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ABSTRACT
Permeable cladding elements in different forms are part of modern architectural
concepts. From a technical point of view, the aerodynamic resistance and the
associated load admittance behavior is challenging and in regards to the practical
design different installation types of porous elements are of interest. In most cases,
permeable elements are installed in front of closed inner facades. In case of car
parks for instance, a permeable cladding layer is often the only cladding element,
due to demands on smoke ventilation in case of fire. For both types of installations,
load assumptions have been carried out based on wind tunnel investigations and on
site measurements.
1. INTRODUCTION
During the flow passage of permeable elements, an interaction between the
structural surface and the passing medium occurs. Dependent on the properties of
the rigid surface (Geometry, Elasticity, Roughness, etc.) and the inertia and viscosity
properties of the fluid, an energy transfer takes place at the contact positions, which
leads to a loss of pressure energy in the fluid. This pressure drop is caused by friction
and conversion to thermal energy. Additionally the stream tube itself is independent
from discrete local installations and the steady reduction in pressure energy, caused
by persistent wall friction.
As a consequence of the fluid friction, a fluid dynamic resistance force is
generated at the passed element. Only in cases where additional dissipation effects,
e.g. caused by inner fluid friction, are less relevant, is the activated resistance

force almost correspondent with the pressure drop times of the cross-sectional
area.
2. FLOW RESISTANCE AND WIND LOADING OF FREE STANDING WALLS
The effective wind loading of permeable cladding elements is dependent on the
local velocity pressure (evoked by the velocity of the occurred flow) and the basic
pressure coefficient of the mesh cf. Generally the perpendicular wind load for a free
standing mesh can be formulated as:

w^ = c *f , Mesh × qlocal = c *f , Mesh ×

q ref
1 + z Mesh

(1)

With this equation an exact description of the quasi-steady wind load is possible, as
the reduced flow velocity during the passage of mesh is dependent on the pressure
loss coefficient, whereat the load admittance is expressed by an appropriate force
coefficient, which is not falsified by inner fluid friction.
Based on this relation, an effective force coefficient can be formulated:
c f , Mesh,^ =

c *f , Mesh
1 + z Mesh

(2)

Instead of an exact formulation of Eq. 2, often a geometric founded relation based on
the force coefficient of the single wire is used due to missing measurement results for
the whole mesh. Assuming a rectangular arrangement of mesh wires, the total wire
length can be calculated for a given porosity with:

LWire =

(1 - m ) × A
d Wire

(3)

Accordingly, the total wind force can be expressed as:

FMesh = LWire × d Wire × c f ,Wire × q

(4)

therefore the associated force coefficient for the total mesh is:

c f , Mesh,^ » (1 - m ) × A × c f ,Wire

(5)

This simplified relation neglects all kinds of flow interaction (at the crossings and in
case of closely arranged wires), for meshes with high porosity (µ>0.2) it leads to a
useful approximation. It has to be underlined, that the force coefficient in this
paragraph is only related to meshes with free flow, i.e. without a consideration of the
individual flow conditions in a real building context. These effects are addressed in
the following paragraphs.
4. CONSIDERATION OF THE INSTALLATION SITUATION
In the preceding paragraph, the load formulation for a single permeable layer
under steady wind flow has been described relating the aerodynamic properties to
the undisturbed upstream flow. It is evident that this model is limited and largely
suitable for the complex boundary conditions of practical building situations. In this
paragraph the basic mechanisms of two typical types of building structures with
permeable cladding elements (Fig. 1):
1. Closed building structures with permeable elements in front of the impermeable
inner façade
2. Open building structures with a permeable cladding layer as the sole façade
Due to the considered type of cladding installation, the properties of the local flow,
which pass the elements, change significantly.

Fig. 1 Streamlines around buildings with different types of cladding structures
Besides the general type of cladding system, the geometrical properties of the building are of interest, where in case of buildings with permeable cladding elements in
front of a closed inner façade, the distance between both cladding layers is a significant factor on the local flow field.
With respect to the flow resistance of porous elements in a disturbed flow environment, the principle relation for the determination of the total resistance due to
several single resistances is quoted [Glü88]:

z Gesamt = å z i

(6)

