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Abstract: The M30x2-S is an overhead, double span, Movable Scaffolding System (MSS) equipped with Organic Prestressing System (OPS), an actively controlled prestressing system used to improve structural performance, deformation control and structural monitoring. This MSS was firstly used in Brazil, in a multi-span (30 m) prestressed concrete viaduct integrated in the East sector of São Paulo peripherical highway (Rodoanel). The viaduct geometry varies significantly along its length, especially in terms of longitudinal slope, transversal slope and curvature. These variations in the viaduct geometry were reflected on the conception and design of the M30x2-S. A hinge was included to allow rotation in the horizontal plan, so the simultaneous casting of two spans could be done in high curvature sections, maintaining the efficiency (viaduct deck meters per day) in those segments. The MSS mobility was also enhanced with the incorporation of hydraulic cylinders with high capacity and amplitude. Moreover, site logistic issues limited the MSS height. Comprising these features, the M30x2-S turned out to be a very versatile MSS, prepared to perform casting operations for a wide range of bridge deck geometry and site conditions. This paper presents the steps taken in the design of the M30x2-S, in order to fulfill the structural, kinematic and efficiency requirements specified by the viaduct design and construction teams. Firstly, aspects regarding structural conception are addressed, followed by a detailed description of the MSS components (main girder, transversal structures and supports). Then, manufacturing issues are reported, particularly concerning work coordination, quality control and transportation. Finally, the assembly and operation phases of M30x2-S are described.
1 Introduction

The M30X2-S is an overhead double span Movable Scaffolding System (MSS) designed by BERD©. The equipment includes an Organic Prestressing System (OPS) and was firstly operated in São Paulo, Brazil. This paper presents all steps taken in the design of the machine: 1 – conception phase, 2 – detail design phase of the metallic structure, 3 – manufacturing supervision, and 4 – kinematic feasibility experimental tests.

In the conception phase, interaction with the viaduct designers and the construction company was essential for the definition of the main features of the M30X2-S in order to meet the necessary requirements in terms of structural behavior, kinematic performance and operation efficiency. In the following section, the structural concept of the machine and its development is discussed.
2 Structural conception

An MSS is conceived primarily to allow the execution of a bridge deck in the most secure and efficient way. The fulfillment of this objective presupposes the integration of multiple factors not contemplated in the current metallic structural design such as building or bridges. The main differentiation factors compared to the current metallic structures are, in practice, the following: an MSS is a machine that incorporates different mechanisms, is subjected to kinematic actions, has several electrical and hydraulic equipment, and is exposed to operation mistakes. These factors should be accounted for on the structural analysis. Given the lack of specific standards to this type of structure, overall design should be governed by wide-range normative documents such as the Machine Directive and it is strongly recommended to implement a risk analysis-based approach from early stages of design. Additionally, for a certain machine is associated a performance requirement, so that is not sufficient to assure structural safety; it is also necessary to respond positively to productivity requirements. In the specific case of the M30X2-S, the main challenges are highlighted in the following aspects:

· Complex track layout that results in high kinematic requirements and the introduction of different degrees of freedom in the machine;

· The detail design of the bridge was carried out simultaneously with the design of the equipment;

· Demanding working cycle – 60 m of bridge deck in 7 calendar days – in order to not compromise the overall duration of the work;

· Strong overlap between manufacturing and detail design phases, as well as limited manufacturing time of the metallic structure;

· Manufacturing of the equipment in Portugal and operation in Brazil.

The transversal section of the bridge comprises two parallel decks, built by two scaffolding systems simultaneously. The most common span has 30 m of length, measured between pier axes, and approximately 16 m of width. For the transversal section it was adopted a π (PI) solution with longitudinal prestress and slab thickness varying between 0.20 and 0.40 m. The beam webs have about 2.65 m high. 
The bridge construction procedure envisages simultaneous casting in a 60 m extension, divided in segments of 24, 30 and 6 m (4/5 L + L + 1/5 L), as is represented in Figure 1. The simultaneous casting of 2 segments allows an increase in productivity and the machine operating safety, arising from the reduction of the number of lunching operations and formwork setting.
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Figure 1: M30X2-S Elevation
The deck is built with straight beams between the piers, with the curvature accounted for by variation of the extent of the superior slab cantilevers. Besides the tracing and structure of the viaducts, there were other factors related with implantation that had a striking impact in the M30X2-S conception. Namely, the limitation in the maximum height of the equipment, in order to avoid dismantling overhead electrical supply lines, and the limitation due to the clear height below the deck in order to minimize or avoid excavation needs. The functional features of the machine are presented on Table 1.
Table 1: General features of the M30X2-S
	Characteristic
	Value / Classification/Description

	Deck average weight
	19 ton/m

	Longitudinal slope range
	[-2.3%; 2.3%]

	Transversal slope range
	[-6%; 6%]

