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Summary:

This paper presents a computational strategy mardmetric modelling toolbox which aim at enhancthg design- and

production process of reinforcement in freeformvedrsurface structures. The computational stragegpmpasses the necessary steps of raising an
architectural curved surface model of a concreflding to production level in terms of reinforcemeihe Reinforcement Toolbox supports this
strategy by offering structural engineers and otirefessionals in the building industry the funotitity to create digital reinforcement models for

curved surface structures.
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1. INTRODUCTION

Recent years have witnessed the realization ofipfreiitoncrete curved
surface structures . The complex geometry of teesetures led to new
challenges in the design and construction of thefoeement, see
Figure 1.

Fig. 1: Complex curved reinforcement under consimncat the first
phase of the NSP Arnhem.

For a long time designers taking the lead in thgpes of structures
were engineer-designers-builders like Felix Candelduardo Torroja,
Antoni Gaudi and Heinz Isler. Structural behaviand constructability
formed the main input for their designs. The curtendency to favour
a more sculptural approach can lead to structutedly efficient shapes
where high amounts of irregular curvature leadgbemetry away from
the line thrust. In case of concrete curved surfanectures, shell action
is then combined with significant bending actiomieh results in large
amounts of reinforcement.

The complex geometry of the reinforcement generalhds to higher
design and production costs. In order to checldgsgn and reduce the
risks of construction errors various strategiesvéafy the quality of
reinforcement details have been adopted. The desfn the
reinforcement for the EPFL Learning Center for anse relied on
digital 3D reinforcement models in combination wttysical mock-ups
[7]. Drawbacks of this strategy are the labourrnsty and relatively
high costs involved. A cost-effective strategy fadesigning
reinforcement in curved surface structures doeyetoseem to exist.

Currently reinforcement modelling software is napable to properly
deal with NURBS curves and surfaces, which rendlees structural
engineer less effective in designing their reinfonent. It can lead to
missing out on design potential through ill-infoneéecisions, and
makes that reinforcement design for curved surfstoectures cannot
benefit from the advancements made in the fielBIbf [3].

The computational strategy presented in this pajmes at enhancing the
design and production process of reinforcement unved surface
structures. In support of this strategy ReinforcetriBoolbox has been
developed which enables structural engineers tatereligital 3D
reinforcement models for concrete curved surfacesires, an example
of such a model is shown in Figure 2.

e

Fig. 2: Example of a 3D reinforcement model of @idgl Isler shell
created using the Reinforcement Toolbox.

2. IMPROVING THE REINFORCEMENT DESIGN PROCESS

2.1

The reinforcement design process of curved surfsitactures is
characterized by close cooperation between desmgh @roduction
industries. Primary stakeholders are the structemgineer, draftsman,
contractor and the fabricator. Transfer of reinéonent information
between those stakeholders during the design mor®s on the
exchange of reinforcement documents with specifio £onventions.
This document flow, shown in Figure 3, has a clda&ection, and
contains progressively more detailed informationvimg towards the
production and placement of reinforcement on-site.

Reinfor cement Design Process
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Fig. 3. The document flow associated to the readorent design process.

Four types of reinforcement documents are diststged: reinforcement
sketches; structural drawings; placement drawingsl @&ending
schedules. Each one is specifically adapted toraqgfahe design or
production process.

The structural engineer produces a set of sketdiesed on his
calculations, which are developed into a set os#Dctural drawings by
a CAD draftsman. This internal communication looii reiterate until

the desired result is achieved. Structural drawiags passed via the
client to the contractor who subcontracts the wiorlka reinforcement
fabricator. Reinforcement detailers, who are eiteemployed by the
contractor or the fabricator, produce the bendictigedules and placing
drawings. The bend rebar are usually deliveredterby the fabricator.

2.2. 3D Reinforcement Models

Drawings involved in the current reinforcement @m®s both internal
and external, are for the largest part 2D plans elegations. The
computational strategy envisions these will evehtuze replaced with
one single 3D model which contains all the relevafdrmation. Using
3D reinforcement drawings can greatly improve tlenmunication
between stakeholders and thus improve the qudlitiata involved.

This becomes even more relevant when dealing witbmgtrically
complex structures.

Having all the relevant information in one sing2 Biodel which can be
shared between the different stakeholders througth@uentire design
process can significantly improve communications.asks for an
adaptation of the document flow, incorporating 3@vdngs, see Figure
4,

3. THE COMPUTATIONAL STRATEGY

3.1.

