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Abstract

The influence of the turbulence characteristics of the incoming atmospheric boundary layer on
the surface pressure distribution and in particular on the peak pressure load for building facades
is known to be significant. In the present work we investigate the effect of the turbulent length
scale on the pressure distribution on a building facade using a combination of experiments and
numerical simulations. An initial validation and sensitivity study using experiments and large-
eddy simulations (LES) is used to define a more elaborate uncertainty quantification study using
LES.

1 Introduction

It is well known that the influence of the turbulence characteristics of the incoming flow on the surface
pressure distribution on building facades can be significant. Rocchi et al. (2011) investigated the
influence of turbulence intensity and turbulence length scale on the mean, standard deviation and
peak pressures measured on the facades of a low rise building and concluded that the wind loads
show a very clear dependency on the incoming flow condition. The characteristics for the incoming
atmospheric boundary layer (ABL) to be used in studies for determining wind loads are defined in
the Eurocode (2005) in terms of the mean velocity profile and the level of turbulence intensity. In
addition to matching the required values, wind tunnel tests usually consider the turbulence spectra and
integral length scales to ensure an adequate representation of the range of scales. Nevertheless, the
variability in atmospheric conditions implies that a range of different length scales can be expected in
the full-scale problem.

In the present work we investigate the effect of the turbulent length scale on the pressure distribu-
tion on a rectangular low-rise building using a combination of experiments and numerical simulations.
The mean velocity profile and turbulence intensity are representative of the values required by the Eu-
rocode for a terrain category II. Subsequently variations in the turbulence characteristics are made in
order to investigate the sensitivity of the loads to the variations in the incoming flow. An initial sen-
sitivity study using experiments and large-eddy simulations (LES) is used to define a more elaborate
Uncertainty Quantification (UQ) study using LES. This study will compute a probability density func-
tion (pdf) for the peak pressure load on the building, given pdf’s for the length scales of the incoming
turbulence.

Section 2 of the present paper presents the three wind tunnel ABL configurations which have been
selected in the initial test design phase, and results for both the ABL characteristics and the wind
loading on the building are included. LES simulations of one of the configurations, which involves
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Figure 1: Building model in the wind tunnel test section

Figure 2: Sketch of the wind tunnel and LES layout for the realization of the desired ABL flow

modeling the spires and roughness for the ABL generation, will be performed for initial validation.
Details on this ongoing validation study and the more elaborate UQ study that will be defined based
on the results of the validation study are presented in section 3.

2 Wind tunnel tests on scaled model

2.1 Wind tunnel set-up

The experiments were performed in the wind tunnel of the Politecnico di Milano, using the boundary
layer test section, which has a total length of 36m, a width of 14m and a height of 3.8m. The model
represents a generic rectangular shape low-rise building at a geometric scale equal to 1 : 50. The main
dimensions are 2m length, 1m wide and 0.3m height (Figure 1). The model was instrumented with
192 pressure taps distributed over the surface. Pressure scanners were placed inside the model in order
to have a short pneumatic connection and an adequate frequency response of the tubing system, with a
sampling rate equal to 500Hz. The atmospheric boundary layer was simulated in the wind tunnel with
passive turbulence generators: spires were placed at the entrance of the test section and roughness
elements were located on the floor. This layout was also used to generate the desired turbulence in the
numerical model for the initial validation study, as shown in Figure 2. By modifying the roughness
elements on the floor it was possible to generate three different boundary layers in the wind tunnel
with the main properties summarized in Table 1. The boundary layers represent combined variations
of turbulence intensity and turbulent length scales.
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Table 1: Characteristics of the three modeled atmospheric boundary layers at roof height (z =
300mm).

