix—2?), in the South East of France. At the time of its failure, it sheltered-housed a wind tunnel and a
mezzanine level built in 2014 along the northern facade, as-wel-as-and offices on two levels-floors along the southern facade.
Figure 6 gives an overview of the Cévennes building before damage-—Its-dimensions-on-the-ground-were40-5-and after the
damage. The dimensions of the roof were [ = 45 m in the east-west direction and 49-L = 54 m in the north-south direction
(area-of-atmost2606-m>-and 10 m high.

The supporting structure of the building consisted of three-dimensional vertical metattie-metal trusses designed to support

the flat roof (see an-example-shown-sketches in Figure ??ajand-themselves-S1 in the SM), which in turn were supported by

metal tubular pylons that were arranged along the facades of the building. The lattice structure, consisting of elements-welded
or bolted togetherelements, extends over the entire roof surface-and-withstands-att-the forees-actingupon-area and resists all
forces acting on it. For the southern, western, and northern facades of the building, the tubular pylons consisted of two round
tubular profiles arranged in a V-shape and sealed on concrete blocks anchored in-to the ground (see photograph enFigure-22b;

and-sketches-onFigures—22?a-and-2?b-in Figure 6c, sketches in Figures Sla,b in the SM and the geometric properties of the
structure in Table S1 in the SM). For the eastera—east facade of the building, they consisted of rectangular tubular profiles

and a Saint Andrew’s cross obtained with T-profiles (seesketeh-onFigure—22eFigure Slc in the SM). It is-worth-noting-here
should be noted that no such tubular pylons had-been-settled-were placed inside the building in order to allow the movement of

large-size-large vehicles, such as agricultural tractors.

11



Figure 6. (a) Overview of the Irstea Cévennes building before the damage, with rainwater drainage points ef-rainwater-indicated by red

arrows. The dimensions of the roof are given in blue, and the height of the building is 10 m. The letters indicate where the photos of the other

subplots were taken (Pheto-photo credit: ©Google Earth 2014, adapted by I. Ousset). (b-c) View of the supporting structure of the Irstea

Cévennes building before its damage: (b) red-coloured metal roof frame and (c) supporting tubular pylons (in yellow) along the facades. (d

Overview of the damaged Irstea Cévennes building. The red line indicates the direction perpendicular to the direction of the main deflection

of the roof after the collapse.
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Itis-impertantto-stress-here-thatone-difficulty-may-arise-from-the-fact-that-the-initial- The initial state of the building before the

event is known with some uncertainty. In particular, past damage may have already occurred before the event-of-2018 event

and altered the initial integrity of the structure.

Infaeteven-though-thestadied-building-For example, although the building studied is not located in an area with intense
310 snow events, it has had to support heavy loads on (at least) three times-in-the-past-occasions since its construction:

— around 27-27 cm on January 14-16, 1987;

14
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— around 28-28 cm on January 22, 1992;

— less than 46-10 cm on March 7, 2010.

Fo-It is important to note that the snow event of January 22, 1992 was probably followed by rain, for which SAFRAN

records provide a cumulative amount of 8 mm of rain approximately 36 hours after the snowfall. To the best of our knowledge,
no survey has-beencondueted-onof the structure of the Cévennes and Minéa buildings was carried out between the date of

their construction and the 2018 incident. Following this event, only a technical opinion ef-on the strength of the adjacent Minéa
building was requested. This report concluded that the overall strength of the structure was satisfactory, but identified a number

of points requiring vigilancewere-identified:

significant stagnation of stermwaterrainwater on the roof;

slight buckling (within manufacturing tolerance) and traces of corrosion on some profiles (angles and tubular profiles) at

the level of the roof metal frame;

buckling en-of one of the profiles of a Saint-AndreSaint-Andrew’s cross;

V-columns in satisfactory condition, with slight corrosion at-on the head and anchor plate;

— eracks-and-chips-with-visible reinforeementin-conerete-bloeksused-presence of cracks (on several blocks) and spallin
revealing the reinforcement (on one block) on the basal concrete blocks for anchoring the V-columns.

Given the limited information available on previous events and any damage that may have resulted from temporary loads
applied to the structure in the past, this study has not taken into account any such deterioration of the structure.

