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Abstract 
 
“Museum of Tomorrow” is a science and art museum built in a metal structure in Rio de 
Janeiro inaugurated on December 17, 2015. It was part of the revitalization works of the 
city's port region and became one of the tourist and cultural icons of Rio de Janeiro, as 
well as being one of the main architectural symbols of the 2016 Olympics. Its 
architecture is bold and modern and was designed by the Spanish architect Santiago 
Calatrava. This cover is a monumental metallic structure that consists of two cantilevers 
sides of 70 m and 65 m respectively, being one of the great challenges of engineering in 
its structural design and execution. To build the metal structure, its cantilevers structure 
required the application of telescopic struts and crane that supported the structure during 
the assembly and welding works of structure, enabling its construction attending to 
design theoretical levels. Starting the strut removal process, first is applied measured 
relief of the hydraulic jacks on the tops of each strut tower and the overhead crane, so as 
to allow the cantilever structure to acquire its original design state in a balanced and 
controlled manner, without occurring its rupture or permanent deformations. In order to 
ensure that all procedures are controlled with quality and safety, in addition to the load 
and pressure sensors installed in the hydraulic jacks and the crane, deformation sensors 
were installed at specific points on the metal structure in order to monitor the 
mechanical stresses in the main beams while the hydraulic jacks are relieved. In this 
way, with the theoretical values calculated and obtained in numerical simulations, it was 
possible to control all the strut removal procedures, through the mechanical stresses 
acting on the structure, providing greater reliability and safety in the process besides 
evaluating the performance of the building newly assembled for a short period of time 
after it. This work has the purpose of demonstrating that an instrumentation combined 
with a good executive project, allows to guarantee the executive quality of the works 
and the structural safety of the building process. 
 
 
1.  Introduction 
 
Part of the revitalization works in the port area of Rio de Janeiro and the Porto 
“Maravilha” complex, Brazil's largest intercropped urban operation, the “Amanhã” 
Museum (Museum of tomorrow) is a 15,000 m² area science and arts museum, 
inaugurated on 17 December, 2015, which became one of the tourist and cultural icons 
of Rio de Janeiro, besides being one of the main architectural symbols of the Olympic 
Games of 2016. [1] 
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Its architecture is bold and modern and was designed by the Spanish architect Santiago 
Calatrava. Its is curious cover, which is look like or resembles something of nature as a 
backbone, consists of a monumental long-form metal structure, formed by a main web 
of stiffened steel tubular profiles and a large, self-stable space truss covered by plates of 
steel with high mechanical resistance. The structure also has several fixed and 
articulated side profiles that, in an innovative way, make up a system of photovoltaic 
energy efficiency. [1] 
 
Designed by Eng. Flávio D'Alambert and built by Martifer, the metallic structure of the 
roof provides a weight of 3810 t of steel, is supported in a monolithic concrete structure 
and still impresses with its instigating cantilever structure of 70 m on the facade frontal, 
denominated at the time of the work as "land side", and 65 m on the rear facade, the 
cantilever structure "sea side".  
 
These imposing cantilever sheets, at the time of their construction, were the largest in 
Brazil and one of the great challenges of Brazilian engineering in its structural design 
and execution. Figure 01 shows a panoramic view by own authorship, on 05/04/2015, of 
“Mauá” Square, main access of the Museum and where part of the construction site was 
located. [1] 

 
Figura 01: Panoramic view of the Museum of Tomorrow in “Mauá” Square 

 
For the assembly of the metal structure and its cantilever side, it was necessary the 
application of telescopic and crane struts that supported the structure during the 
assembly and welding works of the profiles and plates of the metallic cover, thus 
enabling its construction in compliance with the levels and theoretical design quotas. 
 
After the assembly was finished, the dismemberment was started with monitoring by 
“Falcão Bauer”, that is, the auxiliary structures and struts used in the assembly was 
removed. 
 
In order to ensure that the entire procedure was controlled with quality and safety, in 
addition to the load and pressure sensors mounted on the hydraulic jacks and the crane, 
deformation sensors were installed at specific points of the metal structure, in order to 
monitor the mechanical stresses acting on the beams throughout the process of struts 
disassembly. 
 
