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Abstract 

This paper presents the work on the structural design of large membrane structures applying numerical 

simulation tools. This article outlines a virtual design methodology for large lightweight structures 

under the impact of fluctuating wind loads. It emphasises the work on wind load simulations in urban 

environment. 

1 Introduction 

SL-Rasch, an international operating architectural and engineering office, located in Stuttgart, 

Germany, is specialized in the architectural and structural design of lightweight structures. One of the 

major tasks during the last years was the design of convertible umbrella structures made of textile 

membranes and high strength steel (Fig.1). The convertible function of the umbrellas mainly serves to 

protect pedestrians from direct sunlight during the day, with the umbrellas fully open, and to radiate 

heat stored during the day up to the night sky, when the umbrellas are fully closed overnight. 

   

Figure 1: Medina Piazza Shading Project, 26m Umbrellas, Medina, Saudi Arabia, 2010. 

The sensitivity of umbrella structures to transient wind loads becomes severe at wide spans and in 

partially folded operation stages. At stationary wind loads, the elastic behaviour of the flexible 

membrane leads to deformations with an associated change of the flow conditions and wind pressure 

distributions. This effect can be enhanced by time dependent fluid fluctuations such as atmospheric or 

building induced turbulences. Both cases could result in aero-elastic instabilities.  

Common methods in wind engineering practice like small scale wind tunnel experiments do not fully 

cover non-linear structural behaviour, contact interaction between membrane and structural elements 

and the interaction of the flow field with the structural response. Therefore numerical tools - 

developed and validated during several scientific and applied engineering studies [1], [2] - are used for 

structural engineering.  
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The objective of the on-going engineering project at SL-Rasch is the investigation of the dynamic 

behaviour of large convertible funnel shaped umbrellas made of high strength steel and woven PTFE 

fabric, under turbulent wind loads, applying computational wind engineering tools. The task is to use a 

numerical software environment to detect aerodynamic instabilities and assess dynamic structural 

response. Results are used for the structural design of the load bearing members and for the 

development of the folding kinematics. Further studies cover the behaviour of partially opened 

membrane structures in turbulent wind conditions. The complete structural design process and the 

applied numerical methodology are sketched. In addition results of the computational wind load 

simulation on large umbrella structures in build environment using LES simulation techniques and 

fully coupled fluid structure interaction simulation are provided. 

2 Computational Wind Engineering Approach 

The complete simulation methodology, consisting of the numerical wind flow simulation and the 

fluid–structure coupling simulation, is presented in Figure 2 (left). With this simulation approach, it is 

possible to examine all aspects of wind-loaded membrane structures. The applied fluid structure 

interaction (FSI) simulation methodology allows the realistic description of the nonlinear structural 

behaviour at real-scale, which is especially important in the case of textile structures, and of the 

stochastic wind excitation, as both phenomena are modelled in time domain. 

  

Figure 2: Computational wind simulation methodology (left), real scale experiment (right) 

The unknown parameters of the flow (velocity and pressure) as well as the structure (forces and 

deformations) are calculated including the fluid–structure coupling conditions. The partitioned FSI 

solution approach realized in the commercial PAM software environment of the company ESI Group, 

Paris, is applied. Structural wind load simulations employ computational fluid dynamics (CFD) codes 

to simulate the wind and to evaluate the dynamic wind loads on structures. The wind loads can 

fluctuate due to turbulence inherent to the wind itself (“natural wind structure”) and due to turbulence 

induced by the investigated building itself and by close-by neighbour structures. The standard software 

packages used are the Computational Fluid Dynamics (CFD) code PAM-Flow and for the 

Computational Structural Dynamics (CSD) PAM Crash.  

One major challenge of the numerical wind simulation on buildings is the correct reproduction of the 

natural wind conditions in the up-stream direction of the flow. In other words, the inflow conditions of 

the fluid flow domain must be defined according to the required conditions of the task. A specific 

wind module has been built and integrated to the ESI PAM-Flow software, which contains the 

generation of multi-correlated wind velocity time series and specific interpolation routines [1]. 
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The shown design procedure is dealing especially with non-linear dynamic problems, is not covered 

by the code. As the presented numerical methodology is computationally expensive, up to now, only 

limited physical durations of 30 Minutes could be simulated within an acceptable time frame during an 

industrial project. The special case of uncertainty due to a limited duration of the dynamic simulation, 

which arises in time domain analysis for the determination of extreme response under wind loading, is 

addressed by an experts study. A reliability-based approach to account for this uncertainty in a semi-

probabilistic design format is proposed and applied within this project. A quantitative relation between 

the computational efforts made in design and the additional safety required is established [3]. 

