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Summary: The paper presents discussion on the issuesdétatiesign and use of tensioned fabric roofing@wlirring in the winter. In case such

structures are used as permanent, all-season theessues of snow load and the methods of snowvaharise. The importance of the issue is
emphasized by the fact that errors were not avo@esh in major projects, such as the modernizatfobresden Central Railway Station or the

Gelsenkirchen stadium.
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1. INTRODUCTION

The attractive form and diffused light transmisstbnough the fabric

encourage the designers to use membrane strucBunelight deflection

improves the microclimate of the roofed space, eviitis light weight

makes it convenient for covering really large spassfortunately, the

application of such roofs as permanent, all-weastaictures causes
additional issues. The periodic snow loads sigaifity exceed the
roof's dead load and the snow sliding down is demge to the people
below. Moreover, the roofing formed improperly cesishe roof snow
overloads upon heavy snowfalls. The significangheiof the roof, in

turn, makes it difficult or even impossible to reradhe snow. The low
tear strength of the fabric impedes the mechanstedw removal.

Furthermore, the massive area of the roof gatleersieh snow that the
manual removal is labor-consuming and costly, andsome cases —
impossible. Therefore, the proper selection of Hpatial form for

membrane roofing is so important.

The properties of the soft membrane fabric cauaedbuble curvature
and appropriate initial tension is required. It d@nobtained thanks to
appropriately selected support structure. In suadedhe membrane is
not deformed under dead load and external loadsh a8 wind and

snow. Providing appropriate curvature is not enoufjle membrane
surface should also be appropriately inclined toidiwater and snow
bags. A momentary standstill causes local incredsthe membrane

load and this in turn lowering and even greatestefaaccumulation of
the snowfalls increasing the load. The analysisexdmples of two

damages caused by snow shall serve to confirm gsenee of

membrane roofing formation issue.

2. ANALYSISOF DAMAGES

The wide experience of German companies initiatgdFbei Otto
activity has resulted in a large number of inténgstnembrane structure
buildings erected in Germany. In addition, theiographic location in
the central part of Europe is associated with yeiallensive snowfalls
occurring there regularly. Therefore, this is tlestdocation for analysis
of this kind of structures.

Fig. 1. Cross-sectional view of the platform hdlDwesden main
railway station (based on [2])

The roofing of the platform hall of Dresden mainlway station is
supported by the historical structure of rivetagsérarches. Sir Norman
Foster, world famous architect, anticipated repiaaet of the dark, non-
transparent roofing with bright modern membran&isimodernization
design of the station. Daylight penetrating throutjie translucent
membrane totally changed the hall decoration. évienly lit, while the

steel elements contrasting with the roofing represa valuable
enhancement of the historical structure authemtidit addition, the
white fabric reflects thermal radiation and it isenand cool in the hall
on hot days. In order to obtain appropriate sttengte roofing was
made from PTFE coated fiberglass. Even the resistém the exhaust
gases of the locomotives stopping at the statichahacked.
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Fig. 2. The roofing damage points (worked on materfrom [3])

Unfortunately, the use of the three-aisle hall sufggl on arches results
in several pockets in the roofing with rainwated amow accumulating
therein. The water runs down the designed draiaspift is much worse
in case of snow. It accumulates in the pockets &vheither mechanical
nor manual removal is possible. The reinforcemdnthe points has
been foreseen through design of large steel betirfgs and additional
reinforcement of the membrane in the form of antw ropes to
support the accumulated snow. Nevertheless, aftny vintense
snowfalls the roofing was damaged in late Deceni@tp. The loosely
installed anti-snow ropes underwent tension duesrtow load and
membrane deflection. It caused a take-over of pathe load in the
upper part of the covering pockets, while the lovwsrt of the
membrane is attached to the steel funnel servirmltect the rainwater
to the drain pipes. Filling the pockets causedrtenbrane break and
the snow load falling directly on the platforms.

