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Abstract

This paper explores the interdisciplinary design of hyperbolic paraboloid (HP) shell floors using precast
elements constructed with carbon-fibre-reinforced polymer (CFRP) prestressed concrete. An optimisa-
tion tool is introduced, taking into account the ultimate and serviceability limit state as well as sound
insulation. The optimisation tool is structured in (i) input parameters, (ii) an analysis model to determine
the relevant properties of the system, (iii) design checks to compile a penalty function, (iv) the calculation
of the objective values global warming potential (GWP) and material costs, and (v) an objective function
that combines the penalty function and the objective values. An optimisation algorithm is implemented
that varies the input parameters to minimise the objective function, thereby identifying the most GWP-
and cost-efficient shell designs. Single-objective optimisations are performed to attain insights into the
influence of different input parameters and design checks on the optimisation outcomes. Additionally, a
multi-objective optimisation considering GWP and costs is performed to evaluate the trade-off between
both objectives. Initial indications suggest, that the fitness functions of these two objective values are
largely aligned and that no Pareto problem arises. The optimisation model introduced in this paper can
be used to gain comprehensive insights into the interdisciplinary design of HP shell floors for the design
of material-efficient structures.
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1. Introduction

The construction and building sector is responsible for 38% of global greenhouse gas emissions [1]],
while at the same time, steady population growth and rapid urbanisation are driving the construction of
buildings. In this context, the structural optimisation of floor systems offers great potential, as floors
account for around 40% of greenhouse gas emissions of an average building [2]. The present work deals
with the design of hyperbolic paraboloid (HP) shells made of carbon-fibre-reinforced polymer (CFRP)
prestressed concrete as resource-efficient floor elements. A digital optimisation tool is presented that
can be used to gain insights into the design space of these elements.

HP shells made from steel-reinforced and steel-prestressed concrete were extensively used as a roof
system during the 1960s and 1970s, e.g. in Germany [3]. The concept was reintroduced in [4]] with
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the suggestion to use HP shells as modular beam-like elements for material-efficient floor systems and
is further developed in this paper by some of the authors. Due to their anticlastic double-curvature,
HP shells possess a very efficient load-bearing behaviour, allowing for significant material reduction
compared to conventional flat slabs. To minimise concrete cover and cross-sections, corrosion-resistant
CRFP is used as textile reinforcement. Due to the exceptionally high strength of CRFP, very small
reinforcement cross-sections are required, leading to overall low bending stiffness and large deflections
under service loads. However, research at TU Berlin has shown that prestressing can effectively limit
the deflections of thin-walled CFRP-reinforced elements [} (6, [7]. As doubly ruled surfaces, HP shells
can be prestressed very effectively, using their two sets of straight generatrices.

Because HP shells were primarily used as roof elements in the past, their design as floor elements is
still largely unknown. Unlike roofs, floor elements require additional verifications such as fire resistance
and sound insulation. Shells, with their thin cross-section, are particularly sensitive to such phenomena
as well as structural concerns like deformations, stability, and vibration issues. Additionally, material-
efficient shells possess highly utilized cross-sections, which makes them sensitive to minor changes in
input parameters. Altogether, the design of HP shell floors is a complex problem that involves interdis-
ciplinary requirements with partly counteracting effects on the design outcome.

Dealing with complex design problems, designers often face the challenge of reconciling competing or
conflicting requirements of different disciplines, which complicates their understanding of how various
design parameters interrelate and influence optimal design outcomes [[8]]. To get a better understanding
of a design space and its unique features, single- and multi-objective optimisation tools can be used to
study the influence of certain input parameters, boundary conditions and other meta-parameters on the
design outcomes.

The aim of the present work is to develop an interdisciplinary and automated optimisation tool for the
design of HP shells made of CFRP prestressed concrete. The first steps are taken by introducing essential
structural design checks for pre-dimensioning along with sound insulation requirements, thereby show-
casing the tool’s interdisciplinary capabilities. To explore the design space, single- and multi-objective
optimisation is performed, and different objective values are implemented to evaluate the influence of
the various input parameters on the design outcome.

2. Interdisciplinary optimisation tool for HP shell floors

The optimisation tool was developed within the visual programming environment ’Grasshopper 1.0.0007”
and contains the following steps as shown in[Figure 1} (1) definition of input parameters including ma-
terials, geometric properties and loads, (2) determination of relevant properties regarding structural and
sound insulation properties in the analysis model, (3) design checks to evaluate the feasibility of the de-
sign (4) determination of the two considered objective values GWP and costs, and (5) calculation of the
objective function by combining the objective values with penalty values based on the unfulfilled design
checks. An optimisation algorithm (6) is applied to vary the input parameters in order to minimise the
objective function.

l— (6) Optimisation algorithm 4—\

_>’ (3) Verifications ‘_>

(1) Input parameters |—| (2) Analysis model (5) Objective function

—>’ (4) Objective values ‘—>

Figure 1: Flow chart of the optimisation tool
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2.1. Input parameters

The HP shell design is determined by a specific set of geometric and material-specific parameters as well
as design requirements. The composition of the HP floor system and the relevant geometric parameters

are shown in

Some of the input variables, the so-called design parameters, remain constant during the optimisation
runs. The remaining input variables are varied by the optimisation algorithm and are termed optimisation
parameters. These include the shell thickness t, the number of tendons ny, the edge distance dy, the
concrete quality, the degree of prestressing and the cross-section area of a tendon A (see [Figure 3)).
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Figure 2: HP beam-like shell floor element: (a) rendering of HP floor element with its material layers,
(b) cross-section at support and (c) at mid span, (d) top view and (e) side view

2.2. Analysis model

Analytical descriptions for the structural geometry and its properties were derived to shorten the runtime
compared to finite element simulations. The next paragraphs give an insight into the analysis model.

2.2.1. Geometry generation

The mathematic generation of the HP shells mid surface is defined by a translational surface, set up by
a parabolic curve translated along a perpendicularly oriented parabolic curve with opposite curvature
(see a). The relation between the vertical dimensions H, and H, has a strong influence on the
magnitude of internal forces in longitudinal and transverse direction [4].

2= —; a=—p—,; b= —p— (D)

A different geometric description focusing on the straight generatrices in the doubly ruled surface is
used to determine the tendon layout. Introducing the parameter along the edges of the hyperbolic
paraboloid as shown in[Figure 3|b), the straight lines can be mathematically expressed with:
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