3 Validation at real-scale test 

The fluid-structure interaction simulation has been applied for the determination of the structural 

response of a 29m umbrella under transient wind loads (Fig.2, right). An innovative synthetic wind 

velocity field generation technique [1] permits to simulate wind loads with realistic micro-

meteorological statistical properties, such as they are produced by local storms. The CFD simulation 

results demonstrated that an in situ measured wind field could be reproduced with its important 

statistical characteristics. The simulated structural response of the umbrella is compared with 

experimentally determined forces and deformations from measurements. A true comparison, i.e. 

validation, can only be made in the statistical sense by comparing statistical result data derived from 

long duration wind load simulations. This is because wind loads generated by the atmospheric 

turbulent boundary layer are chaotic in nature, and attempts to find repetitive deterministic intervals 

will fail. It is known that most of the representative micro-meteorological statistical data can be 

extracted from winds with 10 minutes duration. As results of the force and deflection measurements 

match the results of the numerical simulation in a statistical manner, a great step towards the 

validation of the numerical methodology for deformable wind-loaded flexible structures has been 

accomplished. The evaluation of the results allows the conclusion that the FSI simulation provides 

sufficient accuracy as a simulation tool for the structural design of lightweight structures susceptible to 

wind-induced effects which are inaccessible in wind tunnel experiments due to their extreme lightness 

and high flexibility. 

4 Structural design of large membrane structures 

As the structural design of the large umbrella structures is based on numerical simulation results, a 

stepwise approach was chosen in order to define the design decisive situations. 

In a first step, a large scale topographic model wind tunnel study was established to determine local 

wind speeds for different wind directions depending on a wind climate study from historical records of 

wind speeds. In a second step aerodynamic wind tunnel experiments were carried out on reduced scale 

models of the rigid structures and their built environment. The task was to spot scenarios of the most 

critical wind directions and structural configurations, such as patterns of open/closed arrangements of 

umbrellas. Next, the scenarios are investigated numerically within CFD simulations to assess 

numerical parameters as necessary mesh sizes, boundary conditions and inflow conditions. The CFD-

LES simulations (Fig.3) are performed on up to 90 million unstructured tetrahedral elements. The 

largest amount of elements is in upstream direction of the building and the umbrella in order to resolve 

small scale eddies with frequencies up to 1Hz. Finally, fluid-structure interaction simulations were 

performed, by ESI-France, on true scales and with full structural detail on the elastic structures (Fig.4). 
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All simulations were performed on an SGI in-house cluster of type SGI ICE (Intel X5680 Westmere, 

3.3GHz, 4GB RAM/core). The simulations are done by distributed memory processing on 150 to 250 

cores. The simulation time ranges from 5 (CFD only) to 30 days for FSI simulations. The Network 

communication is performed via Infiniband and HP-MPI. 

Based on time series of simulation results, extreme value statistics is used to determine structural 

design values for each structural member. The application of statistical tools is in accordance with 

reliability of code-based design. It turned out within the FSI simulation that there is a major dynamic 

effect amplifying the structural response of the umbrella. 

 

 

Figure 3: Contour plots of the built environment resulting from the LES simulations (upper left), cp-

value distributions on the membrane surface (upper right). 

 

Figure 4: structural deflection results of the large umbrella structure. 

References 

Michalski A. et al., 2011. “Validation of the computational fluid–structure interaction simulation at 

real-scale tests of a flexible 29 m umbrella in natural wind flow”. J. Wind Eng. Ind. Aerodyn. 99 (2011) 

400–413 

Straub D., Papaioanniou I. Michalski A. “Designing for wind actions based on time-domain analysis: 

Accounting for statistical uncertainty”, 16th IFIP WG7.5 Working Conference on Reliability and 

Optimization of Structural Systems, Yerevan, June, 2012. 


