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Fog collection can alleviate water scarcity in certain arid regions of the World. However, large
fog collectors frequently fail under the load of strong wind events. This is mainly due to lack of
engineered design and the absence of data on mechanical properties of the meshes used as
collecting surface. Indeed, engineering methods permit to design a structure to withstand any
desired wind speed. In this study we obtained the mechanical properties of a particular
Raschel mesh, the most commonly used material for fog collection, by means of tensile tests.
We found that Raschel mesh is very anisotropic, having a stiff and elastic behavior in the
knitting, or longitudinal direction, whereas in the transverse direction has an extremely
flexible (virtually no stiffness), nonlinear behavior. Using a relatively simple 2-D structural
model, we show that the maximum wind pressure a mesh can withstand is inversely
proportional to the distance between the sides of the frame that supports the mesh. As a
consequence, we recommend installing this mesh with the longitudinal direction aligned with
the shortest dimension of the mesh-holding frame, if maximum strength and minimum
deformation are desired. The structural model also indicates that the mesh can withstand very
strong winds, over 50 m/s assuming a steady wind velocity for the typical large fog collectors
as presently installed. Possible reasons why the mesh has been observed to break at weaker
winds are then discussed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

2002, 2008b). Several studies have recognized the potential
of fog collection for human consumption around the world,

Fog collection can alleviate water scarcity problems in
certain arid areas. It has been studied and proved for decades
as a feasible alternative source of fresh water in arid areas
with the presence of suitable persistent fog (Klemm et al.,
2012; Lummerich and Tiedemann, 2011; Schemenauer and
Cereceda, 1991, 1994; Schemenauer et al., 1988). This fog is
common in arid and semi-arid areas close to the ocean,
where clouds are formed over the sea and then pushed by
predominant winds towards the continent, where they turn
into fog when intercepted by high lands. This kind of fog is
addressed as ‘Advection fog’, although sometimes orographic
fog also contributes to fog water collection (Cereceda et al.,
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in places such as: Pacific coast of central South America
(Cereceda et al., 2008a, 2008b, 2002; Larrain et al., 2002; de
la Lastra, 2002), the Canary Islands (Marzol, 2002, 2008),
Morocco (Marzol and Sanchez, 2008), South Africa (Olivier,
2002; Olivier and de Rautenbach, 2002; Louw et al., 1998),
Oman (Abdul-Wahab and Lea, 2008; Abdul-Wahab et al.,
2010), Saudi Arabia (Al-hassan, 2009; Gandhidasan and
Abualhamayel, 2007), western Mediterranean basin (Estrela
et al.,, 2008), and Namibia (Shanyengana et al., 2002).

Since the first studies made by Carlos Espinosa in Chile
(Gishler, 1991), fog collection projects had relied on different
designs of fog collection devices, where the flat screen Large
Fog Collector (LFC, see Fig. 1) is the most common type of
design used in the last decades (Schemenauer et al., 1988;
Schemenauer and Cereceda, 1994; Gischler, 1991). The
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Fig. 1. Failure of large fog collectors: (top; Pefia Blanca, Chile) failure of the supporting structure; (bottom, left; Anagua project — Canary Island, with permit by
Carlos Sanchez Recio) failure of the foundation; (bottom, right; Pefia Blanca, Chile) breakage of the mesh.

materials used for the LFC are usually simple components,
locally available, because the main focus of fog collection
projects has been to provide fresh water to small, poor
communities around the world. These projects have been
mainly supported by non-governmental organizations (NGO),
which are responsible to install the system (Klemm et al., 2012;
Schemenauer et al., 2005).

One of the main problems that affects the sustainability of
fog collection projects is the maintenance of LFCs that are
frequently damaged by strong winds events, the sun (UV
radiation) and other environmental factors which affect the
structure, mesh and other components (Schemenauer et al.,
2005). Indeed, when subjected to extreme wind loads (the
only relevant load on LFCs), many LFCs fail and/or lose
functionality. Some representative examples can be seen in
Fig. 1. In some cases, LFCs collapse because of failure of the
supporting structure (Fig. 1, top), whereas in some other
cases they collapse because of failure of the foundation
(Fig. 1, bottom left). Finally, in most other cases LFCs lose
functionality because the mesh breaks and hence loses its
ability to collect water (Fig. 1, bottom right).