Heweveritis-worth-noting-that ne-medifications-Finally, it should be noted that no changes were made to the supporting
structure from the time of its construction to the time of its collapse. The only changes made were interiorfittings(mezzanines

supperted-by-the-groundto the interior (ground-supported mezzanines) in 2014.

litle information about the depth and spatial distribution of the initial snow on the roof. As the entire site was evacuated in
the early afternoon of March [, only the caretaker was present at the time of the building collapse, but he did not observe how.
the snow was distributed on the roof. Given that the wind velocity on both days was only between 1 and (ian-aceumulation
of stresses-equat-to-4 ms 1, it is unlikely that the wind could have affected the distribution of snow on the roof. However, the
distribution of the snow-and-rain load may have varied over time due to a complex interaction between the overall structure

15
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and the dynamics of the snow cover, which gradually became wet. It seems likely that the distribution of the initial snow load
before rainfall) was nearly uniform due to the low slope of the ultimatestrength-efsteel,causing-the-elasto-plasie-model-to

straetare—roof combined with the light wind during the snowfall. As indicated in Section 2.4, it is assumed that the rainwater
remained on the roof until the complete collapse of the building. In order to try to gain some insight into different scenarios of
spatial load distribution, three different (virtual) cases are studied, as shown in Figure 7a:

(a) Uniform distribution; reference case where the load distribution due to snow and rain is uniformly distributed,

(b) Non-uniform with greater water depth at the edges: water flowed rapidly towards the edges of the roof (assumin
that the slope angle was sufficient),

(¢c) Non-uniform with greater water depth in the center: water mainly accumulated in the center of the roof.

For the two non-uniform distributions, we considered a snow load distribution that was initially uniform before rain came into
lay, as in the first case.

3.3 FE simulations

In order to investigate in detail the mechanical response of the Irstea Cévennes building and thus better understand its

gta O—1= H—a RHOtH V a t O O a1Sptd d O O Spere

HHH50-=6-047mmetal supporting structure was modeled using different Abaqus Finite Element (FE) models (see Section S2

in the SM for additional details). Two types of analysis are performed:

1. The pushover analysis provide load values associated with different types of failure criteria which can be interpreted as
critical impacts on the structure with different levels of severity,

2. The buckling analysis indicate what specific elements of the structure were the most likely to be at the origin of the roof
collapse.

Pushover analyses are quasi-static analyses (without dynamic effects) that determine how far the building can go before

. Figure 7 illustrates the main steps of this analysis. The first step (Step 1 in Figs. 7b-c

it collapses completely or partiall

takes into account the self-weight of the structure. Then the snow-and-rain pressure on the structure is gradually and linearly
incremented to mimic the load increase during the rain-on-snow event until the structure fails by reaching either the elastic
limit of the material or the ultimate limit of the material for a snow-and-rain pressure equal to the failure force. This linear
increase is performed in one step for uniform loads (step 2 in Fig. 7b) and two steps for non-uniform loads (steps 2 and 3
in Fig, 7¢). In the latter case, step 2 corresponds to the increase of the uniform load of snow before the rain whereas step 3
corresponds to the increase of the non-uniform load of water on the snowpack.
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Figure 7. (a) Different assumptions made for the spatial distribution of snow-and-rain loads and (b), (c) load evolution by incrementation for
ushover analyses in the cases of a uniform distribution (b) and a non-uniform distribution (c) of rain loads. Note that the increment numbers
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Secondly, a non-linear buckling analysis was-performed-is carried out in two steps:
ll Iiﬁe']f: b_]]e E iﬁg llﬁll jlf‘if‘ “z'if‘ eeﬁd']eted

375

values at which buckling of the structure

1. A linear or eigenvalue buckling analysis is performed to obtain the first-fourteen-buckling-mode-shapes-theoretical load
and-their-corresponding-eigenvalue-bueklingloads

3, idealized as elastic, occurs.

