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Abstract: Atlantico Pavilion, designed for the world fair EX8 in Lisbon, is a multi-purpose
hall created to receive an audience up to 16,509leelt is a remarkable structure. From the
outside it resembles a futuristic spaceship. Battlie inner timber roof structure which turnsit
one of the most emblematic buildings of its kineTPavilion has one of the largest glued lami-
nated timber (glulam) structures in the world, wathmaximum of 114 m span. This structure
supports the arched roof and it is fixed to theccete foundations by means of pinned joints.

Since 2000 the National Laboratory for Civil Enginieg is responsible for following up the glulam
structure. The monitoring includes: periodic visnapections and measurements of wood moisture
content, continuous measurements of standard emeental conditions relevant to the structure,
and the determination of horizontal and verticaptlicements by geodetic surveying methods.
Vertical displacements of one of the arches, famctf the influence of several parameters,
are modelled. The model is calibrated using data forevious measurement campaigns.

The paper describes the Pavilion glulam structacethe monitoring system and presents the re-
sults, as well as the numerical models for desgJilenvironmental conditions and vertical dis-
placements. These models fit well the historictlav@ur of the studied arch. Measured displace-
ments closely follow a pattern that can be desgritsea function of environmental conditions (tem-
perature and relative humidity) and age of thecgire, thus suggesting the strong influence ofthes
variables and the absence of materials degradatistnuctural instability phenomena so far.

1. INTRODUCTION

The Atlantico Pavilion was built to fill the need @ multipurpose arena for large scale shows,
sport events, conferences and concerts in Liskem drwas erected to accommodate several cul-
tural and leisure attractions created for ExpotB8,world fair held in Lisbon in 1998. As many
of the buildings constructed for this event, it wasant to remain after the closure of Expo’98.

The Atlantico Paviliorencloses one large volume defined by being, abitstruction, the larg-
est laminated timber structure in Europe. The iative design of this structure created the
need to closely follow its behaviour, reason fa #etting of a monitoring system. This paper
describes the studies undergone to establish desmmthematical model that describes the his-
toric behaviour of this structure. This model doesitiend, by no means, to replace a structural
model of the arch. It only intends to check if theplacements follow a pattern that can be re-
lated to a response to atmospheric conditions gad a
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2. THE ATLANTICO PAVILION GLULAM STRUCTURE

From the exterior, the Atlantico Pavilion resembdefuturistic spaceship. Some people see
the shell of a horseshoe crab. The inside of tbé stvucture of Atlantico Hall, the main hall
of this building, looks like an upturned hull ofamoden 1500’s ship, not only for its form but
also for the materials used: glued laminated tingbements and wood planks in the inner layer
of the roof. On the outside, the dome is coverdt ninc sheets, with several insulating layers.

The glued laminated timber, or glulam, is a strradttimber product in which individual wood
planks are end and face bonded together to makaighs or a curved member, where the grain
of every plank runs parallel to the main directiminthe structural element. This engineered
wood has very interesting mechanical propertiesomparison with an equal size element of
solid wood, it has a good weight/resistance reafaiis well as a good fire resistance due to the
low surface / cross section ratios normally coroesiing to large timber members. This glu-
lam structure is composed by 15 truss arches, dhog of variable geometry because of the
building's irregular form. The span of these arckhases from 52 to 114 m. Each arch is fixed
to the concrete foundations by means of pinedgqitdced in the deambulatory, the area that
surrounds the Atlantico Hall. The glulam is madeNofway spruceRicea abiesand type |
adhesive (glue suitable for indoor and outdoor rmnents), and it was surface treated with
a preservative product to provide a suitable fudgi@nd insecticide protection.

This structure, one of the biggest timber strucguneEurope — it was awarded the first prize
by a jury voting on four criteria: fire resistan@sgological features, acoustics, and length of
span - was one of the first designed in accordanttethe ENV 1995:199%urocode 5: De-
sign of timber structureswvhich sets the requirements for mechanical r@st&t, serviceabil-
ity, durability and fire resistance of timber stiwes.