Recently, Klemm at al. (2012) made a thorough review of
existing LFC installations around the world. However, they
did not analyze in detail the effects of wind pressure on the
mesh and the supporting structure, and the effect of design
variables on water collection efficiency. Indeed, it is note-
worthy that, as far as we know, no peer review publication
has dealt with the currently observed mesh breakage or
structural collapse of LFCs caused by extreme winds.

The reason why LFCs exhibit such a poor reliability is
undoubtedly the lack of a rational (i.e., “engineered”) design
process. In other words, most existing LFCs are non-engineered
structures. Thus, the implementation of structural engineering
principles is then clearly necessary in order to extend the life
cycle of LFCs and, consequently, to make them more cost-
effective. In this regard, it is interesting to note that, although
various geometric layouts have been proposed and implement-
ed, the load path in LFCs is always the same: wind imposes
pressures on the mesh, which in turn impose forces on the
supporting structure, and these forces are ultimately transferred
to the foundation. If the load is known, forces on the mesh and on
the supporting structure can be easily calculated through the
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application of standard structural engineering methods and,
once these forces are known, the supporting structure can be
easily designed to withstand such forces. However, the assess-
ment of forces on the mesh and on the supporting structures
requires knowledge of their mechanical properties. In the case of
the supporting structure, these properties are usually known
because its members (e.g., beams, columns, cables) have many
other structural engineering applications and, hence, have been
already characterized, in some cases in detail. The properties of
the mesh, on the other hand, are largely unknown: they have not
been characterized mainly because typical mesh materials of
LFCs do not have structural applications.

There are two main design types of LFCs, one type uses
rigid frames to hold the mesh and the other uses a flexible
frame made with cables. It has been observed that the rigid
frame design is more prone to damage by strong winds than
the flexible frame one, because the latter bends and adopts a
shape that better supports wind forces. The ONG FogQuest
has been quite successful in installing flexible frame LFCs all
over the world with relatively long useful life. This is the
result of a good design and a sound building practice.

The objective of this paper is to characterize, qualitatively
and quantitatively, the mechanical properties of the Raschel
mesh, which is by far the most used mesh material in LFCs
(Klemm et al., 2012). Such properties are then considered in
the engineered design of rectangular LFCs, and some practical
design recommendations are then proposed.

2. Material and methods

The Raschel mesh tested in this study corresponds to the
standard, black, polyethylene mesh produced in Chile by
Marienberg,! with 35% shade coefficient and treated for
UV-resistance. The knitting pattern of this mesh produces a
significant anisotropy of its mechanical properties. Indeed,
along the knitting (longitudinal) direction, there are contin-
uous filaments, which are apparent in Fig. 2, whereas in the
transverse direction, the filaments are not continuous and are
knotted to the longitudinal ones. Therefore, it is expected
that there will be much more elongation in the transverse
direction than in the longitudinal direction under the appli-
cation of the same force. Additionally, when transversely
stretching the mesh, the longitudinal filaments will deform
perpendicularly to their axis, direction for which every filament
has almost no resistance, and the knots of the transverse
filaments onto the longitudinal ones will tighten. These two
effects combined lead to a significant permanent deformation
resulting in a large elongation in the transverse direction and
contraction in the longitudinal one.

For characterizing the mechanical properties relevant for
the structural design of Raschel mesh in both directions, we
performed several tensile tests to selected specimens. All
tensile tests were performed at the Laboratory of Metallurgy
of the Mechanical and Metallurgical Engineering Depart-
ment, Pontificia Universidad Catolica de Chile, according to
ASTM Standard D4595-11. This standard was developed for
geo-textiles, but we could not find a specific standard for
Raschel mesh and we believe that this is probably the most

! http://www.marienberg.cl/sobre-marienberg/.

appropriate standard for characterizing this material. Following
the recommendations of this standard, we made special clamps
to hold the specimen on the tensile test machine, as depicted in
Figs. 3 and 4. The dimensions of the specimen, length L and width
w, were kept constant for all tests. Especial care had to be taken
while mounting the specimen in the clamps, to avoid slipping
of the mesh off the clamps during the test. Best results were
obtained gluing the mesh to the clamps’ wedge with hot wax
prior to mounting it into the clamp's groove.