Thus, with the theoretical values calculated and obtained in numerical simulations, it 
was possible to control the whole procedure, providing greater reliability and safety in 
the process, besides evaluating the performance of the newly erected building for a 
period of time after its assembly structure. 
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2.  Theoretical foundation 
 
2.1 Disruption process 
 
The term decoupling refers to the act of removing the formwork used in the construction 
or assembly of a structure, in other words, it is the removal of the forms of shoring or 
struts for reinforced concrete or metal structure.[2] Large structures or large spans are 
created at its birth,  when a struts dismemberment happen, which varies according to the 
typology of the structure. The struts can be adjustable tubular or tubular tower, with or 
without vertical clamps, in conjunction with table-type shapes, fan-shaped tubular 
trusses, specific for metal arches, self-launching, telescopic, among other constructive 
methods. [2] 
 
The struts dismemberment process is the inverse of the falsework, and must be 
performed with a previously established and very well controlled sequence: it must only 
occur after the structure can withstand all the active loads, using appropriate equipment 
and tools, must avoid sudden or impact movements and be withdrawn completely. For 
this, it is very important to apply structural monitoring techniques and the process as a 
whole, and also rigorously implement the entire security system of the operation and in 
the team involved. [2] 
 
In the process of dismantling struts of cantilever structure of the Museum of Tomorrow, 
a measured relief was applied in the hydraulic jacks in the tops of each strut tower, in 
order to allow the structure to acquire its original design state in a controlled manner, 
without failure or permanent deformation. Its falsework occurred through the use of 
telescopic struts. Figure 02 shows a top view of the Museum's coverage and the 
positioning of the anchor lines of the sea side and land side structure. These are called 
G-4 and G-5 on the land side and G + 4, G +5 and G + 6 on the sea side. In Figure 03, 
photos of the alignments of the G-4 and G-5 struts are presented. 
 

 
Figura 02: Numeration of the reference nodes and location of struts 

 
Figura 03: Schemes with numbering towers shoring referring to the Land side, alignment G-5 

and G-4. 

Sea side Land side 
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With the process of strut assembly, the inverse operation was executed in two stages, 
one step in each cantilever part, land side and sea side. The figures 04 to 09, shows 
images of the time of the construction of the cantilever structure, with moments like the 
falsework process, assembly metallic cover and struts relief. 
 

  
Figura 04: View of the land side structure being 
assembled with part structure still on the ground and 
part of the falsework assembled - Date: 01/10/15. 

Figura 05: View of the land side cover. Tip of the 
roof already hoisted and in the process of welding; 
all struts assembled - Date: 02/14/15. 

  
Figura 06: View part of the structure of the 
Museum of the Tomorrow on the land side, at the 
moment of struts relief - Date: 02/20/15. 

Figura 07: View after removal of the all struts. 
Coverage in final phase of assembly - Date: 
04/05/15. 

  
Figura 08: View of the sea side cantilever 
structure, still in the assembly phase - note the 
mounting of some struts - Date: 10/01/15. 

Figura 09: View of the sea side cover of the 
Museum of Tomorrow, during the struts relief step - 
note the active struts - Date: 04/09/15. 
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2.2 Strain Gage 
 
The monitoring of the deformations and tensions during the disruption was done 
through the technique of strain gages. That is a transducer capable of measuring 
mechanical deformations through the electrical voltage drop as a function of the 
mechanical stimulus to be measured (deformation), which alters the electrical resistance 
of the sensor. [3] [4] The main objective of measuring the mechanical deformations of a 
structural element is the evaluation of the mechanical stresses, which will indicate the 
deformation due to the stresses that are acting on the structural parts. The measurement 
of this mechanical tension is not simple under heavy duty and heavy industry. Some 
techniques are under development, based on X-rays, laser optics and others, however 
the strain gages is still the most commonly used. [3] [4] 
 
Strain gages is considered a practical and conventional method for the determination of 
mechanical stresses in materials. It is based on Hooke's law, which determined the 
relationship between the tension supported by the material and the resulting deformation 
on the surface of the object. Since the late nineteenth century, scholars have been 
developing techniques to measure such deformation. In the first half of the twentieth 
century, using Charles Wheastone's theory of the bridge circuit of 1843, which relates 
the variation of electrical resistance to a mechanical stimulus, the electronic strain 
gauges with a bonded grid were invented by Arthur Claude Ruge. [3] [4] [5] 
 
This model approaches those used today and has a grid composed of a single wire of 
Constantan that runs through several parallel axes between two terminals. The grid is 
glued to the surface to be measured and, when it deforms, the grid accompanies the 
deformation and, consequently, the electrical resistance of the wire changes, generating 
voltage variation and making it possible to transform this variation into units of 
measurements. [3] [4] In Figures 10 and 11, the bridges of Wheastone - ¼ of bridge and 
complete bridge, respectively -, are used to connect the strain gages. Figure 12 shows a 
uniaxial strain gages and, in figure 13, the triangular rosette (0 °, 45 ° and 90 °), which 
captures the deformation in the three axes. 