i

The same principle is formally valid for the consideration of cladding elements in a
practical building context. As a consequence of the increased flowrate and a decreased drop in pressure, the pressure distribution diverges more and more from
those of a closed building surface. Accordingly, in a wind load concept, the influence
of the flow situation has to be taken into account. To determine the location dependent wind load of permeable claddings, in comparison to conventional wind tunnel investigations, some additional aspects have to be taken into account:
· At permeable elements no surface pressures can be determined
· The knowledge of steady pressure drop does not necessarily allow a conservative load formulation
· Due to the flow resistance of an installed permeable element, the occurrence
of body turbulence is affected
As there are numerous aerodynamic parameters, which deal with the flow characteristics of the individual elements (pressure drop coefficient, porosity, force coefficient, etc.), it is meaningful to separate the formulation of wind loads into two parts:
· An element related force coefficient cf (related to the free flow velocity pressure q*)
· A locality coefficient α, which takes into account the installation situation and
the position at the building’s surface
The locality factor α describes the modification of the velocity pressure, which passes
the permeable layer due to the individual flow conditions (α=1 equates to the free
standing flow situation as described in paragraph 2, and α tends towards zero for a
fully disturbed building context, e.g. directly in front of a closed inner façade):

a=

q*
× (1 + z )
q¥

(7)

In consequence the general load definition for permeable elements in an arbitrary
installation context can be formulated as:

wMesh,local = a × c *f , Mesh ×

q¥
1 + z Mesh

(8)

» a × c f , Mesh,^

It is worth mentioning that both the definition of α acc. to Eq. 7 and the decreased
velocity pressure acc. to Eq. 8 consider the reduction of the velocity pressure due to
the permeability, so the term 1 + z is canceled. This notation has been chosen to point
out that only the installation situation is incorporated and to allow a direct compatibility for the simplified force coefficient acc. to Eq. 5.
4.1. Permeable Mesh as sole Cladding Layer
In case of open buildings with permeable cladding elements as a single layer, the
cumulative flow resistance model acc. to Eq. TT is particular applicable. With car
parks for example, the total flow resistance is composed from the installed surface
layers (generally opposing) and the structural parts inside. Therefore according to Eq.
6, with respect to the perpendicular flow velocity, a total pressure drop coefficient ζTotal can be determined, e.g.:

wOpenBuilding = c *f , Mesh ×

q ref
1 + 2 × z Mesh + z InnerObstacles + ...

= c *f , Mesh ×

q ref
1 + z Total

(9)

According to this model, the exposure at the windward and leeward façade would
be inevitably the same. Instead, when the flow through the building is not onedimensionalal, an interaction at the wind-parallel elements is possible.
4.1.1 Measurements on Site
The most realistic approach to verify the chosen load assumption for permeable
cladding elements in a practical building context is an on site measurement. Furthermore, reliable information concerning the dynamic response behavior of pre-stressed
elements under gusty wind loads (which are needed for further research aspects) is
only possible in real scale. As a structure, a car park with 5 stories, located at the
Nuernberg International airport in Germany has been chosen. The cladding was
made of stainless steel wire mesh with a pressure loss coefficient of ζOrg=0.7. A view
of the southern facade is shown in the photograph in Fig. 2. The main wind direction
on site is west, in this direction the surrounding is not sheltered with buildings, the
roughness length was approximately z0=0.05m.

Fig. 2 Ultrasonic probe (left) and differential pressure sensor (right) installed at a car
park with wire mesh cladding

For the measurements flow sensors (velocity and pressure) have been used (cp.
Fig. 3). Additionally the undisturbed flow has been recorded upstream at a distance
of 150m. A monitoring of flow amplitudes and structural reaction has been performed
over three months. The ratio between the natural velocity and the local wind speed
perpendicular to the cladded surface has been analyzed for all recorded events and
an associated locational factor has been determined at αOriginal~0.6.