The main result of the test is the force versus elongation
curve, from which strength and stiffness can be assessed.
Since the thickness of the mesh is small and difficult to define
and measure, due to its large pores, instead of using stress to
generalize the results, we used force per unit width, as recom-
mended by ASTM Standard D4595-11.

3. Results

Tensile tests performed along the longitudinal direction
produced very different results from the ones performed
along the transverse direction. Fig. 5 shows a sequence of
photos taken at different load levels to a specimen being
tested along the longitudinal direction. It is apparent that the
rupture point is reached with moderate elongation as well as
small reduction of the width (third photo from the left). Once
this point is reached, the force starts to decrease because
there are less filaments contributing to the strength of the
mesh since some of them are broken.

Fig. 6 shows a similar test, but performed along the
transverse direction. In this case, a quite large elongation is
obtained without any filament being broken. The breaking
point, where the maximum force is obtained, in this case was
reached close to the limit of extension of the testing machine
and is not shown in Fig. 6 because it will greatly enlarge the
height of the figure. Altogether with the large elongation, an
important reduction of the width can be observed, especially
at the center of the specimen. This is produced by the action
of the non-continuous, transverse filaments that in this test
are oriented in the direction of the displacement of the
clamps (vertical direction), on the longitudinal ones to which
they are knotted to. Due to this particular knitting pattern,
the straight, continuous longitudinal filaments (horizontal in
this test) are forced to take a zigzag shape being pulled by the
transverse, discontinuous filaments.

The force per unit width and elongation are the charac-
teristics that are necessary to calculate the maximum wind
that may resist the mesh of a LFC. The relationship between
these two variables is shown in Fig. 7. It is seen that this mesh
has an essentially linear (Hookean) behavior in the longitudinal
direction, which is typical of elastic materials. This is a desired
behavior for structural materials because it implies little per-
manent deformation, which means that the unloaded material
recovers most of its initial dimensions. In contrast, in the
transverse direction the behavior is non-linear, showing large
elongations with small forces. This non-linear behavior is
accompanied by permanent deformation of the mesh, which
means that once it is stretched in this direction, will never
recover its initial dimensions. Recalling that the stiffness is the
slope of the force vs. elongation curve, results also show that
the stiffness of the mesh is significant in the longitudinal
direction (labeled E’ in Fig. 7), but is negligible (virtually zero)
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Fig. 2. Knitting pattern of the Raschel mesh used in the tests.
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in the transverse direction at low deformation levels. In
the longitudinal direction, breakage occurs at a 20% elongation,
and the strength is more than 3.5 times the strength in the
transverse direction.

4. Wind forces on LFCs
The test results described in the former section confirm that

the Raschel mesh is indeed very anisotropic. In particular, it has
significant strength and stiffness in the longitudinal direction,

but has virtually no stiffness (non-negligible only at very large
deformations) and a much lesser strength in the transverse
direction. These characteristics are very important because
they indicate that, when subjected to wind loads, a flat (i.e.,
bidirectional) Raschel mesh essentially works in a unidirec-
tional manner, i.e., tensile forces act on the mesh only along the
longitudinal direction.

Since the mesh cannot take bending moments, all the
internal forces remain in the plane of the mesh. Therefore,
even though the mesh under the effects of the wind takes a
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Fig. 3. Clamps for holding the mesh specimen in the tensile test machine. The wedge is pressed into the groove by a set of bolts and by the force applied to the

mesh.
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Fig. 4. Clamps and specimen mounted in the tensile test machine. This
particular specimen is mounted with the transverse knitting direction
oriented along the loading direction (vertical).

three-dimensional shape, the stress analysis is two-dimensional
(basic plate theory, see for instance Park and Gamble, 2000).
Considering the high anisotropy of the mesh, it is then possible
to conclude that the maximum wind load that a LFC can

withstand may be assessed by a relatively simple 2D model
having strength and stiffness equal to those of the Raschel
mesh in the longitudinal direction. Neglecting the contribution
of the transverse direction introduces insignificant errors.
Indeed, since the elongations are similar along both directions
(Park and Gamble, 2000), the load taken by the transverse
direction is extremely small at the elongation level where
breakage occurs along the longitudinal direction (20%, Fig. 7).