380

with different buckling mode shapes (so-called eigenvalue modes), as shown in Figure 8. This analysis was-is carried

out by applyinga-vertical snowpressure-of 1-Pausing the subspace iteration method (a simple method for approximatin
the eigenvalues of matrices), after a static step that accounted-for-the-deadJoad-takes into account the self-weight of the

structure;

—a

. A non-linear buckling analysis (using-the-is performed by using the incremental static Riks procedure y-of-the-FE-model

was-—condueted;-integrating-of Abaqus, integrating material non-linearities and geometric imperfections corresponding

17



to the displacement results of the pre-buekling-linear buckling analysis, in order to estimate the eritical-bifureation

385 spow-most realistic critical buckling bifurcation pressure. Only the first mode shape was-taken-into-account;-and-the
eorresponding displacementswere is considered to define the geometric imperfections. The corresponding displacements
are multiplied by an argument equal to 1-%-of the-erossbars-thickness-1 % of the thickness of the crossbar, i.e. 9-5-0.5 mm,
which corresponds to the manufacturing tolerance vatue-of a round tubular profile with an eutside-external diameter of
less than 75-mm-75 mm.

390 Fhis-analysisallowed-to-ebtainviThese numerical tests do not describe the full (dynamic) collapse of the roof, but are
intended to identify the critical loads at which significant deformation and damage could start to occur before the collapse
considering different failure criteria (FC):

— FCpgp: deflection threshold equal to 0.225 m, which corresponds to the acceptable beam deflection (vertical displacement
that can be observed at the center of the roof) equal to 1/200 of the width of the building [ = 45 m;

395 — FCyp: horizontal displacement threshold at the top of the columns equal to /150 = 0.047 m;

— FC,: critical stress state with an accumulation of stresses equal to the yield strength of steel in a given location of the
FE model. This so-called elastic limit indicates the limit of the elastic behavior of the structure, i.e. the beginning of

irreversible deformations;

— FC,,: critical stress state with an accumulation of stresses equal to the ultimate strength of steel. This so-called ultimate
400 limit of the material corresponds to the maximum load that the structure can withstand before a local material rupture;

— FC;, g: first eigenvalue buckling load assessed by the linear buckling analysis;

- FC : non-linear buckling load corresponding to the firstlinear-bucklingload-and-(vit)-the-bifurcation buckling load
that causes the actual buckling, taking into account the geometric imperfections.

The first two failure criteria deal with global damage to the structure and are part of the Serviceability Limit States (SLS).

The other failure criteria correspond to Ultimate Limit States (ULS). These criteria indicate the onset of deterioration that could

otentially have a significant impact on the structure and ultimately lead to its collapse.
Table 1 summarizes the different critical load values obtained from the FE simulations that lead to the failure
of the structure, considering the different criteria mentioned above, under the three different assumptions of snow-and-rain ¥

405

410 distributionon-the-roof—They-typteally-range-between-load distribution. The values obtained for these critical loads vary over
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415

spowpack-of 30-em-thickness(which-is735-kNdistribution of the pressure field. Section 4 further discusses these different

critical loads and compares them with the estimated snow-and-rain load of about 1226 to 1325 N.m~2 )-—Hewever—when
onsidering-othereriteria-the-case-of-a<cen smulation-of spow-always-proves-to-be-the-mosteritical-provided in Section
420 2.

Table 1. Srow-toad-Load values leading to the failure of the supporting structure for-calculated from the FE simulations according to different

failure criteria (see text for details), and considering three scenarios for the distribution of the snow-and-rain load: uniform distribution (snow

and rain), non-uniform distribution with greater water depth at the edges after uniform snowfall, and non-uniform distribution with greater

water depth in the center after uniform snowfall. The last line of the table indicates the loads at which code divergence was observed (when
the considered failure criterion was not reached).

insight into the detailed behavior of the structure. Figure 9 shows the stress fields of the structure obtained from the pushover
simulations and corresponding to the three types of distribution for a snow-and-rain load of 1 325 N.m 2, In the three cases, the
maximum stresses occur on the crossbars located at the perimeter of the roof (above the western and eastern facades in the two
first cases and above the four facades in the last case) and, in the cases of uniform distribution and non-uniform distribution with
greater water depth in the center, on the bottom horizontal T-profiles located in the central part of the roof. Stresses (slightly)
above the yield strength of the material occur only on two crossbars located above the east facades and are prone to buckling.