Fig. 3 Ultrasonic probe (left) and differential pressure sensor (right) installed at a car
park with wire mesh cladding
4.1.2. Wind Tunnel Investigations
The flow characteristics of the wind tunnel have been modeled according to
roughness category II with z0=0.05m (Eurocode 1-4 2010). Both, the height dependent profiles (velocity and turbulence) and the spectral composition of the flow have
been adjusted accordingly. During the tests, the flow velocity at the building’s peak
height href = 7.0 cm has been set to v(z=7 cm)Model=12 m/s. Thereby a unique time
scale of λZeit= 90 has been reached.
Corresponding with the generated flow field, a wind tunnel model of the car park
(previously determined on site) has been built in a geometrical scale of 1:250 (cp. Fig.
5). The permeable wire mesh cladding has been considered in the model with a finemeshed industrial weave which showed a comparable pressure loss coefficient of
ζ=0.7, which correlated to the flow resistance of the original mesh.
As the total flow resistance depends not only on the cladding resistance, but on
the internal resistance within the building as well (pillars, decks, supporting beams,
etc.), these elements have been considered in the model as well. Measurements of
the local flow conditions on such a small-scale model are generally difficult, as the
structural shape of the flow probes do not allow for a precise and direction related
acquisition of near cladding wind speeds. Instead, it has been decided to measure
directly the wind induced forces induced into the mesh. Therefore at different positions on the building’s surface, small cutouts have been made (d = 18 mm) which
have been connected to a super sensitive force balance (Fmax = 0.5 N) whereat the
mesh cutout and the force balance have been installed connection-free towards the
surrounding elements. The data acquisition has been performed with a 24 Bit amplifier, allowing the smallest measurable forces in the range of some µN.

Fig. 4 Wind tunnel set-up of and location of the measurement positions for the car
park model
At the beginning, some tests under increasing wind velocities have been carried
out to investigate a Reynolds-dependency of the wind load admittance. During these
tests, a stable subcritical wind load behavior has been stated.

Fig. 5 Wind tunnel model of the car park in a scale of 1:250
The main wind tunnel tests have been carried out to determine the direction dependent flow parameter α. Based on the measured mean forces and under consideration of the force coefficient cf the flow parameter can be determined:

a=

wMesh ,local 1 + z Mesh Fmesh ,local 1 + z Mesh
× *
=
× *
q¥
A × q¥
c f , Mesh
c f , Mesh

(10)

The measured standard deviations of the local force (cp. Fig. ZZ) show that for the
car park models, an equivalent steady gust concept is sufficient as no body-induced
turbulences occurs. In case of extremely permeable cladding elements (when installed as a single façade layer), the equivalence of the load generating turbulences
on the local flow and the turbulence of the inflow is justified.

Nevertheless the locality factor α has been analyzed with two methods, the equivalent steady gust model and the peak factor method. Therefore the characteristic
force coefficients are related to the gust velocity pressure:

a max =

a min =

F Mesh,local + g F × F '

×

F Mesh,local - g F × F '

×

1 + z Mesh
*
A × q ¥ ( z = H OK ) × (1 + 2 × g × I u ) c f , Mesh
1 + z Mesh
*
A × q ¥ ( z = H OK ) × (1 + 2 × g × I u ) c f , Mesh

(11)
(12)

Where gF is the peak factor, which is associated with the measured force values.
It is important to take into account the dynamic transfer (resonance of the mechanical
force measurement system) behavior when analyzing the fluctuating parts of the
measured forces. Therefore, calibration measurements have been performed to identify the discrepancy between the affecting velocity pressure and the measured dynamic forces as well as to consider the admittance behavior as a corrective function.
4.2. Permeable Cladding in front of closed inner wall
Wind tunnel measurements have been performed for buildings with a closed inner
façade as well. The flow conditions have been adjusted to correspond with the
measurements at the car park. Due to the supersession of the inner building at the
permeable façade entirely different flow conditions prevail. The flow circulation
around the closed structure affects the local velocities, their directions and their spectral composition.
For the formulation of a wind load model for the wire mesh cladding, the extreme
load peaks have to be determined to take into account any body induced turbulences.
In Figure 6, the general set-up of the wind tunnel study and the associated flow conditions have been illustrated. Figure 7 shows a photograph of the wind tunnel model
with a variable gap between the inner (closed) façade and the outer permeable skin.

Fig. 6 Wind tunnel set-up of and location of the measurement positions on the model
with closed inner cladding in pre-located permeable wire mesh

Wind tunnel investigations of cladded structures with small permeability have
been performed before, e.g. from (Gerhardt 1994) and simplified regulations for the
consideration of the effect of pressure compensation has become part of international wind load standards. In the case of permeable skins with high porosity, the flow
separation at the closed inner structure may become decisive, which has been reported in the context of measurements at free standing walls with varying porosity
(Cook 1990).
For a more realistic consideration of body induced turbulences on the local wind
loads, for each cladding position and each wind direction, an analysis with the extreme-value method has been performed. In each set-up (i.e. each flow angle, each
considered gap distance and each mesh type) an amount of n=30 independent event
has been acquired.