Fig. 3. Diagram of the damage occurrence in the bnane
pockets (author)



Fig. 4. One of the damages in the Dresden railiajos roofing
(author)

The holes made in this way relieved the membramichwstopped any
further damages. Each of over eight pockets hadissire. To protect
the people staying on the platforms, it was necgdsamake an instant
protection of the roofing. Protective mesh supportthe membrane
from the bottom was introduced. This was appliedthia points of
damage and wherever some distinct deflections apgemmused by the
snow lying on top. Most of the holes were covergdabother layer of
membrane, which clearly reduces the material’s sttarence and
visually underlines the damages. The facility ownar. German Rail
demands post-warranty repair of the damages, diggltwe to provide
appropriate durability of the structure. Unfortueigt the replacement of
the entire roofing covering the area of 30 0G0srmecessary. Panels cut
with utmost precision cross the entire width of #tation. This was
done in order to minimize the number of seams. 3ér@ous issue at
present is how to replace part of the damaged withfout dismantling
the whole, particularly with the membrane beingnpemently stressed.
The railway company does not permit to apply ansthier layers.
Moreover, the contractor cannot do it, due to foiahdifficulties. The
case has not been settled by date.
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Fig. 5. Damage of the stadium roof in Gelsenkircfveorked on [4])

Another example of issues caused by snow is thé damage of
Schalke 04 team stadium in Gelsenkirchen. The nmodeucture was
built in 2001. Its present name is Veltins ArendeTstadium roof
consists of two parts: fixed over the seats anctgble over the pitch.
The roof structure is a 3D steel truss terminateth \a cylindrical

cradle. Arch rails enable to move the two rigid glarof the retractable
roof. On the outer edge, there is a kind of brokem along the
stadium’s perimeter. All the roof truss rods amewar pipes the roofing
is attached to. To provide the appropriate amo@ifigbt, the whole is

covered by a double PTFE coated fiberglass membrdaie contractor
was Birdair.

Fig. 6. Cross-section of the stadium in Gelsenldrcfbased on [4]

In the same winter of 2010/2011, after very intesisewfalls, immense
damages occurred, some of the fissures reachedakelcen meters
even. Ultimately, 7 roof panels had to be replaced.
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Fig. 7. Mounting roof panels of the stadium (worlked[4])

The roof designer, in spite of substantial heiglas a slight slope. The
central part of the roof is situated almost hortatip. The membrane in
these points is supported by arch ribs spaced éeny In spite of the
slight slope, the densely spacer supports prouvidficent stability for
the membrane. The situation is worse for the fipedt of the roof.
Although the roof truss knots are similarly spac#te membrane is
attached to the outer edges of the specific paoely. For the
rectangular panels this is ca. 18 x 58 m. To pmwitde appropriate
curvature, the specific panels are stressed froenbibttom in three
points. This protects them against being liftedh®sy/wind.
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Fig. 8. Cross-section of the roof panel mountingried by author)

Unfortunately, in case of snow load, it causesgaiicant reduction of

the slope. The lower part of the truss at the oetigie is inclined at 22°
angle only. In addition, the snow load causes teenbrane’s lowering.

Unfortunately, the lack of loose outer edge does emable even

relocation of the entire roofing. The edge ring thembrane is attached
to causes further reduction of inclination or eyganduces a kind of a
threshold stopping the snow slide. Under the meméthaere are steel
pipes functioning as an additional support in aafskeave snow loads.
The distance between them is ca. 15 m. Unfortupatie¢ accumulated
show, not removed on time, caused the roofing damag



In both cases the main causes of the damages \Werexcessive
snowfalls. However, were the types of roofing lretteatched or
additional solutions anticipated, no unnecessasyscaould have had to
be borne.

3. EXAMPLESOF SOLUTIONS

Based on Polish examples, we can say that mostitiézci with
membrane structures have no devices for snow leali@ion. During
intense snowfalls, the persons guarding the feslishould take all the
efforts to prevent any danger to people or propegysed by snow
accumulated on the roof. It means observation venete snow cover
thickness is not excessive and whether is doecaate any distinct
deflection that could start the process of damégpaat or the whole
structure. As the evaluation is made visually, withany measurements,
it is not too precise. With the appropriate inclioa of the roof slopes,
the snow begins to slide. For the facility ownetisinecessary to assure
such possibility and to secure the places the sslmes onto. This is
most often performed through fencing or warningigfadanger. In
case of some facilities, the area surroundinglitéked or restricted, for
example in case of some open-air theaters or stedilihe situation is
worse when such facility is used in the winter.