  
Figure 10: Wheatstone Bridge - ¼ bridge Figure 11: Wheatstone Bridge - complete 

bridge 

  
Figure 12: Uniaxial extensometer Figure 13: Triangular rosette 0 °, 45 ° and 90 

° HBM 
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2.3 Instrumentation plan 
 
In the Metallic cover of the Museum of Tomorrow, 08 (eight) specific points were 
instrumented by the “Falcão Bauer”, 04 (four) in the upper and 04 (four) in the lower 
batches in each cantilever structure, totaling 16 strain gage points throughout the 
metallic cover. Figure 14 shows the location and the naming of the instrumentation 
points in each structure side suggested by “Martifer”. The red points indicates the 
location of the sensor on the top flange, in the middle of the top plate of the profile. The 
green point indicates the location of the strain gauge in the middle of the bottom plate of 
the bottom flange of the frame. Figures 15 and 16 shows the specific locations of 
measurement points in the metal profiles. 

 
Figura 14: Instrumentation points along the metal structure performed by “Falcão Bauer” 

technical team 

  
Figura 15: Instrumentation points in the 

upper profile at the center of the plate 
superior 

Figura 16: Instrumentation points in the lower 
profile, to the center of the lower plate 
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3. Materials and methods 
 
3.1 Equipment 
 
The measurement system used in the activities approved and evaluated by the “Falcão 
Bauer” technical team is composed of a data acquisition unit produced by Lynx 
Technologies (model ADS-2000-IP), equipped with signal conditioning board type 
AI2161-VB of 32 channels and specialized software. The software used to acquire the 
signals and to process the data were AqDados (version 7.2) and AqDAnalysis, 
respectively. 
 
3.2 Sensors 
 
10 mm strain gages, manufactured by Excel Sensors model PA-06-250BA-120L, were 
used. These sensors have the following technical characteristics: 
 
• Constantan metal film based on polyamide; 
• Self-compensating for temperature; 
• Rated resistance: 120 Ω; 
• Gage factor: 2.1 
• Dimensions of the grid (bellows): (6.5 x 3.05) mm. 
 
These transducers were installed following the measurement procedure described in the 
following item. 
 
3.3 Procedure 
 
The works defined in conjunction with “Falcão Bauer” team of engineers were divided 
into the following executive stages: 
 
a)  Inspection and analysis of previously installed strain gauges; 
b)  Connection of the strain gauges to the measurement cables; 
c)  Connection of the cables of the strain gauges to the data acquisition system; 
d)  Communication between data acquisition system and Control software; 
e)  Beginning of data acquisition; 
f)  Monitoring during the period of execution of the procedure of strut removal; 
g) Monitoring during the period of 6 h after the end of structure work. 
 
The analysis of the measured stresses was based on the Hooke's Law, expressed 
according to equation 01, which relates the tension σ generated in the material with the 
resulting deformation ε, through a multiplicative factor E - of the modulus of elasticity 
of the material. 

   (1) 
The elastic modulus used for the steel is 210 GPa. The deformations were collected in 
08 (eight) points instrumented with electronic extensometers during 13 h for the land 
side cantilever structure and at 08 (eight) points on the sea side for 15 h, using an 
acquisition rate of 60 Hz. Such information was treated in specific software for the 
correct signal corrections.  
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Once the data have been treated, the graphs of specific deformation are generated over 
time for global visualization of the deformations that occurred during the monitoring. 
After applying the Hooke's Law, the mechanical stress graphs in (MPa) x time in (h) are 
generated. Negative values indicate compressive stresses and positive values indicate 
tensile stresses. 
 
3.4 Criterion for analysis 
 
The data obtained by “Falcão Bauer” in real time were monitored by the designer and 
the manufacturer for possible decision making in the work for each phase of the strut 
removal. Figure 17 shows the numerical model, by finite elements, provided by the 
designer engineer, which gave rise to the surface mechanical stresses to control the strut 
dismemberment. These tensions were denominated as predicted value stress and used as 
the maximum point of attention during the process. If the obtained tensions reached 
these values, the procedure would be evaluated by the engineering to give continuity or 
not to the operation. 

 
Figura 17: View of the numerical model, by finite elements, used to obtain the predicted 

mechanical stress control and monitored by Falcão Bauer team 
 
4. Data obtained and discussion of results 
 
Table 01 shows the predicted tensions calculated in the numerical model for the land 
and sea side and the tensions obtained after 6 h from the end of the dismemberment for 
both cantilever structure. 
 