	Allowable wind speed in launching stage
	40 km/h

	Allowable wind speed in “concreting” stage
	40 km/h

	Design wind speed
	140 km/h

	Minimum plan radius (viaduct)
	745 m

	Minimum concave elevation radius (viaduct)
	6300 m

	Minimum convex elevation radius (viaduct)
	9300 m

	Locomotion equipment*
	4 hydraulic winches

	MSS main girder maximum deformation in “concreting” stage
	15 mm

	Total weight of steel structure*
	480 ton

	Travelling weight of MSS (including formwork and prefabricated steel reinforcement) *
	600 ton


*Values for 1 unit
The structural analysis and safety verification of the M30X2-S was based on partial and global calculation models that covered several operation scenarios of the equipment. The developed calculation models contemplate the actions and main design scenarios and simulate the geometry variations experienced by the structure throughout the operation (Carvalho, D. 2013).
3 Description of the M30X2-S
The M30X2-S equipment comprises 3 main components: Main Girder, Supports (Pier Frames and Bogies) and Transversal Structures. Figure 2 presents a 3D view of the full equipment. In turn, Figure 3 presents the equipment at the bridge site.
[image: image4.jpg]



Figure 2: 3D view of the equipment (BIM Model)
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Figure 3: M30X2-S at the bridge site

3.1 Main Girder
The main girder of the M30X2-S is a trussed metallic structure that has a tower in the central support alignment. The metallic structure of the main girder is strengthened with OPS (Organic Prestressing System). The OPS is formed by cables connecting the main girders to the tower. The cables are composed of several single strands, whose installed prestress force depends on the external concrete weight load. The variation of the cables prestress force occurs automatically, through the incorporation of systems aiming to monitor, control and act on the structure (Pacheco, P. 1999).
The road alignment considered in the equipment design comprises small curvature radius. For that reason, the feasibility of the simultaneous casting of two segments implied the materialization of a hinge to allow rotation in the horizontal plane. Figure 4 presents the main girder with a detail of the vertical axis hinge.
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Figure 4: Main girder perspective with vertical axis hinge detail (BIM Model)

3.2 Transversal Structures
The Transversal Structures (TS) comprise 3 sets of substructures: Wings, Hangers and Inferior Modules. Wings are fixed structures, laterally cantilevered from the Main Girder, providing enough clearance from the deck cross section. The Inferior Modules are the inferior structural parts of M30X2-S and provide direct support to the deck formwork.

Hangers provide connection between the Wings and the Inferior Modules. As an additional feature, the Hangers incorporate hydraulics cylinders, whose action enables the join rotation of Hangers, Inferior Modules and Formwork. The opening rotation is necessary to provide clearance, enabling the launching operation of the MSS safe from collisions with the piers or adjacent deck.

The connection between the Inferior Modules and Hangers allow vertical sliding movements enabling a prompt repositioning of Formwork and adaptation to deck transversal slope variations. In Figure 5, different subcomponents of Transversal Structures can be observed.
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Figure 5: M30X2-S Transversal Structures components

The Transversal Structures present different structural configurations in deck construction stage and launching stage, as presented (Figure 6). In deck construction stage, the Inferior Modules are directly suspended from the Wings through high resistance threaded bars. Therefore, in this stage the Hangers are released from the vertical loading, acting solely to withstand external horizontal forces arising from wind loading. In launching stage – in which the MSS is transferred to the unbuilt spans – the structural configuration alters, since the Inferior Modules are now rigidly connected to the Hangers.
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Figure 6: M30X2-S Transversal Structures configurations

3.3 Supporting Structures
M30X2-S supporting structures are formed by sets of combined Bogies and Pier Frames (Figure 7). Pier Frames are set on concrete beams attached to the columns. The Bogies are interface structures that bond the Main Girders to the supporting Frames with the required degrees of freedom to enable longitudinal displacement and transversal sliding of the Main Girders on top of the supporting Frames. Each Bogie set comprises rollers for longitudinal movement and sliding plates for transversal movement. The transversal movement is required in order to enable the orientation of the Main Girders accordingly to the plan curvature.

Adaptation of Main Girder to variable longitudinal slope is achieved by connecting the Bogie Rollers to hydraulic jacks. Collinearity of Main Girder supports in launching stage is achieved by changing the jacks’ stroke – therefore minimizing hyperstatic forces induced by imposed displacements.
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Figure 7: M30X2-S supporting structures – global picture and Bogie detail (left)
In launching stage, Main Girder loads are transmitted to Pier Frames by the Bogies. On the other hand, in concrete pouring stage the Main Girder is supported in 3 different alignments. In the extreme alignments, the Bogies keep forming the load path between Main Girder and Pier Frames - the Girder is actually set on rollers. But in the central alignment, the load is transmitted to the Pier Frames by high tonnage hydraulic jacks that directly connect the Main Girder Tower to the frame.
4 Fabrication features

4.1 Coordination
One of the most demanding challenges concerning M30X2-S production was the overlap between viaducts design, MSS design and MSS production stage. All stages have been carried out simultaneously. Uncertainties inherent to the simultaneous development of viaduct and MSS design were dealt with by incorporating a strong sense of versatility in to the MSS concept and by establishing the main interfaces in a preliminary stage of design, such as anchorages required by MSS supports or construction joints location. On the other hand, the design schedule was drawn with the purpose of optimizing the manufacture production schedule which included, besides strictly manufacturing tasks, an almost integral preassembly of the MSS structure and performance of real scale kinematic tests which are space consuming tasks and therefore largely affect the schedules. 