ABL Turbulence Intensity Iu [%] Integral length scale Lxu [m]

T0 14.3% 1.15
T1 18.5% 0.72
T2 25.3% 0.57
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Figure 3: Pressure coefficient time history for a tap located close to the roof upwind edge

2.2 Experimental results

The pressure field on the building surfaces is presented in terms of the pressure coefficient normal-
ized with respect to the dynamic pressure of the incoming boundary layer evaluated at roof height. It
is well known that surface pressures have significant fluctuations generated by the turbulence of the
incoming flow but also generated by the turbulence induced by the interaction of the flow with the
building geometry. Figure 3 shows a typical trace of a pressure signal: the example refers to a point
that is located on the building roof, close to the upwind edge, which is a separated flow region. In ad-
dition to the expected fluctuations there is a pronounced non-symmetric behaviour with large negative
spikes that lead to significant suction peaks (Peterka & Cermak, 1975; Peterka, 1983). It is recognized
that the probability distribution of the largest peak pressures achieved during a design storm is skewed
with a long tail extending toward higher suctions. Peterka & Cermak (1975) analized the statistics of
pressure fluctuations obtained on a scale model of an actual structure placed in a wind tunnel which
simulated the characteristics of the atmospheric wind. They first showed that in regions of positive
pressure, the pressure distribution can be represented adequately by a Gaussian relationship but subse-
quently demonstrated that in regions of negative pressure, deviations from a Gaussian distribution are
significant, which can lead to a substantial underestimation of peak pressures if a Gaussian distribution
were assumed. This last characteristic is particularly difficult to reproduce in CFD simulations.

Statistical analysis of the experimental data was performed to compare the results for the different
levels of turbulence modeled in the wind tunnel and the results from numerical simulations. Mean
values, standard deviations, skewness and extreme values are considered in the comparison. In this first
study the wind direction was perpendicular to the long building side. Figure 4 shows color contours
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Figure 4: Statistical analysis of the pressure signals in the reference case T1.
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Figure 5: Standard deviation of the pressure coefficient in the three levels of turbulence investigated
for the wind exposure 180 deg (T1 is in Figure 4(b)

of the results on the building surfaces for the intermediate level of turbulence, T1, which is used
as the reference in the remainder of the paper. The mean values (Figure 4(a)) identify the areas of
overpressure (upwind wall) and suction (all other sides). Significant deviations from the Gaussian
distribution are highlighted by the skewness coefficient (Figure 4(c)): considerable negative skewness
is an indication of an asymmetric probability distribution with significant peak suctions. The extreme
value of suction is evaluated by analyzing the extremes of the time history and is shown in Figure 4(d).
The lowest values of skewness are observed on the roof close to the upwind edge, which corresponds
to the area where the largest suction peaks occur. In the CFD simulations this behaviour will be further
investigated.

Figure 5 shows the standard deviation of the pressure coefficient for the other two ABLs modeled
in the wind tunnel. To highlight the changes between the three cases we have computed the differences
with respect to the reference case T1 (representing the intermediate level of turbulence intensity):
Figure 6(a) shows the differences with the lower level T0 while Figure 6(b) shows the differences with
the higher level T2. This representation clearly identifies the trends: in both cases positive and negative
changes happen in distinct areas on the building surface. On the upwind wall and in the region close
to the upwind separation area the standard deviation increases with turbulence level while an opposite
trend is found in the remaining areas. Determining to which extent these effects are related to increased
turbulence intensities or to the decreased length scales is not straightforward in the experimental set-
up, since varying roughness configurations induce changes in both characteristics.

3 Numerical simulations

3.1 Initial validation of LES simulations

The reference (T1) configurations will be selected for validation using the LES approach presented
in Rocchi et al. (2011). This approach requires a significant amount of computational power, but has
been shown to provide reliable results for reproducing the flow obtained with a particular wind tunnel
set-up, and the resulting prediction of the peak pressure loading on a low-rise building was found to
be accurate. The computational model includes a geometrical representation of all the spires, fences
and floor roughness used in the wind tunnel experiment, with a computational grid that is more refined
close to the ground to allow for a better resolution of the turbulent structures around the roughness
elements. An example of the resulting mean wind profile, with a comparison to the experimentally
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Figure 6: Differences in the standard deviation value for the cases T0 and T2 with respect to the
reference case T1

0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

3

3.5

4
U VERTICAL PROFILE

U/U
ref

  [ − ]

Z
  
[ 
m

 ]

 

 
U  EXP

U  LES

Figure 7: Mean wind profile measured in the wind tunnel and obtained through LES simulations

measured profile is shown in Figure 7. The pressure loads obtained on the building will be compared
to the experimental results, as in Rocchi et al. (2011). Subsequently these results will be used to guide
the set-up of the simulations for the UQ study as presented in the following subsection.