Table 01: Predicted and obtained tensions in Bauer Falcon instrumentation after 6 h of 

the end of dismemberment 
Sea Side Land Side 

POINT PROFILE 
PREVIOUS 

STRESS 
(MPa) 

TENSION 
MEASUREMENT 

(MPa) 
POINT PROFILE 

PREVIOUS 
STRESS 

(MPa) 

TENSION 
MEASUREMENT 

(MPa) 

E1 BI2 -110,04 -46,37	 E1 BI2	 -175,76	 -73,83	

E2 BI2 -110,04 -28,91	 E2 BI2	 -175,76	 -73,02	

E3 BS4 102,56 38,80	 E3 BS4	 203,25	 48,40	

E4 BS4 102,56 29,36	 E4 BS4	 203,25	 59,72	

E5 BI3 58,43 -9,37	 E5 BI3	 133,88	 5,08	

E6 BI3 58,43 2,87	 E6 BI3	 133,88	 9,75	

E7 BS4 28,33 -34,20	 E7 BS2	 26,91	 -1,18	

E8 BS4 28,33 -26,68	 E8 BS2	 26,91	 9,51	



 9 

Figures 18 and 19 shows the graphs of the temperature variation as a function of time 
during the monitoring in the period of 6 h after the end of the operation for the two 
structure sides. In Figure 20 and 21 are the tensions in (MPa) as a function of the time in 
the cantilever structure of the land and sea sides. 
 

  
Figura 18: Temperature – land side 

 
Figura 19: Temperature – Sea side 

  
Figura 20: Mechanical tensions - Land side Figura 21: Mechanical tensions - Sea side 

 
According to the data obtained in the procedure of the land side, it is noticed that the 
sensors followed the movements and displacements occurred in the structure. In the first 
two hours, all points oscillated.  
 
After 14 h, the values started to behave in a more stable way in their levels and, at 
approximately 16 h, there was considerable variation of values and change in the signal. 
In the post-disembodiment period, after 21 h, the values reached steady and continuous 
values.  
 
The greatest variations were concentrated at the points E1, E2, E3 and E4, which were 
confirmed by the designer engineer because they are the ones with the greatest demands 
of mechanical and compressive stresses for E1 and E2 and for E3 and E4. When 
analyzing the curves of the graph of figure 28, it can be seen that, between 14 h and 16 
h, the points E1 and E2 showed reverse signals, being the point E1 (-) and the point E2 
(+). The same happens with the points E3 and E4, being the point 03 (+) and the point 
04 (-), confirming that there was asynchronism at the beginning of the descending. 
 
After 16 h at the same time, the points E2 and E4 reversed the signal and approached 
the points E1 and E3, respectively, and then stabilized.  
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At the end of the monitored period, it was observed that the points E1 and E3, that is, 
the left side of the structure, presented higher tensions than those presented by points E2 
and E4, leading us to conclude that the left side receives more load than the right side. 
This fact was confirmed by the topography, according to the information collected by 
the designer engineer and “Porto Rio” Consortium. It was also confirmed by 
engineering that, in the post-descending period, the points E2 and E4 were not 
completely relieved, which contributed to the difference. 
 
According to the data obtained during the period of the dismemberment on the sea side, 
it is noticed that the sensors followed the movements and displacements occurred in the 
structure. In the first four hours, all points varied more and more. After 19 h, the values 
started to behave in a more stable way in their levels, when repairs were made in the 
anchors and the descending procedure was paralyzed. At approximately 10 pm, there 
was a considerable increase in values, reaching a steady level as the operation 
approached the end. 
 
Note that the largest variations were concentrated at points E1, E2, E3 and E4, which 
were confirmed by the designer engineer as being the ones with the highest demands of 
mechanical stresses. The points E1 and E2 presented predominantly negative signals, 
indicating compressive stresses, whereas the points E3 and E4 showed positive signals, 
indicating tensile stresses, confirming the behavior of the tensions predicted by the 
model. The values indicated by the sensors E1 and E2, which are symmetrical in the 
lower profiles, and by the sensors E3 and E4, also symmetrical in the upper profiles, 
were close and varied synchronously as the catinlever structure was loaded at its own 
weight. This fact proves that the relief of the pressure in the hydraulic jacks occurred in 
balanced way. 
 
Overall, all variations of mechanical stresses and their magnitudes are below the 
predicted tensions according to table 01 and, well, below the yield stress limits for 
ASTM A572 steel, which is of the order of 350 MPa. The tensions obtained stabilized at 
the level of up to 40% of the predicted stress and in their direction of deformation, 
according to the indicated structural model. 
 
3.  Conclusions 
 
According to the results obtained and analyzes carried out with a team of engineers 
from “Falcão Bauer”, it is concluded that the mechanical stresses obtained during the 
strut removal stages are of low magnitude, indicating that, during the monitored period, 
the structure worked within the regime of elasticity of steel and of the conditions 
foreseen in the project. 
 
The activity of strain gauge in this case confirms the efficiency and precision of this 
methodology for the quality control of a construction process, giving the entire 
engineering team reliability and agility in making decisions during the activities and 
contributing to the safety of the operation. 
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