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1.- Introduction

On March 11, 2004 in Madrid 191 people were kiliedterrorist bomb attacks on four

suburban trains. 1824 people were partly severglyed. The monument for remembrance
of the victims is situated next to the Atocha Raywstation in the centre of Madrid and was
inaugurated and presented to the public by Jualo£hrKing of Spain and Queen Sofia on
the third memorial day.

Fig. 1 - Monument at the Atocha Railway Station

2.- Design

The competition design by the young architects Fidin Madrid consists of a translucent
aboveground structure atop an underground, 50Grgé Imeditation room that is painted in
cobalt blue. The aboveground structure is situated large traffic island next to the Atocha
Railway Station where the terrorist attacks toocpl Through the outer shell, daylight
floods in the meditation room below the street levit night the effect is inverse: The outer
glass shell becomes a luminous artwork. A trarespanflated ETFE foil, that is stabilized

by an air-overpressure in the memorial room, fortine second major element of the
memorial. Expressions of condolence in many dffiérlanguages are printed on the
amorphous shape in remembrance of the attacks.
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Fig. 2 - Sectional and plan views of the monument
3.- Glass shell structure

The outer shell is eleven metres high and haseaffnen baseline close to an elliptical shape
measuring eight metres by eleven metres. It ctseisl5.100 massive glass blocks that are
glued together using a transparent acrylic adhedie curvature gives the glass wall its

rigidity and the monument becomes a shell struabfirgtructural glass, eliminating the need

of visually disturbing steel elements and providimgimpeded transparency. The roof is

connected to the glass block structure in a rigay wo stiffen the upper free edge and to
prevent the ovalisation of the section.

A block geometry with two oposed concave and corsidgs was developed specifically for
this structure. This particular shape allows tinegular curved surface to be created from a
single block geometry. The massive blocks of 206 300 mm x 70 mm were produced



under pressure in special moulds. The toleranpeinements were tight (1 mm) in order to
guarantee the applicability of the transparent aidieeand an uniform glue thickness.

As the massive glass elements experience high ramope differences (rain on a sun-heated
glass block) and resulting high surface tensiohs, 8 4 kg glass blocks are made out of
borosilicate glass. Their low thermal expansioeffident of 4,3 x 10 1/K is half of the
value found in conventional soda-lime glass, wiiialves the thermal stresses in the blocks.

On site, the glass blocks were glued together aithUV-curing acrylic adhesive. The one-
component product was created especially for tpieation by the manufacturer. Small
and large samples were tested and verified witartetp the ageing resistance and long and
short term resistance for different temperaturelev

The structural analysis showed that deflectionthénpost-tensioned concrete flooring could

create high shear forces in the glued joints ofli#@ ton monument. In order to reduce this

effect, the glass blocks are placed on a total0gf @astomer pads (160 mm x 100 mm x 45
mm). This also compensates for differences in t¥atpre strains between the glass and the
substructure. The elastic deflection of the pessioned flooring was compensated by

applying a preload before the erection of the glstsscture. The necessary preload was
removed in stages according to the progressioheotbonstruction of the glass wall.
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Fig. 3 - Monument's roof structure



4.- Glass Roof

The design concept of maximising transparency naetl into the design of the roof
structure. Borosilicate glass was chosen for titgeeroof structure in order to minimise the
stresses due to different temperature expansidfiaents.

Five glass girders support the twelve cladding [snehich in turn serve as an horizontal
diaphragm for the glass block structure. The ggdeve a total length of maximum 7,80 m
and are spaced at approximately 1,75 m centres.shape of the girders reflects the moment
diagram and are elastically supported on the dbssk structure. Borosilicate glass is just
fabricated in limited dimensions, which led to tfieders to be fabricated from four individual
elements. The two central elements (laminated, fidmpered lites, 4 x 12 mm) have a
maximum span of 3,90 m and depth of 0,35 m. Tleé=sments are joined by two four metre
long glass pane splices (laminated fully tempetiggb,l 2 x 12 mm). All contact areas
between glass elements were laminated in the wogkahking a transparent polyester resin.

Four stainless steel pins are placed at a maxinpauirsy between one another. This large
level arm minimises the magnitude of the force ¢ewtue to the bending moment. The
opaque metallic cross section of the pins can byeb® minimised to 40 mm, reducing its
visual impact.

A detailed finite element model of the girders vadt, as shown in fig. 4. The areas around
supports and stainless steel pins were carefullydeted in order to capture stress

concentrations. Loads were determined accordingumcode 1 and the Spanish standard
"Cddigo Técnico de la Edificacion”. A nonlineadaadation of the girders was carried out,

which was used to determine the their safety fagtetl above code requirements.