The results of the linear buckling analysis for a uniform snow-and-rain pressure field are summarized in Table 2-and-Figure-8-
Aceording-to-the-analysis52 and in Figure 8. The analysis shows that buckling occurs locally. For each of the fourteen-eight first

430 eigenvalue modes -onty-two-erossbars toeated-on-the-considered, only one or two crossbar(s) located at the western or eastern

425
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435

440

445

Table 2. Results of the eigenvalue buckling analysis of the structure (linear buckling) under a uniform snow-and-rain pressure field.

Eigenvalue mode  Corresponding load  Corresponding displacement Location of the

[N.m_?] [m] buckling crossbars
3 939 1279 Western facade
5 1051.3 1241 Eastern facade
6 10535 1392 Eastern facade
7 1099.6 1318 Eastern facade
8 1105.2 1353 Eastern facade

perimeter of the roof and on either side of the east-west axis of the structure buckle with a shape similar to the-ene-that of the

first mode-and fifth modes shown in Figure 8. Table 2 provides information about-the-bucklingloads;-displacements;-and-the
on the buckling load, displacement, and location of crossbars prone to buckling for each eigenvalue mode. Fhe-table-It shows

that buckling occurs first at the crossbars above the west-western facade and then above the east-eastern facade. Similar results

(not shown) are obtained for the other eases-ef-two cases of non-uniform snow-and-rain pressure distributions—distribution
with greater water depth either at the edges or in the center of the roof.

field-with-a-central-aceumulation-These results clearly indicate that faiture-occurred-the failure was due to both buckling of the
crossbars (primary cause) and bending of the bottom horizontal T-profiles (aggravating effect). Other damage, such as these

that observed on the round tubular peles-as-columns shown in Figure -??¢-and-??d;tikely-oceurred-afier-S3c-d in the SM,
robably occurred during the collapse of the structure. No such damage was observed on the nearby building, whereas slight

buckling phenomena-were-identified-was observed on its roof. This subsequent damage was further modified by the presence
of the offices and mezzanine walls along the and-s facades-ass inFi 22enorthern and southern facades (see
Fig. S3e in the SM).
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Figure 8. Buckling mode shapes of the structure under a uniform snow-and-rain pressure field (deformation scale factor = 5.4): (a) first

mode, above the western facade and (b) fifth mode, above the eastern facade.

4 Discussion

450 This diseussion—section-intends—to-make-the-tink-between—section aims to further link the results from the snew-and-rain

snow-and-rain hazard (Section 2) and from the guasi-static-pushover FE-simulations FE simulations that include pushover tests
and a buckling anlysis (Section 3) sin-orderto-provide-to identify the most probable seenario-which-factors that led to the

collapse of the Irstea Cévennes building.

4.1 Building collapse analysis under the rain-on-snow event of February 2018

455

the-different-fatlure-eritertaused(see-10 compares the critical loads that would cause a failure according to the FE simulations
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460

465

470

475

480

485

490

snow-and-rain load of 1226 — 1325 N.m_ (in cyan). Note that for non-uniform snow pressure fields, the ultimate material
limit is not reached due to numerical instabilities (lack of convergence). The values obtained from the horizontal displacement
criterion are also quite above the estimated range of 1226 — 1325 N.m"?, The pushover FE simulations thus suggest that
neither the ultimate material limit nor the critical horizontal displacement was reached at the time just before of the collapse,
regardless of the scenario for rain load spatial distribution.

The minimum of 645 N.m "2 (in brown) corresponds to the non-linear buckling limit that takes-into-accountinitial ceometrie
imperfeetions—{estimated-to-be-645-buckling load. This value is just below the uniform initial snow load before the rain
(736 N.m~?) (in teal) and does not depend on the assumption made for the distribution of the rain load. In contrast, the
linear buckling analysis gives higher values for the load corresponding to the first eigenvalue mode (from 935 to 945 N.m=2:
%%%\EMMMMWWd] below the lead—leadmg%e—fhe—f&%keeﬂapse

s&%%m%%%%&ms&%w%%%ﬁ%&m&m

can have occurred with the observed snow-and-rain load. In addition, although it should be noted that the buckling failures
remained localized (on a few crossbars located at the eastern and western edges, as shown in Section 3 and Figure 8), the

22



occur on both sides of the east-west axis along which the structure collapsed, as shown in Figure 6d. Thus, it is very likely that
buckling was involved at some stage in the roof collapse.