Forces on LFCs subjected to wind loads are then assessed
with the help of the 2D model schematically depicted in
Fig. 8. The model assumes that the frame into which the
mesh is attached is perfectly rigid and, therefore, does not
deform when subjected to strong winds. The wind pressure
stretches the mesh, which takes a bow shape. The total force
of the wind acting on the mesh per unit width, F,, is equal to
the pressure difference across the mesh, Ap, times the
projected mesh area, A, and it is balanced by the horizontal
force on each side of the frame (Fig. 8), F;.

F,=Ap-A=2F, )

Since the mesh is a structural membrane, it does not take
bending moments and, therefore, the only force it supports at
the point of attachment to the rigid frame, F, is tangent to its
surface, as shown in Figs. 8 and 9. Assuming the bow is
approximately a circular section, which will indeed be if the
pressure on the mesh is uniform, we can find a relationship
between the tangential force F; and the horizontal force Fj,
which allows estimating the wind velocity that will break the
mesh. The relationship between the tangential and horizon-
tal forces is (Fig. 9)

F, = F,siné. (2)

Since the frame is assumed as perfectly rigid, the radius R
of the bow formed by the mesh and the angle 6 depend only
on mesh initial length and elongation, which are functions of
the tangential force and the mesh modulus of elasticity.
Indeed, the stretched length of the mesh, L + AL, equals the

Fig. 5. Tensile test of Raschel mesh with 35% shade coefficient along the longitudinal direction. Maximum force is reached in the third photo from the left.
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Fig. 6. Tensile test of Raschel mesh with 35% shade coefficient along the transverse direction. Maximum force is reached at a much larger elongation than the one

corresponding to the last photo.

total angle of the circular bow, 26, times the radius R, and by
definition of sine 6, we obtain Eqgs. (3) and (4) that multiplied
give Eq. (5).

20-R=L+AL 3)

% = sinf (4)
0 AL

sing 1+ T ()

Eq. (5) allows determining 6 and sin 6 given the mesh
stretching. If the rupture force per unit width of the mesh,
F,. and its elongation at that point are known, we can
calculate the wind pressure that will break the mesh by
combining Egs. (1) and (2), and calculating sin 6y, with
Eq. (5). This approach leads to:

2F; sinB,,,
APy = (6)

Finally, we need to relate the pressure on the mesh with
wind velocity. Holmes et al. (2014) made a thorough

4000
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Fig. 7. Force per unit width vs. elongation of Raschel mesh, 35% shade
coefficient.

analysis of the effects of strong winds on LFCs, summarizing
models for estimating wind pressure on the mesh as a
function of wind velocity. They reviewed several publications
on wind force over screens, both porous and impermeable
(Richards and Robinson, 1999; Letchford et al, 2000;
Letchford, 2001; Uematsu et al, 2008; Giannoulis et al.,
2012) that agree in the general equations, but there are still
disagreement on some details because of lack of sufficient
experimental data. Nevertheless, there is agreement in the
expression to determine wind pressure on a porous screen given
by Eq. (7) (Richards and Robinson, 1999; Giannoulis et al,, 2012),
where s is the shade coefficient of the mesh, Cp is the drag
coefficient of an impermeable screen of the same dimensions as
the mesh, p is air density and v is wind velocity.

>
Ap = sC, P (7

The procedure to obtain the maximum wind velocity that
the mesh of a particular LFC can withstand starts with
obtaining the maximum force per unit width and corre-
sponding elongation from tensile tests. With these values,
calculate sin 6, at this point using Eq. (5), Apmex using
Eq. (6) and, finally, the maximum wind velocity can be
obtained from Eq. (7). Notice that Apm. is inversely
proportional to the distance L between the sides of the rigid
frame.