Roofing over the open-air theatre audience wag buiUstrai in 2003
and in 2010 it was extended over the stage. Itpeshesembles a saddle
resting on two steel arches. The roofing was desighy Marcin
Gatkowski, while the covering was made by HP GasSeitzerland [1].
The fabric used is spread all year round, thereiforeas necessary to
adapt it to low temperature and rain/snowfalls. ®pen air theater area
is fenced and access there to is allowed for evarlis In spite of large

area, ca. 1800 fnthere are no issues related to snow removal. Th

covering formed properly causes spontaneous sniole. sbometimes
very high heaps of snow accumulate in these pointsuch cases the
facility administrator removes the heaps by mearfaroexcavator so
that the rest of the snow may further spontanecslalg down from the
covering.

Fig. 9. Summer Open-Air Theater in Szczecin (aythor

A newer example of roofing is the open-air theatéWista. It is located
ca. 430 m above the sea level, which results inhtgkeest snow load.
The characteristic load of the soil i @ 1,98 kN/m. The theater was
commissioned in 2010. The roofing consists of tvewerings made
from fabric and connected by a roof-light composédireen and blue
glass. The inclined steel arches articulately cotatke with the floor
form the support structure, simultaneously stresshe fabric spread
between them, producing distinct saddle-like s@$ac

Fig. 10. Metal rainwater drainpipe in Wista (author

The roofing correctly designer with well matchedpsls of the roof
pitches, effectively drains the rainwater and aadiated snow. The
open-air theater is located near the town center leas no fencing,
which enabled direct access thereto at any timeagf or year. The
neighboring pedestrian passage and the bars oaurasts located
nearby additionally encourage people to pass by stag under the
roofing. The open-air theater is a real attractibthe place and its large
area provides protection to large number of people.

In spite of the free access to the area offeredhbyopen-air theater
roofing, its maintenance causes no issues. The ihigimation of the

Bitches enables proper drainage of the water t@iapeérainpipes,

mounted in the bottom part of the roofing. The épgof the supports
and entrances produces such a configuration teat fs no snow slide
hazard. The open-air theater in Wista is perhaptily to hold events
in spite of winter weather. During the Winter OlyimpGames in

Vancouver, the theater presented live transmissiéreki dumping by

the famous inhabitant of Wista — Adam Malysz. Witle temperature
below zero Celsius, snow and torches — a sampleeoDlympics was
created.
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Fig. 11. Summer open-air theater in Szczecin (aytho

Very interesting solution is the method of fixingetmembrane in the
Summer Open-Air Theater in Szczecin. The roofinghvdimensions

47x45 m is suspended under a historical concretelay means of a set
of ropes. The designer Marcin Fiuk foresaw the iptssexceeding of

the permitted load. To minimize the effects of eeiee snowfalls,

specially designed mountings for the load-bearopes were used.



Fig. 12. Hook protecting against overload (basedkaich M. Fiuk)

Appropriately matched hooks were used, ones thiastraighten under
excessive load, which in turn will cause the membts: deflection.
Otherwise the whole structure might have been ogsti. Unhooking
one or several hooks will be distinctly visible aswill cause the
membrane’s hang down. In such case the interventionelevant
services will be necessary. They will have to reendhie snow and
replace the worn mounting. Although the roofing waade in 2000,
none of the hooks has broken by date.