Fig. 1 — The Atlantico Pavilion

Fig. 2 — The roafusture of Atlantico Hall
!‘ ,,;;. R ‘“m ‘ :

Fig. 3 — The feet of the arches as seen ig. 4 — The erection of the glu-
in the deambulatory. lam structure
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3. MONITORING ATLANTICO PAVILION

The National Laboratory for Civil Engineering (LNE@as consulter of the Pavilion owner,
during the phases of design, construction andngetif the glulam structuréater it was also
contracted to follow up this structure for safetal@ation purposes (Cruz, 2007). The struc-
ture monitoring includes: periodic visual inspensaand moisture content of the timber, con-
tinuous measurements of environment variables aeleto the structure and the determina-
tion of horizontal and vertical displacements bydgtic surveying methods.

3.1. The environment inside de Pavilion

The atmospheric conditions inside the Pavilion delpen several factors: i) the outside at-
mospheric conditions; ii) the inside activities €ats); iii) the blackout blindsup or down) on
the roof windows; iv) the air-conditioning systean(r off). Inside the Pavilion, the tempera-
ture and relative humidity of the air are recordaery 30 minutes, in eight points of the
structure, using long term relative humidity anchperature data loggers (Fig. 7). The loca-
tion of these points is presented in Figure 12.

About one kilometre distance, in Cabeco das Rdadeg, there is an automatic meteorological
station that records temperature, air humidity,dwielocity, wind direction and precipitation. Al-
though not being so near the river Tagus (theiBavg 150m away; Cabeco das Rolas is 500m) the
meteorological conditions are not much differemtrfrone another. The data is recorded every hour.

-, |
\

Fig. 8 -Cabeco das Rolameteoro-
logical station

Fig. 7 - Data Logger
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Fig. 9 — Average temperature and humidity inside @mside the Pavilion

Usually, inside temperatures and humidity have éasieeme values that the outside values (see
Fig. 9 concerning the period from August 2006 tpt&aber 2007). It is important to stress that
the inside values presented is this paper are mehsear the roof, not at the arena level. In
average, during the winter the inside temperatiG®C higher than the outside temperature; on
the other hand, during summer, differences arelemaround 4°C higher. During this season,
the hottest periods of the warmest days are alwagker inside the Pavilion, up to 9°C. Con-
cerning the relative humidity, the air inside ttavion is usually dryer than the outside air.

Analysing the daily variations (Fig. 10), we came $leat there is a shift between the inside and
outside conditions. See for example four days igusi 2006, a period with no events inside
the Pavilion. Concerning the daily highest and Istitemperature, they are reached inside the
Pavilion two to four hours later; concerning thefidity this shift is a little bigger: four to six
hours later. During the winter this time span isrsér.

100
S
i lgo &
2
S
£
60 2
40 + r 40
9
S
g 30 T =
= & O -
g
£ 20 N
e
10 f } } }
26 27 28 29 30

date (2006 August)
\+ Temperature Outsidea- Temperature Insidee— Humidity Outside-a— Humidity Insidd

Fig. 10 — Temperature and humidity inside and detgie Pavilion (no events)
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During events, the atmospheric conditions inside FBavilion change for a few hours. The

temperature always rises, but the attendance msyddctor. Usually the temperature raises
0.5°C to 1°C, a few times 2°C, except for the niegasn music events, with large attendances
and where the arena is also occupied by the ausliérece the temperature raises 2°C to 3°C.
As an example it was chosen a twelve days peri@d@¥: from March 2Bto April 06". Ta-

ble 1 shows the name of the event and the time uheshow started; Figure 11 presents the
corresponding graphic of the temperature and huynidi

Day Name Hour (begining)
March 28, 29, 30 20:00
March 31 Disney on Ice 11:00; 16:00
April 01 11:00; 15:00; 19:00
April 04 Shakira 20:00

Table 1 — Events in the Pavilion

23

Temperature (°C)

March / April 200"