The reinforcement design process is governed laetimportant design
aspects:

Three Important Design Aspects

a) Geometrical control, the ability to unambiguoushpture,
manipulate and extract geometrical data from alips.

b) Structural analysis: predicting the anticipateducttrral
behaviour of concrete curved surface structures.

c) Production: the possibilities of fabricators andggrs to

bring reinforcement into shape.

These are points of attention during any regulaigte processes, but
become even more demanding when the geometry afeasign is of a
higher complexity. They form important input foretllevelopment of
the computational strategy and are briefly disodissdow.

3.1.1. Geometrical Control

Geometrical control plays a vital role in the desaj reinforcement for
complex curved surface structures, and forms tieéskia other design
aspects like structural analysis and production.

There are several practical reasons for wantindetign reinforcement
in 3D. Compared to 2D drawings, 3D drawings aréeeds understand
and convey information in a less ambiguous way ffaightforward

reinforcement configurations, like beams and slate easily be
communicated through a limited number of sectioreevations. This
doesn't hold for curved surface structures, asleeg®D representation
is usually inadequate to transfer the full comglerf the design.

Successfully deploying a 3D reinforcement model fmoduction
purposes relies heavily on dimensional accuracyortfer to prevent
non-fitting reinforcement bars on site, a well-defi reinforcement
model starts with an accurate description of thacoete geometry.
Current reinforcement software is unable to descibmplex curved
surface geometries. As part of the computatiorratesgy a concept has
been developed called ‘The Solid Model’, see Figurghis geometrical
data structure enables the description of a cootiswcurved surface
structure of varying curvature and thickness.
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Fig. 4. Using 3D reinforcement drawings helps tpriove communications between the different staldzgrel

Fig. 5. Example of a Solid Model of a continuousved surface
structure of varying curvature and thickness.

3.1.2. Structural Analysis

The structural engineer needs to assign correctuatspposition and
direction of reinforcement based on a thorough tstdading of the
structural behaviour and stress distribution in therved surface
structure. This is usually accomplished through amlzination of
structural rationalization based on first princgpend FEM Analysis.

Structural analysis of concrete curved surfacectires is particularly
difficult as two different deformation modes, beimgembrane- and
bending deformation, come together. Doing this loa basis of first
principles alone is not enough, and FEM analysissed to complement
this information. FEM analysis software is an intpat tool for

structural analysis of concrete curved surfacecsiras, and it is
incorporated in the strategy to visually conveyiniation on direction
and quantity of reinforcement, see Figure 6. Frém Solid Model,

which captures the geometry of the curved surfatectsire, a

calculation mesh can be extracted, which ensuggghl analysis model
and the geometry used for reinforcement modellingctly match.

Fig. 6. FEM Analysis results
313

Production

During design stages the structural engineer t@atesistructural analysis
results into practical reinforcement configuratiomksich comply with
production standards. Reinforcement bars are btougfo shape,
suitable for fixing into concrete formwork, througrsubsequent process
of cutting and bending. They can either be delidere site as pre-bent
bars, or straight bars which are then brought shipe. Bending bars on
site is practically unrestricted in terms of possibhapes, this way of
working however is very labour intensive and costlye computational
strategy relies on prefabrication and is therebaend by the production
possibilities of bending machines.

The computational strategy incorporates a concalgct‘Rebar DNA'’

which takes into account the aspect of productittnentails that
Reinforcement bars are represented as a sequensegofents with
constant or zero curvature, bent in plane. It aléor the approximation
of curves with discontinuous curvature by a seqaesfccontinuously
curved segments with G1 continuity [5], see Figure



33. Implementation of the Strategy

Bringing together the design tools for reinforcemiencurved surface

structures in a single 3D modelling environmentl@gicted in Figure 9,

is an important step towards a more optimized degigcess. However,
not all conventional tools are yet applicable toved surface structures.
The three concepts within the computational desigategy help to

overcome this deficiency.

The computational strategy proposes a way of pssgng reinforcement
for curved surface structures from design to prtidoc A direct link

between the reinforcement CAD model, FEM analysid production
tools in a singular 3D modelling environment offasers the possibility

Fig. 7. Rebar DNA, a sequence of curves with zerccantinuous to quickly research the structural implicationsaokinforcement design.

curvature approximates a curve with varying cumatu Mono-functional Design Environment

3.2. Computational Design Strategy

The strategy proposes a way of improving the degigocess of
reinforcement in curved surface structures. Itudek all necessary steps
of raising an architectural curved surface modeprioduction level in
terms of reinforcement, see Figure 8.