3.2 UQ study using LES

After the initial validation study, the isolated influence of the turbulence length scales on the peak
pressures on the building will be investigated. To achieve this the inflow will be represented using
a digital filter method, which allows varying the length scales while keeping the turbulence intensity
constant. The results obtained using this inflow will first be compared to the experimental data and
the LES results from the simulation that resolves the spires and roughness elements. Subsequently the
method will be used for the intended UQ study, where the turbulence length scales, which are direct
inputs for the inflow generation, will be varied.
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3.2.1 Representation of ABL using digital filter method

The inlet boundary conditions for the LES simulations will be set by prescribing a fluctuating velocity
field that produces coherent structures in space and time according to Xie & Castro (2008). The
method produces a velocity field with exponential correlation functions and length scale L, given by:

R(r, 0, 0) = exp

(
−πr

2L

)
(1)

To obtain this, three two-dimensional sets of random data with zero mean and unit variance are
generated at each time step for calculating the fluctuating velocity components. The slices have a size
of [−Ny + 1 : My + Ny,−Nz + 1 : Mz + Nz], with My ×Mz the size of the grid on the inflow
plane and Ny,z ≥ 2ny,z = 2Ly,z/∆y, z and are filtered to obtain sets of data, Ψ1,2,3(t, y, z), that have
the exponential correlation function from Eq. 1 with the prescribed length scales Ly and Lz in the
two dimensions of the inflow plane. The correlation in time, and thus in the streamwise direction, is
obtained by defining the data on the next time step using:

Ψβ(t+ ∆t, y, z) = Ψβ(t, y, z)exp

(
−π∆t

2TL

)
+ ψβ(t, y, z)

[
1 − exp

(
−π∆t

TL

)]0.5
(2)

where ψβ(t, y, z) is obtained in the same way as Ψβ(t, y, z), but using a new slice of random data
and TL is the Lagrangian time scale. The instantaneous velocity is derived using this expression in
combination with information on the time-averaged velocity and the Reynolds stresses. In the present
study the length scales Ly and Lz are assumed to be constant values with height. In follow-up studies
the inlet could be split into separate zones, each having their own constant length scales, to vary the
length scale with height as observed in the experiments and improve accuracy.

3.2.2 Definition and propagation of uncertainties

Parametrizing the inflow using the digital filter method described above allows varying the turbulence
length scales, while keeping the turbulence intensity constant. This should allow analyzing the isolated
effect of the turbulence lenght scales on the peak pressure loads. By assuming normal pdf’s for the
parameters in the digital filter, TL, Lx, Ly, and by propagating these uncertainties using a Clenshaw-
Curtis sparse grid collocation approach (Trefethen, 2008; Iaccarino, 2011), a pdf of the peak pressure
load will be obtained.

References

Eurocode. 2005. Eurocode1: Actions on structures. Part 1-4: General actions - Wind actions.
http://news.bbc.co.uk/.

Iaccarino, G. 2011. Introduction to uncertainty representation and propagation. In: AVT-193 Short
Course on Uncertainty Quantification.

Peterka, J. A. 1983. Selection of local peak pressure coefficients for wind tunnel studies of buildings.
Journal of Wind Engineering and Industrial Aerodynamics, 13(1-3), 477–488.

Peterka, Jon A., & Cermak, Jack E. 1975. Wind pressures on buildings-probability densities. ASCE J
Struct Div, 101(6), 1255–1267.

Rocchi, D., Schito, P., & Zasso, A. 2011. Investigation on the relation between incoming wind charac-
teristics and surface pressure distribution. In: 13th International Conference of Wind Engineering.



6th European and African Wind Engineering Conference 8

Trefethen, L.N. 2008. Is Gauss quandrature better than Clenshaw-Curtis? SIAM Review, 50, 67–87.

Xie, Z.T., & Castro, I.P. 2008. Efficient generation of inflow conditions for large eddy simulations of
street-scale flows. Flow, turbulence and combustion, 81, 449–470.