Figure 11 — Temperature inside the Pavilion. Everftsence

3.2. The Geodetic Monitoring System

The displacements of the structure are monitor&8ipoints (Fig. 12) on the arches: 21 of these
points were placed in 2001, just before the fitdepvation campaign (2001 February); the last
seven points three years latter. These points ateriaized by medium and large size Leica re-
flector tapes (Fig. 13), glued on wood supportss¢hare fixed to the east side of the selected ar-
ches. The reference frame has four points, alhertéchnical towers, which are reinforced con-
crete structures, on the east side of the hallasméhdependent from the glulam structure: two pil
lars (Fig. 14) with Kern centering devices (PN, B&J two targets for visual pointing (RN, RS).

The observables consist of horizontal angles (oragithe target reference points), zenith di-
rections, distances and meteorological data, this oear the pillars. The measurement
equipment includes a Leica theodolite T2002 (dioest measurements), a Leica tacheometer
TCA2003 (distance measurements) and a Commeter@@lBandheld unit that combines a

thermometer, a hygrometer, and a barometer).
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Fig. 13 — Reflec- Fig. 14 — Theodo-

Fig 12 — Observation scheme tor tapes lite and pillar

Since February 2001, a total of 14 campaigns wergemusually twice a year, one in winter,

the other in summer (see Fig. 16). The displacesr@st variations of coordinates) were com-
puted from the observables (variations of the lotal angles, zenith directions and spatial dis-
tances, these ones correct from the effect ofoibed meteorological conditions) using the method
of the variation of coordinates. The software uskxeloped in LNEC, also performs quality

control of the observables.

2001

2002

temperature

& humidity —

measurements

displacements
measurements O

2003

2004

2005 b

2006

2007

JAN MAR MAY JUL SEP NOV

Fig. 16 — Campaigns and periods with atmosphetia da

The study presented in this paper concerns thdagesments of a single point - the central
point of arch n.° 14, point B14. In Fig. 17 is geted a graph of the daily average of the rela-
tive humidity and temperature, recorded by the ttagger placed near point B14, as well as
the vertical displacements measured since Feb2G0Y.
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Fig. 17 — Temperature and relative humidity ofdliveand vertical displacements of B14

3.3. Modelling the Temperature, the Humidity and the Vetical Displacements

Applying Fourier analysis to the only complete yE2006) of meteorological data, led to the
conclusion that the temperature can be well moddile the conjunction of two basic func-
tions (one with an annual period, another with ilygzeriod); the humidity needs several func-
tions to be modelled (a total of 23, clearly a diggt the humidity is far more complex).

The lower chord of the arches has a big crossese¢t0.5x109.0 ch). Therefore, diurnal
variations of the atmosphere inside the Paviliamely as a consequence of events, have lit-
tle effect in these elements. For this reason tinetions used to model the temperature and
the humidity didn’t take into account daily vara@is.

From the analysis made to the year 2006, one ciallel coefficients from the analysis of
Fourier to build two functions that would relate tay of the year with: a) the temperature;
b) the humidity. But as there are records from 202008, it was decided to calculate new
functions that would take into account all the dafgistered: in 2095 days (not 2493 days be-
cause of de lack of data in some periods). Foants, the temperature inside the Pavilion
can be described using the function

T =(-2.421co6d x 271/ 365) — 3.810sirfd x 271/ 365) + 21.343)°C 1)
where the variabld stands for the day: the first of January of 180@ay 1.
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In Figure 18 shows the annual variation of tempeeatind humidity using the derived func-
tions ((1) in the case of temperature). The saraphgc shows the daily mean values of 2006.