Hyp. SLS ULS
Max. disp. (mm) 11.1 --

O prmax(N/mn?) 208 27.1
Central panes

O prmax(N/mn?) 240 31.2
Lateral splices

Fig. 4 - Finite element model of the glass girders

The continuously edge supported glass claddingesehe roof surface. The panes have a
maximum length of 3,98 m. The cladding follows geometry of the monument in plan. A
slope of approximately 1,5 % and an edge overhadngOomm provide drainage. The
overhead cladding is created by 3 lites of 10 mily tempered glass, as heat strengthened
glass is not available for borosilicate glass.older to brace the upper free edge of the glass
block wall, the glass panes are glued on the tofasel of the glass blocks using a structural



silicone. The advantage of structural silicone parad to the acrylic adhesive is that a
thicker glue layer is possible, allowing tolerantede evened out and also to facilitate the
replacement of the roof panes for the case of anyagje.

5.- Construction of the primary glass structure

5.1 Construction of the stacked glass wall

5.1.1 Perimeter steel ring and elastomer pads

The construction of the glass wall started withfedaication and installation of the perimeter
steel ring which supports the monument. The riag @esigned as a curved U-shaped profile
of steel grade S355. In order to facilitate fadtien and transport, it was divided in ten
sections, each with a different curvature, whichiemgelded together on site and fixed to the
concrete base of the monument by means of cheamcalors.

Two hundred elastomer pads were installed betweeniig and the first row of glass blocks.
Vertical loads are transmitted by compression whitgizontal loads are transmitted by
friction. Only a low-modulus silicone seal was alktd between the glass blocks and the
flanges of the steel ring in order to protect tlas@®mer pads from rain water and pollution.

5.1.2 Bonding

The special characteristics of the glue requirednitonument to be built inside a tent which
protected the construction site from the radiabbthe sun, rain water and pollution. In the
tent, both temperature and humidity were controlléteating equipment permitted to work
within the glue's temperature limits even in thé&est nights of January, while works were
interrupted when humidity surpassed the limits neecended by the glue's manufacturer.

The average thickness of the adhesive layer is 2mhi¢ch permits a good structural
performance of the adhesive while absorbing theraoices of the moulded glass blocks. The
correct spacing was guaranteed by sticking eighdllstransparent polyurethane spacers at
specific locations under each glass block.

Fig. 5 - Distribution of adhesive on the glass blds



According the structural design, a maximum bondinga of 2 x 15.000 mfrper block was
required in some areas of the wall. This meant, timathese areas, almost all the contact
surface between blocks had to be filled with gluglevat the same time overflow had to be
minimised as glue was difficult to clean even befouring.

Therefore, several tests were carried out in otdetetermine the dose of adhesive and the
best distribution of the glue. Finally, a distrilmn of twelve heaps of glue per block with two
different diameters was chosen, which permittechioimise both overflow and air bubbles
when the glue was splashed by the weight of thé glass block. Some aluminium templates
were fabricated to help positioning and sizing tihee heaps. The dose of adhesive was
controlled by weighing the glue cartridge beford after bonding each block.

The surface preparation consisted in a simple olganof the two surfaces to be bonded with
isopropanol. No primer was required.

According to tests, curing was guaranteed with dutds of exposition to UVA radiation with
a wavelength of 326880 nm and an intensity between 15 and 30 m\&/cfihe intensity of
all lamps was checked twice a day and light bulbseweplaced when necessary.

Fig. 6 - Glass wall during construction

5.1.3 Logistics and personnel

The limited space at the construction site requihedglass blocks to be stored in a separate
warehouse near the site. Every few days some glaksts were transported to the site,
where they were stored in a small stock area ceitbiel tent. Then, glass pallets were entered
into the tent, in which 100% of the blocks wereually inspected and transferred to an
intermediate stock area.

All bonding tasks were carried out from a workirlgtfprm on top of a scaffolding situated
inside the monument. This scaffolding was supgobte the meditation room floor slab and
was laterally restrained by the glass wall. Thekivg platform was lifted as the construction
of the glass wall progressed, so the scaffolding a@tinuously being extended. The free-



form perimeter of the glass wall required to farecsome customised aluminium platforms
to avoid any open gaps in the platform, while ttesg wall was used as a balustrade.

From the intermediate stock area the glass bloeke wistributed in small pallets which were
lifted up to the working platform on top of the @nbal scaffolding by means of an overhead
travelling crane. There, the blocks were distiéoubn top of the previous row after sticking
the polyurethane spacers on their lower surface.