The structure was integrally modelled in BIM software by the design team, enabling the direct access to workshop drawings by the manufacturer without the need to remodel the structure, therefore closing the gap between design and production beginning and minimizing interpretation and misinformation errors. Overall overview of design and production schedule for MSS1 is presented in Figure 8. Some pictures of steelwork production are presented in Figure 9.
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Figure 8: Design and production schedule for MSS 1
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Figure 9: Steelwork fabrication – tower (left), ensuring full contact (middle) and preassembly (right)
4.2 Quality Control

Besides requirements common to ordinary steel structures – normally covered by technical specifications and Inspection and Test Plans (ITP) – geometric and functionality control assume a vital importance in manufacturing stage. The measures defined in the ITP were complemented with an exhaustive preassembly plan and with integrated tests combining both steel and hydraulic components (Coelho, H. 2013). The critical kinematic features were checked in full-scale motion tests (see Figure 10).
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Figure 10: Transversal structures rotation test (in factory)

Besides ensuring an adequate integration of the different components, the kinematic tests allowed to check the equipment functionality, which is a key factor for the future productivity and versality during the operation stage (construction). Complementarily, in the case of hydraulic components with strong structural demand and which are actually structural components in a given moment, the structural behaviour is usually not fully covered by design. In those cases, integrated tests were performed with the purpose of evaluating the combined structural behaviour and actual load capacity (see Figure 11).
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Figure 11: Shear and bending tests applied to elevation jacks integrated in Bogie structure
5 Operation Stage

5.1 Assembly
Correct and proper assembly is crucial to ensure that the equipment will finally behave according to the predictions of design stage. The assembly plan includes drawings, procedures and checklists covering all type of components such as steel structure, hydraulics, electrics or OPS with the relevant data to ensure an adequate assembly. Complementarily, throughout the assembly process, a set of inspections, tine tuning and commissioning tests are carried out to validate the assembly. Figure 12 presents M30X2-S during assembly on site.
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Figure 12: M30X2-S assembly on site
5.2 Construction
The ultimate test for an MSS performance (or other construction process) is actually during construction. In this stage, the MSS is put to the test not just in terms of functionally but mainly in terms of productivity. In this stage, the relevant information from design is transmitted to the operation crew essentially under the form of the following technical documentation:

· Operations Manual (Soares, I. et al 2013);

· Operational Check-Lists (Moreiras, D. et al 2013);

· Risk Analysis and Safety Plan (Soares, 2013).

Nonetheless the existence of the above-mentioned documentation, it is crucial that the first operation cycles are surveyed by the design team, who will supervise and train the operation crew, ensuring that all procedures are assimilated. It is now crucial to assign the job to an experimented operation crew, familiarized with the construction procedure. This is usually a key factor for productivity and safety during construction. The M30X2-S operation sequence for a typical span may be synthetically resumed by the following steps:

· Concrete Pouring

· Deck Prestressing;

· MSS lowering and formwork demoulding;

· Transversal structures opening by rotation (Figure 13);

· Main girder plan adjustment (rotation) for longitudinal movement (Main Girders are straight during launching);

· Longitudinal movement towards the next concrete pouring position (spans to be built – see Figure 14);

· Main girder plan rotation for fast adjustment to the new spans to be built – main girder assumes a bi-linear plan configuration adapting to plan curvature;

· Transversal structures closure and positioning;

· Formwork fine-tuning;

· Steel reinforcement, ducts and prestressing cables placement;

· Concrete pouring (new span).

In launching stage, the MSS adaptation to plan and elevation variable curvature is performed in an intermediary stage, while the main girder rests on 2 support alignments, to avoid introduction of harmful hyperstatic forces. One noteworthy particularity of M30X2-S is the ability to transport and position full segments of prefabricated deck web steel reinforcement cages (both ordinary and prestressing). This feature has direct influence in production rentability since steel reinforcement placement is a critical task.
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Figure 13: Transversal structures rotational opening movement – site picture 
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Figure 14: M30X2-S in launching stage 

6 CONCLUSIONS
M30x2-S was actually a successful example, in which the efforts put in design, planning and quality control were worthwhile and shown results during construction. This paper aims to provide a synthetic overview of an innovative construction process, attentive on how to deal with uncertainty, reaching compatibility between tight schedules, innovation, and quality assurance. During construction, M30X2-S achieved 6 calendar day working cycle (60 m of viaduct produced in 6 days) which actually exceeded the machine program demand.
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