Starting point of the strategy is a digital 3D aohsurface model of the
structure (a), commonly supplied by the archit8ctrface rationalisation
(b) through meshing is a proven technique whiclpdiébd gain control

over the geometry of curved surfaces [6]. The Stliddel can be

considered as the digital representation of theme volume in which
the reinforcement is modelled (c). From the Solidddl a FEM mesh
can be extracted, which offers the advantage afgbeble to directly

project FEM Analysis results on the SolidModel (@ihe visualisation

of principle stresses and required amount of reanfig steel in

combination with reinforcement modelling functioibal hands the

structural engineer a powerful tool for the allécatof reinforcement
(e). The digital reinforcement model (f) shows #wual reinforcement
model and gives feedback on possible clashes. dydtcal design

process can have multiple iterations until a satisfry reinforcement
model is achieved. Providing for a direct link beem the reinforcement
model and production facilities (g) finalizes themputational design
strategy. It optimizes the document flow betweengtructural engineer Multi-functional 3D Design Environment
and the fabricator, and hints at the possible prtoin automation of
complex reinforcement.

Fig. 9. Bringing together the separate tools usdtié reinforcement
process into one multi-functional 3D design envinemt.
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Fig. 8. Subsequent steps of the computationaksfyata) Input of a curved surface (b) Surfaceoretlisation (c) Creation of the SolidModel (d)
Visualization of FEM Analysis results (e) Allocatiof reinforcement (f) Reinforcement model (g) Rratibn.



Bringing the disciplines closer together througboaputational design
tool has multiple advantages: a reduced the rigkiefakes due to data
loss at the interfaces between stakeholders, anadre optimized design
process, by bringing together the driving desigrtdies, and migrating
knowledge of production to earlier design stages. facilitate this
process a software toolbox has been developed wiatbbws
professional users to apply the computational ejsato reinforcement
design for curved surface structures.

4. THE REINFORCEMENT TOOLBOX

A first version of the Reinforcement Toolbox hagheleveloped, and
serves as a proof of concept to the computatiotrategy. It offers
professional users a tool which can be used taaaifite design aspects
of reinforcement in curved surface structures.
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Fig. 10: The Reinforcement Toolbox functions asraeracting overlay
on top of existing systems.

4.1. System Architecture

The system architecture of the Reinforcement Toqlbigure 10, is
developed with strong attention to the multifacetibign process of
reinforcement in curved surface structures, andlesauisers to perform
various operations at their own discretion. It 8siibn existing platforms
and consists of custom components.

The Reinforcement Toolbox has been developed Wdingpsoft Visual
Studio 2008 and written in the C# programming laggu
RhinoCommon, a .NET plug-in SDK which can be usedoss all
Rhino platforms [4], enables developers to extehth&®s functionality
by creating Rhino plug-ins. Grasshopper, in turnN&T plugin for
Rhino, is a parametric platform which connects tinR's extensive
geometrical library. The Reinforcement Toolbox dstssof a collection
of custom Grasshopper components each providingafdemarcated
portion of the functionality.

4.2. Components

The Reinforcement Toolbox components are categbrameording to
four sub-categories: Conditions; Geometry; Reirdarent and Post-
Processing. For the first version of the ReinforeetiToolbox several
components have been developed, see Figure 11thBodeey offer the
necessary functionality for a structural engineeiCAD draftsman to
design longitudinal reinforcement groups and ratément meshes for
curved surface structures.
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Fig. 11: Screenshot showing a typical reinforcenteolbox
configuration.

4.3.

At the heart of the Toolbox lie three key composetite SolidModel
component, the Path component and the Allocator pooent. For
creating the reference mesh, the Toolbox relieseaisting mesh
functionality either in Rhino or FEM analysis soétrve. Figure 12 gives
a six step explanation in of how reinforcementresated.

How the Toolbox Works

In a first step the averaged normal vectors of aadjafaces are created
in the vertices of the reference mesh. These @ insa second step for
creating the Solid Model. A third step involves tars and endpoint
being assigned by the user, creating a so-callbdReath. In the fourth
step the Path Points are determined through amitigowhich finds the
plane edge intersection between the reference egés and the y,z-
plane of the Rebar Path. The last two steps areirdded by the
Allocator component which assigns the Path Pomthé correct offset
layer within the Solid Model. Each Path Point hapanter to the
reference mesh face which contains it, togethen thie u,v-coordinates
which determine its position. The Allocator compenaises this
information when it creates a RebarPoint: a tempyarfset face within
the Solid is created on which the RebarPoint istgdb A Rebar object
contains multiple of these RebarPoints, togethey florm the control
points of a smooth center line which defines thbaRe



(a)  Creating a Solid Model based on the averaged
normals of mesh nodes

(<) Allocating the reinforcement bars with the
correct offset within the Solid Model

—r-

Fig. 12. The workings of the Toolbox explained adawny to three key components, (a) the Solid Madehponent, (b) the Path component and (c)
the Allocator component.