Once the distribution tasks had finished, bondiagted. One by one, the 15.100 blocks were
(1) removed from their position, (2) the bondingfaces were cleaned, (3) the glue was
applied on the top surface of the last row, (4)kloek to be bonded was carefully situated in
position, thus splashing the glue, (5) any smadirbow was cleaned, (6) the spacing between
blocks was adjusted and (7) the bonded connectasWy-radiated for 4 minutes.

The bonding was carried out by eight specialisisddd in four groups of two people. Every
group was assigned to one quadrant in order tonmsei interferences. There was also a
supervisor and two people in charge of supplies.

Two ten-hour shifts were established, with elevamkers per shift. An average of 5BD0
blocks per day were bonded, six days per week.ryBbeee days, the working platform was
lifted. All displacements of the platform were mad out by specialists during the time
between two shifts.

Fig. 7 - Sealing the glass wall

5.1.4 External sealing

Both horizontal and vertical joints between glasscks were sealed in order to guarantee
water-tightness and to protect the adhesive from dbverse effects of weathering and

pollution. An ultra-transparent acid silicone wadmsen for its aesthetical appearance and its
compatibility with the adhesive.



The sealing was carried out in parallel with thestauction of the wall. A total joint length
of approximately 5.000 m was sealed.

5.2 Fabrication and installation of the glass roof

The fabrication of the glass girders started wité production of the four-leaf and two-leaf

laminates in Austria and their transport to Belldpafacilities in the north-east of Spain.

There, the beams were assembled in horizontalipogih wooden templates. The stainless
steel pins were installed in position and a two-ponent resin was injected in the gap
between the pins and the glass so that loads wepey transmitted to all glass lites.

Once the resin was cured, the girders were resigiaough to be lifted by a crane and
inserted in vertical position into wooden suppdhat would be later used as protection for
transport. In the framework, the spaces betweercéntral four-leaf laminates and the lateral
two-leaf laminates were filled with a transpareolypster resin.

After three days of curing, the girders were cornghecleaned and the a stainless steel T-
shaped profile was fixed onto the top surface ef girders by means of a two-component
structural silicone.

Fig. 8 - Fabrication of the glass girders

The finished girders were transported to the gii# iastalled on top of the glass wall. The
overhead travelling crane and the tent's roof heghlpreviously dismantled to facilitate the
operation. An accurate positioning of the girdees required due to the tight tolerances of
the roof panels and their supports. Once in posithe space between the glass girders and
their stainless steel supports was filled with @-t@mponent resin to guarantee an even
transmission of loads between the supports antbthreglass lites.

The roof panes were simply installed on the gird&esnless steel T-shaped profiles, and the
space between their webs and the edges of thegtas$ panes was filled with structural

silicone in order to obtain a stiff top plate stiwe that is able to transfer the bracing
membrane forces. A 100 mm x 10 mm structural silec seal was also installed along the
perimeter of the monument, between the top suidatee glass wall and the roof panes.

The depth of the seals required to use a two-coegostructural silicone, which was the
only connection between the roof panes and thetsielin order to prevent uplift.



A solar protection foil was installed on the int&rrsurface of the roof panes prior to
installation in order to reduce climatic loads.

Fig. 9 - Glass girder on site

6.- The inner bubble and the meditation room

A pressure stabilized ETFE foil (t = 150n) constitutes the monument's inner structure.
Expressions of condolence in many different langsagvhich were written down on sheets
of paper in the Atocha Railway Station after theraest attacks, are printed on the
amorphous form of the 186 m? large surface. Fonalirig resulted in an unusual form for a
pneumatic structure, with concave and convex ar@dee foil's geometry was developed in
accordance with the stabilizing pressure so thatethvould not be any wrinkles due to the

different biaxial stresses.

Fig. 10 - Meditation room



The determination of the patterning of the foil megts takes into account the spiralling of
the condolence messages, so that these could th@veathe seams without interfering with
their legibility.

Compressed air blowers produce the necessary peedsierence of 100 Pa. An air-gate at
the entrance of the 500°rmeditation room reduces the pressure loss thrairgeakage.

Because of the high transparency of the ETFE lighting in the cobalt blue-coloured public
room is provided by sunlight. The visitor viewsedlection of light and forms between the
semi-transparent glass structure and the amorgdbdus

Fig. 11 - Interior view of the monument

With the interior illumination at night, the glassonument appears to be a twinkling crystal
of light: the twinkling elements are the 15.10htigransferring glass blocks that also allow to
see the free-form outline of the pressure staldlEZ€FE foil.

Fig. 12 - Monument at night
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