Another, a little earlier solution is the roofing front of the entrance to
Silesia Shopping Centre in Katowice. The architedtudesign was
prepared by Bose, while the construction design made by Stabil.
The structure was commissioned in 2005. The roagng the form of
two joined conical parasols, covered with whiterfabThe covering is
near the historic shaft of the former coal-mineel@uo the big pedestrian
traffic, the roofing is to protect against rain asdnlight near the
entrance providing an opportunity to create varieuents or simply
being a meeting point. The large size of the rapéind the light color of
the fabric protect the space against overheatingomy on a hot
summer day. The concrete floor is not heated hamkeing in the shade
all day and later maintains the heat, unlike otbpen spaces. An
interesting structure with slightly inclined posepresents an attractive
architectural touch. At nighttime it is additionalilluminated, which
still improves the visual values of the entire stare.

Fig. 13. Fear of the snow sliding down. (author)

As it appears, the untypical structure causes problto the center
administrators. The parasols rest on central gtests. The conical

shape is achieved through fixing the covering te tentral rings

supported by the posts and to the external tie trathe edge spread on
steel outriggers. The water flows down the covesjrike in case of

traditional umbrellas, outside without any drain standpipes. Such
solution causes that the center's customers musthweir ways to

avoid getting wet. The issue is even more serioitis snowfalls. The

central rings situated on a large height cause rii@gt of the roof is

steep. The snow does not accumulate during the fatisvbut slides

down to the edges. The snow accumulation areasaapgeng the

lower, gently sloping fragments only and they slidi®svn under the

weight of the upper snow loads. Therefore, the stoawls slide down

during snowfalls or directly afterwards. Luckilyhet snow is neither

compacted nor frozen.

Trying to prevent the snow fragments sliding dowhe facility
administrators ensure to remove all the snow froerbof on rime. It
appears that removing the snow from this type of i® not easy. It is
impossible to climb and walk on the roof so steBpy attempt to
remove the snow with the use of external jacks xpeesive and
difficult. The roofing itself is situated on a femeter height, so any
attempt to remove the snow standing on the grosimiifficult. The only
solution is to watch the roofing and manual pushifigragments of
overhanging snow beyond the roof edges. It seeatsstith procedures
are unnecessary, as the snow sliding down doescmimulate into
large lumps, moreover, it slides down directly aftee snowfalls, so its
consistency is fluffy. Removing the snow from tlwefing is rather an
action preventing the potential concerns of the ppirg center
customers, out of care about the company good image

It should be mentioned in this point that on 28&muhry, 2006 an
exhibition hall collapsed under snow load. It calideath of 65 people
and injuries of 170. The main reason was the ekeesscumulation of
show on a flat roof with a light, steel structufée snow load is critical
for the durability of a light structure and it isem more crucial for
membrane structures where the covering’'s dead Wwésghven lighter.

The changed way of thinking on the safety of strres in Poland under
snow loads, contributed to the amendment of thédingi law and

issuance of relevant directives. The following psamn has been
enforced among others: ,Public utility buildingstivpremises designed
for significant number of people to stay thereinghs as: auditoriums,
sports, exhibition, fair, shopping, railway statidralls should be
furnished, depending on demands, with devices fermpnent

inspection of the parameters significant for theicttire’s safety, such
as: relocations, deformations and stresses intthetsre.” [8]

4. MONITORING

The monitoring system is a new solution increasihg structure’s
safety. The first example of using monitoring in facility with
membrane structure is the open-air theatre in Plddke precisely, it is
a tie-bar structure covered with a PVC membrane fouthe problems
occurring during the erection and concerns for bafing structure’s
safety, it was furnished with the structure moriitgrsystem. Its purpose
is most of all the inspection of the structure’sidition and increasing
the safety of the facility use. The monitoring desivas developed by
Krzysztof Zottowski in 2008. Based on the static-strength ysislof the
structure, the type of devices were indicated al$ agethe location of
the measuring point for the monitoring purposes.isTivas the
foundation for determining that the most repres@rgaindex of the
roofing structure changes are vertical relocatidnghe central part of
the roofing, 5 relocation sensors were anticipateolinted in the tie-bar
knot points. In addition temperature sensors westalled over and
under the covering, wind velocity measurement desiand cameras
enabling observation of the roofing and its neasestoundings. Thus,
the assessment of the reasons for the occurriogatibns is possible.
The entire system is connected with the Centratédsing Unit that
records the results on an ongoing basis. The pemtaaccess to the
results is provided through the Internet.
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Fig. 14. Layout scheme of the load monitoring eletsén the Ptock
open-air theatre (based on [6], photo author)