From the many functions that is possible to baildgtablish a relation between the variables temper
ture (), humidity H), age A) and the displacemen®)(it was decided to study three functions (here
called O, D, and D). Due to the fact that the arches respond slawige atmospheric variations, the
values of T and H here used are the average dagsx The use of functions like (1) makes it fbessi
to establish results for any day, starting in tfi@flAugust 1997 (the day the roof was completed),
even in those periods where there is no atmosptaedfor instance, epochs 1, 8 as seen in figire

Di=a11T + ajp H +a3In(1/ A)+ayy (2)
D2=a21T2+ a22T+a23H2+a24H+a25ln(1/A)+a26 (3)
Dz=a3z1TH+ agyT+agzH + agqIn(1/ A)+azs 4)

A stands for the “age” of the structure. A=1 on fffeof August 1997, the day the roof was
erected.

There were established three systems of 13 eqgsatiith 4, 6 and 5 unknowns, for functions 1,
2 and 3, respectively. The three systems were dalsgng Matlab. After estimating the values
of the unknowns @,..,as &i,..,&s: 3s1,.-,&s) it IS possible to estimate the displacementsrgive
any date after 1 of August 1997 (the day the roa$ wompleted). Figure 19 shows the dis-
placements measured and the displacements commitepfunction D1, being the temperature
and the humidity computed from the functions mergabove (equation (1), in the case of the
temperature). The displacement of epoch 2001-Falseisto zero. To better see the adjustment
of this model to reality (i.e. displacements meadyrthe display of the computed displacement
in the campaign days is highlighted using a difierign (a dot). The campaign 14, made in
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February2008, will be used (see below) to tedtef difference between the predicted and the
measured values is significant.
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Fig. 19 — Measured and computed displacements

Table 2 shows the values of the displacementsmé@suredn) and the computed - as well as the
corresponding deviations. In the bottom line ofttiide are presented the estimates of the standard
deviation (SD) of the displacements. Functiond)as expected, because is the one with more coef
ficients, the equation that better fits the datat, Bs function Bhas similar results and is simpler,
since it is a linear equation, it has been chas@etform the next analysis. The third functiony-us
ally used when there is correlation between thvias, has showed worse results, fact that is not
strange as there is a weak correlation betweeretatope and humidity.

Displacements (mm)

Date m D1 dev. D2 dev. D3 dev.
2001-02-07 0.0 0.2 -0p 0.1 -0.1 1.0 -1.0
2001-07-25 -4.8 -5.4 0p -51 0.3 -5.2 0.4
2002-02-01 -4.8 -2.9 -1.p -2.7 -2.1 -4.1 -0.7
2002-07-22| -10.1 -8.9 -1p -8.2 -1.9 -8.3 -1.8
2003-09-29] -14.3 -13.38 -1p -12.7 -1.6] -13.7 -0.6
2004-02-25 -7.2 -10.1 2p -10.2 3.0] -10.6 34
2004-07-19] -14.2 -14.9 0f7 -14.3 0.1] -14.2 0.0
2005-03-07] -14.1 -12.8 -1B -12.6 -1.5] -134 -0.7
2005-07-05] -18.6 -17.7 -0p -17.7 -0.9] -17.7 -0.9
2006-02-01] -16.3 -14.2 2L -144 -1.9] -15.1 -1.2
2006-07-25] -22.1 -20.0 -2 -20.1 -2.0] -195 -2.6
2007-04-16] -17.0 -18.0 1p -16.6 -0.4] -18.7 1.7
2007-07-17] -21.8 -21.3 -0p -21.0 -0.8] -20.6 -1.2

SD 1.45 1.39 154

Table 2 — Displacements measured and computed
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The function O has the following expression:
D; =-056mm°C 1T -0.25mmH +17.77mmin(1/ A)+15072mm . (5)

In Table 2 one can see that in the campaign of -H#xthere is a large deviation of the com-
puted value in relation to the measured one (-2.yrRarforming an analysis, on that epoch,
of the adjustment involving the 21 object pointsvés seen that the “uplift” affected all the

points and that there weren’t outliers (analysisienpossible because the network is highly
redundant). So it was decided to fit a new fungtidd as seen in equation (6). The new dis-
placements are presented in Table 3.