Fig. 7 Wind tunnel model of the building with closed inner cladding in pre-located
permeable wire mesh in the boundary layer wind tunnel
Input parameters for the extreme value analysis were the maximum and minimum
forces acting perpendicular to the mesh. A regression of the extremes with a FisherTippet-I distribution has lead to the characteristic forces Fmax and Fmin. Subsequently
the locality factor α has been computed for each event acc. to Eq. 13 and 14. For the
analysis a fractile of p=78% has been chosen acc. to (Cook 1979).

a max =

Fmax
1+ z
× *
q p ,¥ ( z = H top ) × A c f , Mesh

(13)

a min =

Fmin
1+ z
× *
q p ,¥ ( z = H top ) × A c f , Mesh

(14)

5. RECOMMENDED LOAD ASSUMPTIONS
5.1 Permeable Mesh as sole Cladding Layer
In Fig. 8 the analyzed locational factor α has been plotted over the wind direction
based on the equivalent steady gust model and the peak factor method for two loca-

tions on the upper building edge. For the investigated structure, the influence of local
turbulences is obviously of less importance.
The distribution of the characteristic locational factors αmax and αmin over all wind
directions and for each cladding position has been plotted in Fig. 9. For the cladding
mesh with a pressure loss coefficient of ζ=0.7, a maximum locational factor of α=0.6
has been determined. This value describes the load reduction due to the installation
context compared to a free-standing situation. A possible dependency of the pressure loss coefficients of the chosen permeable cladding type will be addressed in the
next paragraph.

Fig. 8 Results of the locational factor α based on equivalent steady gust model and
peak factor method
5.2 Permeable Cladding in front of closed inner Wall
Direction dependent characteristic values for different gap distances and at varying cladding positions have been analyzed for two different types of mesh. In Figure
9 the characteristic values have been plotted with respect to different wind angles
and varying cladding gap distances. The used Mesh 1 had a pressure loss coefficient
ζ1=1.3. The results in Figure 9 show, that the windward flow leads to the decisive
load situation, where the amplitude depends significantly on the distance between
both cladding layers.
Negative coefficients amin result in wind parallel flow and their amplitudes are low
compared to the positive values. Their amplitudes depend only marginally on the distance between the layers.

Fig. 9 Enveloping results of the locality factor α for the car park model
Some exemplary measurements have been performed with an alternative mesh
(Mesh 2) and a pressure loss coefficient of ζ2=4.6. As the obtained locational factors
of that mesh were nearly equivalent to those of mesh 1, an additional plot for Mesh 2
has been assigned. The investigation of meshes with different flow resistance
showed that the chosen load model acc. to Eq. 7 is sufficiently stable for different
pressure loss coefficients up to ζ~5.0.

Fig. 10 Influence of wind direction and cladding gap distance on the characteristic
locational factors αmax and αmin
With a further increase of the pressure loss coefficient the relevance of the body
induced turbulences increase and the locational factor αmin will tend towards the negative pressure coefficients of a closed building structure.
The major flow directions for the loading of cladding and substructure have been
pointed out in previous sections. An overview over the influence of the gap between
the cladding layers on the obtained locational factors αmax and αmin has been plotted
in Fig. 11.
From these plots, an almost linear relation between gap distance and locational
factor can be stated. However for a further increase of the gap distance, a convergence of the amplitude of αmax towards 1 can be expected.

Fig. 11 Influence of the cladding gap distance on the characteristic
locational factors αmax and αmin over all wind directions
CONCLUSIONS
The presented results make clear that the effective wind loading of installed porous cladding elements with high porosity (ζ≤5.0) are significantly lower than for a
free-standing porous wall. It can be summarized that:
· With increasing gap distance between an inner closed facade and an outer
permeable skin the effect load for the outer skin increases, and the peak load
for the inner skin decreases.
· The wind load for the permeable skin is slightly higher towards the building’s
edges
· The maximum wind loads, acting perpendicular to the porous cladding occur
at the windward side of the building
· The highest negative wind pressure at the closed inner façade of the windward
wind-parallel edge is noticeably lower due to the existence of a pre-located
permeable skin. This effect becomes clearer when increasing gap distances.
Based on the presented load model and the associated aerodynamic coefficients
an enhanced and more realistic design of permeable skins is possible. In case of wire
mesh constructions, an additional consideration of possible wind induced vibrations
might be necessary. A detailed treatment of the life-time related stress range cycle
counts is documented in (Kemper 2012).
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