mesh, together with three groups of longitudinahfogcement bars.
5. RESULTS They are placed according to the indicated amofirginforcement and

The reinforcement Toolbox has been applied to averlirsurface load paths.

geometry with a variable cross-section and doubteature, see Figure
13. The reinforcement model consists of a top asttbn reinforcement

Fig. 13. A reinforcement model for a curved surfatracture created using the Reinforcement Toolbox.

the required amount of reinforcement, assists #&r of the Toolbox
with the design of reinforcement. The created metément model is
compared to the required amount of reinforcementindécated by
InfoCAD, and the results are fed back to the usee, Figure 15. The

The results of the FEM Analysis are visualised gs$hre Reinforcement
Toolbox, see Figure 14. Principle stress trajeeto(nl, n2) indicate the
flow of forces through the structure. This inforipat combined with



Reinforcement Toolbox can be used to create lodial reinforcement
groups or reinforcement meshes for both curved el a&s planar
geometry. It verifies created reinforcement modelaccordance to the

assigned building standard; if the reinforcementehaoesn’t comply
the user gets notified.

Fig. 14. The Reinforcement Toolbox is used to Mised=EM Analysis results: required amount of remement and principle stresses nl and n2.

Fig. 15. The Reinforcement Toolbox provides feettt@mchow the modelled reinforcement relates taréoeiired amount as indicated by the FEM
Analysis. The image shows the centre lines of agxf reinforcement bars.

6. DISCUSSION

The computational strategy proposes a way of impgothe design
process of reinforcement in curved surface strestuA Reinforcement
Toolbox has been developed as an initial proof aficept of this
strategy. The vision is that it will be developedtlier into a mature
application that can add real value to the reirgorent process.

During the development process of the Reinforcem@aibox testing
has been applied in various forms by using intéractlebuggers,
running the application to check its consistenayd areating output
files. It has been tested on two crucial aspeeisigithe definition of the
MeshTopology, which forms the basis of the Solidilpdand the

assigned concrete cover which is important for @er reinforcement
definition.

The MeshTopology is the topological structure wHiek at the basis of
any SolidModel. It establishes the relations betwé&gangular mesh

elements in a unified manner so that different ragsstan serve as input
to the SolidModel.

The reinforcement cover is directly assigned by uker and checked
against the minimum cover cmin as prescribed byBhe Code 2 [1]
(EN1992-1-1:2004 table 4.3N). The recommended aiwe in design
for deviation,Acdev of 10 mm is maintained (EN1992-1-1:2004 Sectio
4.4.1.3). The maximum allowed deviation comparedthit® nominal



cover cnom is determined to an absolute deviatibnrSram. The
validation of the cover has been checked agaiissthireshold.

Distance of individual RebarPoints and curves heenlmeasured using
a straightforward Grasshopper definition, applyihg ‘ClosestPoint’

and ‘Distance’ components. The resulting outpulistawith distances

has been exported to Excel, where it is autométiczthecked for

compliance with the assigned cover.

Deviations in the RebarPoint cover have two reasohe first reason is
the inaccuracy introduced by the surface ratioatitia. A mesh is never
hundred per cent accurate in approaching a cunvddce. The second
reason is the way points are allocated within tlwidS. Through
different directions in the average vectors at Heetices deviations
occur when creating an offset layer. The magnitofighis type of
inaccuracy increases with increasing curvature.

Although inaccuracies exist they are of minor seald magnitude and
fall within the set threshold of 5mm. Measuremetite mesh
refinement can be taken to improve the accuracthefreinforcement
models.

7. CONCLUSIONS

Research into the reinforcement process of curuefdce structures has
revealed the need for new strategies to creatdatigginforcement
models. With engineering tools shifting more andrentowards the
digital domain, computational tool development hezome a viable
approach for enhancing the structural design peoces

The Reinforcement Toolbox can be applied to botmmlex curved

surface structures as well as non-complex strustumaking it a widely
applicable design tool. Users can apply the Redsiment Toolbox at
their own discretion within any given stage of teinforcement process
either to quickly research different reinforcemdasign alternatives, or
use it to build extensive reinforcement models. Tharametric

reinforcement models are easily adaptable to deskgmges, which
makes them valuable throughout the entire reinforre process.
Validation of two important aspects of the solididareinforcement
models created using the Toolbox, the mesh topolgy concrete
cover, revealed no inconsistencies or large d@viatfrom the allowed
tolerances.

The Toolbox has been designed considering usendfifess, and
freedom of use. The modular setup allows usersitabine components
at their own discretion allowing for the intendeceedom when
designing reinforcement.
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