D; =-0.48mm°C 1T -0.34mmH +1805mmin(1/ A)+15541mm . (6)

It is interesting to analyze the displacements aaegbto the last epoch (2008-Feb). One can
see that the deviation of the displacement caledl& large. But should be paid attention to

the values of temperature and relative humiditpréed: the atmosphere was hotter and dryer
than usual. These abnormal atmospheric conditiansbe in the origin of an unusual behav-

ior of the arch.

Displacements (mm) Temperature (°C Humidity (%)

Date m D4 | dev. m c | dev. m c dev.
2001-02-07 0d -0.6 0.6 16.9 55.1
2001-07-25 -44 -5.0| -0.6] 245|258 51.9 | 48.9
2002-02-01 -44 -33 1.2] 184 | 16.8 59.6 | 50.1
2002-07-22 -10.1 -85 0.7] 25.6 | 25.8 46.7 | 47.3
2003-09-29 -14.3 -13.6| -0.5| 25.7 | 23.8 495 | 534
2004-02-25 -10.8 16.1| 16.9 50.3| 51.6
2004-07-19 -14.4 -146| -1.4| 258 | 17.2 48.8 | 47.3
2005-03-07 -14.1 -134 1.0 17.6 511
2005-07-05 -18.4 -17.7 0.4] 25.1 | 25.3 476 | 50.5
2006-02-01 -16.3 -14.9 1.4| 16.3 | 16.8 47.4 | 50.2
2006-07-25 -22.1 -19.8 1.8| 28.4 | 25.8 47.0 | 49.2
2007-04-16 -17.q -18.3| -1.0f 183 | 20.1 452 | 49.1
2007-07-17 -21.4 -21.1| -0.6| 25.6 | 25.7 50.5 | 47.7

SD r 1.04
2008-02-25 (D4)| -18.3] -19.5 12 188 172 16 63.62.0 | 11.0

Table 3 — Displacements, temperature and humidéssured and computed

Adjusting the computed displacements to the medsanes has however a limited signifi-
cance, since these functions only account for enmental conditions and do not include the
effects of any variable loads, like the wind anbleasuspended equipment, which also affect
the measured displacements. In spite of the varilalds, which may explain the deviations
found, it can be seen that the environmental camditplay the major role, having a distinct
influence in the cyclic component of the measuredieal displacements. In addition to this
seasonal component, there is also a long term teich account for the creep effects in the
structure mainly due to long-term loading.

1C
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The functions used also allowed the estimatiornefdisplacements before the first campaign
(see Fig. 19). Between thé bf August of 1997 and the first campaign the mdues esti-
mated a displacement of 45mm. Although there isvag of validating the data, this value
seems realistic.

4. CONCLUSIONS

The observed seasonal displacement variation maleberibed by a sinusoidal cyclic func-
tion and the long term behaviour by a logarithrgjeet function.

The response of timber structures to the seasonalo@mental changes of the Portuguese
climate is in counter-phase with the behaviourteékand concrete structural elements: dur-
ing the hot and dry summers the structural membbrik (downwards vertical displace-
ments of the arches) and during the cold and watens they swell (upward vertical dis-
placements of the arches).

The established model is able to describe witham&lsle accuracy the vertical movement of
the arch. This indicates that the environmentatdanms (temperature and relative humidity
of the air surrounding the timber structure) and #ge of the structure (that indirectly ac-
counts for creep effects) are the most signifi¢éaators to determine the global displacement
of the arches. Other factors like wind loads arahgient loads such as cable suspended
equipment in the arches at particular occasiors, wWere not taken into account, may well
explain the deviations found between modelled a&adl displacements. It is however remark-
able the good adjustment found.

This model allows an estimation of the total displaent of the structure since its conclusion,
although this should be regarded carefully. Theeslof the curve and the good agreement
with reality so far suggests that no materialstarctural deterioration took place. At last it
should be said that a finite element model of tinecture will be developed, accounting for
the structural members and joint’'s constitutivatiehs. This structural model will allow de-
termining the component of the vertical displacets¢hat are due to permanent and variable
loads and to compare this with the results of ttesgnt descriptive “environmental” model.
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