The threshold deformations were determined basetepstatic-strength
analysis. In this way the facility services knovattlif the level of 150
mm is exceeded on any sensor, they will have td staremove the
snow from the roof. When the level of 200 mm ise=ded, the people
from the facility will have to be evacuated and #oeess from outside
restricted. After the load has been relieved, ttractire demands
detailed inspection. The threshold wind velocitiese been determined
in a similar way. If the average wind velocity measi for 10 minutes is
above 15 m/s, no events should be organized ifiattility, while with
wind velocity above 20 m/s, staying of any peoplalirect vicinity of
the structure will be strictly prohibited. .

Fig. 15. The roofing of the Forest Opera in Sopattfor)

The interviews with designers and facility ownersggest that the
newest example of roofing with monitoring erectedHoland is the
Forest Opera in Sopot. The open-air theatre idatfyeest and the most
famous structure in Poland, due to its history. ®pen-air theatre used
to have roofing as early as in the 1960’s. It useole temporary roofing,
dismantled every year before the winter. After thedernization in

2010-2012 the facility has permanent roofing. Tinecture is supported
by two arches inclining towards each other, thpansis 102 and 93 m.
Two symmetrical patches of membrane, 18G0each, reinforced with
anti-snow ropes, are tied to the main support 8trac According to the
design inspiration, the form of roofing was to sesfgthe form of a leaf
laid among the trees.

Fig. 16. Measuring points — prism reflectors modrd&ectly on the
membrane (author)

The facility has a top class structure monitoriygteam. Such system
monitors 28 measuring points simultaneously. Sorfiethe points
observed are situated on the support structuréngesoints of the main

steel arches), which represent the points of referefor the
measurements. What's even more interesting forftuity is the fact
that some of the measuring points are directly hen rhembrane. The
major element of the measuring module is the autiontachymeter
measuring the prism reflector's locations. The memment of the
relocations enables the evaluation of the technimaidition of the
facility and the creep processes resulting frongiterm loads, snow-
loads, for example. The system also measures whgtand
temperature of the structure in four points and suess the basic
weather data, such as air temperature, humiditypdwielocity and
direction.
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Fig. 17. Outlay scheme of the measuring points [5]

Below a sample diagram of a measuring point’s @tloas is presented.
This is point No 10, located on the lowest leving the longest panel.
It is situated on the west patch, from the directid the adjacent tall
forest The diagram presents the results of measmsnmeld throughout
150 days (from December, 2012 to May, 2013). Théoviang is
presented in the diagram:

- periods when the roofing was loaded with snow,

- the way the load changed due to subsequent sh\ftfee growth of
loads without dramatic leaps),

- rapid changes of snow load caused by the snalimgloff the top parts
of the roofing and loading the lower parts,

- reduction of snow load caused by spontaneousnglidf the snow
from the roof or as a result of snow removal cdrrdeit by teams of
specialists.

The extreme deflection of the roofing for measunpaint No 10 was
120 cm. The measuring results inform on the roafiy which results in
the necessity for the snow removal.
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Fig. 18. Diagram of measuring point No 10 reloaagithroughout
150 days [5]