495

500

505

other failure criteria (the elastic limit and the beam deflection) give intermediate values in the range 1330 — 1360 N.m 2,
Just above the snow-and-rain load estimates. For the scenario with greater water depth at the edges, the critical load values
510  increase, particularly for the beam deflection criterion, which puts the structure on the safe side. For the scenario with water
flowing towards the center of the roof, both critical load values (elastic limit, beam deflection) decrease close to or below the

snow-and-rain load estimates.

515

FE simulations indicate different situations where the critical load values were below (or very close to) the snow-and-rain load

estimates and thus could lead to critical damage and failure of the structure during the 2018 snow-and-rain event. According
to the linear and non-linear buckling analysis, buckling has likely been critical regardless of the scenario for the distribution
of the snow-and-rain load, indicating a weakness in the structure. In addition, based on the elastic limit criterion and the beam
520  deflection criterion, load concentration in the center of the roof (most likely due to water accumulation in the center of the
roof) has probably been at some stage an aggravating factor. However, it must be pointed out that the order and the interactions
between these different mechanical responses (buckling, beam deflection) are not taken into account i the FE simutatons-eoutd

h o P A h o ne o d-=za A RO acon—t1th N Ve M = No OHA O ha
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4.2 Structural back analysis

In Appendix—22?Section S3 of the SM, we discuss in detail the regulations +-the-one-in-place-on snow action on structures:
those in force at the time of the construction of the Irstea Cevennes building and those in force at the time of the ene-when-the
building collapseunder-snow-load-oceurred. By comparing the regulations te-the-FE-Abaqus-with the FE-Abaqus calculations
in terms of the applied-stresses-load applied to the structuretseeFigure—??-andretatedtext-in-Appendix—2?), we show that
the Irstea Cevennes building was memgmm%yhe previous French
regulations (dating-back-to-of 1965), with
do not take into account the results of the non-linear buckling analysis, since the consideration of imperfections in the design of

metal structures was introduced in the regulations after the construction of this building (in 1983). It can also be concluded that,
at the moement-time of its collapse in 2018, was-notrespeeting-the building did not comply with the new regulations; indeedin

fact, the critical buckhng load of the structure (estimated at 645N- N. m~2) —dﬁé%he—lewer—esmﬂafeﬂ#ﬂ%e—}eaf}feqwfeé%e

in-was lower than

ingif we

the design accidental snow load resulting from the Eurocode (equal to 6-8-x+3560—+206—=1286-1280 N.m~2, see Section S3

MWHMWMMWMWXWWIWMMW
the identi e-bee e
that-structural-weaknesses;—combined—with-the-extreme climatic event ;—ean—further(the estimated snow-and-rain load of
1226 1325 N.m " was indeed close to the design exceptional snow load specified in the Eurocode, see Figure S8 of the

SM) to possibly explain the collapse.
Firstly, as indicated above, erossbarstocated-at-the-the crossbars at the eastern and western perimeter of the lattice roof are

were clearly prone to buckling. Although this buckling is-was localized, it gradually weakens-weakened the structure and could

potentially-tead-have potentially contributed to its collapse. Similar phenomena were also observed in the nearby building after
the 2018 incident en-the-nearby-building-

Secondlyinsofar-astarge-size-(Fig. 6). Secondly, since large vehicles (agricultural tractors) were to be used inside the build-
ing, no load- bearlng walls were built inside. This led-to-the-design-ofresulted in a very large span of the roof supporting lattice.
i ive-Even if the deflection threshold F'Crp is respected, the FE simulations
show that the snow-and-rain has led to an important deflection of the lattice is-one-cause-of the-collapse-of-the-building-under-the

rain-on-snow-event-of 2048—~(Fig. 9). It should be noted that a-neighbour-building(seeFigure-6jthe nearby building, similar to
the one whieh-that collapsed, resisted the eventof-February 2018 event and is still in-ptace-standing on the site. This neighbour

strueture-houses-nearby building contains a number of offices and therefore mdﬂdeywmeﬁﬁe%w%mmoad bearmg

walls. This may be an evi

eventsindication that these latter walls within the structure are likely to be effective in preventing significant deflection.
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570
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580