The largest facility in Poland with membrane rodfins Stadion
Narodowy [The National Stadium]. The roof span wijthojection



approximate to ellipse is ca. 280x250 m. The py&sis structure
commissioned for Euro Football Cup 2012 has a peemia roof
covering the area of 54 000%rand retractable roof with the area of
10 500 M. The permanent roof is made from a fiberglass PE&&ed
fabric. It consists of 72 panels mounted to theml, compressed ring,
internal (double) stretched ring and to radial kitegs. The varying
dimensions of the particular roof panels are cax 76 m. In addition to
mounting along the edges, the membrane is alsoostgopby handing
arches spaced ca. 8 m, which provides them withogpiate curvature
and causes that even with heavy snow loads, ne lsmgw sack are
accumulated. The internal roof is retracted frogaeage located in the
central spire. In the central part of the stadiowfing four bundles each
consisting of three ropes was used to connectriteznial (lower) ring
with the lower part of the spire. The upper parthaf spire is connected
by a system of 60 radial spaced ropes connected thi internal
(upper) rope ring. Along the radial ropes the mimgs of the retractable
roof made with the PVC coated polyester fabric. Gpper internal rope
ring is maintained at a constant distance fromltieer internal rope
ring by means of 60 tubular struts.

The roof has a monitoring system for the steel-rgpreicture. The
system consists of the following elements:

- deformation sensors mounted on the load-carrsapgd and the steel
structure,

- temperature sensors,

- weather station measuring the air temperaturehamaidity and wind
velocity,

- accelerometers to measure vibrations,

- cameras for visual evaluation,

- recorders,

- server with equipment and power supply.

Most of the measuring devices are placed in cabir@bviding
appropriate temperature in the winter. They areroftituated in hard to
reach places on very large heights. The systenyzesmthe locations of
the characteristic points, including without lintiten the stretched
internal ring and the spire. In addition, the desito measure vibrations,
temperature, wind velocity and cameras enablingrdloé observation
are installed. The system proved itself to be gpgate in the winter
2012/2013, when the large number of snowfalls fdrite necessity to
remove the snow from the roofing. It was made méybag specialized
teams of alpinists. The structure monitoring systiemthe National
Stadium is further expanded and improved on aniogduasis.

5. SNOW REMOVAL

Disregarding the fact whether the facility has anitwing system or
not, or the facility administrator inspects the fing visually, it is a
human responsibility to decide what to do in calsersergency. If the
amount of snow significantly exceeds the permiftgdres, its removal
is indispensable. It is possible, provided the irapfis shaped
appropriately. The membrane strength enables idd#lipeople to walk
on it. They are able to remove the snow, using @pfate protections.
In such case they must not use any sharp tools sotato damage the
membrane. Snow accumulation into heaps is not peaneither, as it
may lead to local excess of the membrane’s strerifitle designer,
while planning the possibility of snow removal, shb provide
appropriate solutions, enabling climbing the rqmfptection of people
and tools against falling and the possibility toothh the snow down.
Solutions of this kind are costly. More frequensych system of
supports is designed that will transport the loa®n with excessive
snowfalls.

6. SUMMARY

The case studies carried out suggest that the animgjtof the structure
snow loads is very important. The basic issueeasappropriate shape of
the roofing. The proper inclination of the membraheuld be provided
and any closed hollows or bell-footings, where shew accumulates,
should be avoided. In such case an appropriateosugpucture should
be designed, e.g. the number of anti-snow ropesldti@ anticipated in
Dresden. Moreover, as system of heating cablediedpip drainpipes,
may be introduced to facilitate the snow meltingl avater flow. The

heating cables could be even placed along the namatseams, which
would not deteriorate the architectural soluticatisactiveness.

A similar situation is in Gelsenkirchen. As the fing has a low

inclination and curvature, there should be morepsumg elements

implemented. The curvature of each particular paoeld have been
increased through higher diversification of thep@pand lower) edge
points’ heights. Moreover the polyester fibers subject to much higher
elongations before tearing than fiberglass. Su@ngé of shape under
the load changes the internal forces and ofterept®fgainst tearing.

To increase the structures’ safety the monitorimgl anotification
systems can be used, however the question whao @ duch cases
remains open. Although walking on the membranesmmiv removal is
possible, the amount of snow accumulating on tloéimg exceeds the
manual removal potentials. The use of spontaneoow sliding off the
roof is a much better solution.

The last question is the adaptation of the spagelagment under the
roofing to avoid collision with the snow slidingwip. It seems obvious,
but in numerous cases it is conspicuous to have heglected by the
designer.
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