Finally, the roof rain drainage system, consisting exclusively of vertical openings pesitioned-located in the lower part of

the roof perimeter (see Figure

a-deviee-thusted-S5 in the SM) combined with a near-flat roof, probably contributed to a very poor evacuation of the rain
immediately after the snow event, leading to a significant increase ef-the-load-supported-by-thelattice-This-is-anotherstrongest

n N d no n n Nno N d
t trar—wea S5O Sissuys 25 d v1G oYy O11OW £1tWwoO afrto O - O O—Wd vactatioh;,aS

on-the-plots-of Figure-10-thorizontal-blue-dines)—in the load carried by the roof. In the future, it would be interesting to eonduet
perform more thorough studies of rainwater drainage on near-flat roofs during rain-on-snow events, following the efforts made

by Colbeck (1977); O’Rourke and Downey (2001); Otsuki et al. (2017). It is important to clarify the effectiveness of varieus
different drainage solutions under snowy roof conditions, and to provide-correspending-make appropriate recommendations

regarding the required roof slopes and the selection and design of downstream evactation-drainage devices.
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5 Conclusions

Using multiple sources of information regarding the 2018 meteorological event in terms of snow and rain amounts and detailed
simulations of the behaviour-behavior of the roof structure subject to loads, this study provides a detailed back analysis of the
interactions between the snow cover and the structure. Concerning the meteorological event, while intense snow events are
unusual in this area, this type of event is-rot-exeeptional-and-eeetrs-can occur when winter storms bring important masses of
cold air from northern Europe to the south (see the recent event in Madrid Smart, 2021). In Montpellier, snow depths around
or above 30 cm have been recorded several times in the past (35-35 cm in February 1954, 35-35 cm during winter 1962-
1963, 27-27 cm on the +4-16/04/14-16th of January 1987, 28-28 cm on the 22/04/22nd of January 1992). For this event in
Montpellier, the snow-rain transition led to a saturated and everweighted-snowpackoverweight load. A detailed understanding
of the meteorological event has been consolidated using various sources of information: weather stations, numerical weather
model outputs, meteorological reanalysis, and numerous testimonies obtained using social networks (facebeekFacebook).
This study proposes an assessment of the response of the structure to the-tead-incremented load values under quasi-static
conditions, as well as a buckling analysis. Different scenarios for distributions-the distribution of the pressure field imparted

to the structure have been studied;-a

the results obtained, the collapse of the Irstea Cévennes building can be explained by two-mainfactors—Firsthya combination
of several factors. First, the structure was weak-againstbuckling-andbending-despite-being-susceptible to significant buckling
and, to a lesser extent, to bending (although it was designed in accordance with the regulations at-the-time-it-was-builton this
aspect). Secondly, the collapse s

i i was probably caused by the rain-on-snow

turned-intorain—Thusitis-surcharge. Furthermore, it seems evident that geometric imperfections were not considered during
in the design of the structure, resulting in its vulnerability to buckling —Mereoverthe-snew-coverstarted-saturating-and-the-(also

observed in the neighbouring Minea building). The fact that the resulting load exceeded the critical load leading to roof failure
is certainly due to the additional water on the initial snowpack. Such a rain-on-snow scenario is considered in the regulations

but it appears that in the particular chronicle of the 2018 event (significant amounts of snow and then ef-water-with-varying
temperature-conditions)rain), the resulting overload was greater than the design scenario.
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Figure 9. Von Mises stress field (Pa) inside the structure at the real snow-and-rain load of 1325 N.m 2, given by the FE model simulation

for the different assumptions made for the spatial distribution of snow and rain: (a) uniform, (b) non-uniform with greater water depth at the

edges and (c) non-uniform with greater water depth in the center (a deformation scale factor of 25 is applied to highlight the contrasts).
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Figure 10. Comparison of the snow loads leading to different failure criteria of the Cévennes building, as calculated by FE model simulations,

with

he-the estimated scenario for the rain-on-snow
event of 2018, as back-analyzed in Section 2, in the different cases of snow-and-rain pressure field. The structure fails when the observed
snow-and:rain load (on the right, for each assumption of snow-and-rain distribution) is alse-inetuded-greater than a calculated failure load
in the eomparisencase of non-uniform rain distributions (see Table 1.
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