With the results presented in Section 3 and the last two
equations we can estimate the maximum wind velocity that
this mesh can withstand in a typical LFC. Eq. (6) shows that
the maximum wind pressure the mesh can withstand is
inversely proportional to the distance between the sides of
the frame to which the mesh is attached. This means that the
smaller the size of the frame, the stronger the winds the
mesh will take. Therefore, it is interesting to plot maximum
wind speed versus frame dimension, which is presented in
Fig. 10. This plot was made considering two layers of the
tested Raschel mesh, because this is the way in which it is
usually installed. Since the elongation is essentially the same
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Fig. 8. Two-dimensional model of the forces acting on a mesh attached to a rigid frame.

in both layers, the total strength is simply twice the strength
of a single layer. However, the uncertainty in the estimation
of the wind force F,, is larger than for a single layer due to the
unknown shade coefficient of the double mesh. A direct
conclusion from the plot is that, from a structural point of
view, Raschel meshes should be installed with the longitu-
dinal direction aligned with the shortest dimension of the
frame. This means that for a typical rectangular LFC where
the vertical dimension of the frame is of the order of 4 m and
the horizontal dimension is of the order of 10 m, the mesh
should be installed with the longitudinal direction vertical if
maximum strength and minimum deformation is desired.
Nevertheless, from Fig. 10 it is clear that even if the mesh is
installed with the longitudinal direction horizontally it will
withstand very strong winds, over 50 m/s, an extremely rare
event, but with larger deformation. Therefore, other practical
considerations, apart from strength, may dictate the orienta-
tion of the mesh.

Egs. (5) and (6) were derived assuming that the mesh is
attached to a rigid frame, but in actual LFCs the mesh is in

F

, / Rigid frame

\
\ Mesh
\
%X F, ‘l
T
]
]
*® /
/

Fy
R Rigid frame

F,

Fig. 9. Force decomposition assuming that the bow is a circular section of
radius R.

most cases attached to cables, which cannot be considered
rigid but flexible because, when subjected to wind loads, they
take a shape that departs considerably from the straight line
of a rigid frame. The influence of the frame flexibility on the
strength of LFCs can be deduced from the analysis of the
mesh cross-section shown in Fig. 11. When subjected to
winds, both ends of a mesh attached to a flexible frame move
inwards and in the direction of the wind, increasing the angle
6. Since the tensile force F; , at breakage is the same (it is an
intrinsic property of the mesh), the value of sin 6 increases,
and so does the wind velocity at mesh breakage (Eqs. 6 and
7). In other words, the actual strength of a mesh attached to a
flexible frame is somewhat greater than that of a rigid frame,
but at the expense of more deformations.

5. Discussion

Fig. 10 shows that the Raschel mesh considered in this
study, even when installed in quite large frames, can withstand

80

Wind speed, m/s
R N W B~ O [e)} ~
o O o o o o o
| | | | |
T T T T T

o

f
5 10 15

Frame dimension, m

Fig. 10. Maximum wind speed that will withstand two layers of Raschel
mesh with 35% shade coefficient. The frame dimension corresponds to the
length of the mesh in the longitudinal direction, with no regards to whether
its orientation is horizontal of vertical. Calculations were made with Cp =
1.5, p = 1.15, and the effective shade coefficient for the double layer is taken
as 50% (Schemenauer and Joe, 1989).
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Fig. 11. Lateral view of a LFC: rigid frame vs. flexible frame.

very strong winds. Clearly, such winds impose severe loads on
the members of the supporting structure. Since, as mentioned
before, such members are usually not designed in accordance
to structural engineering principles, it is then not surprising
that many LFCs collapse because of either failure of the
supporting structure or failure of the foundation. The mechan-
ical properties of a typical Raschel mesh that are presented in
this study can be used in structural analysis models of LFCs
with which forces on the supporting structure can be rationally
assessed, and its members (e.g., posts and cables) can then be
rationally designed to withstand such forces.

However, as mentioned in Section 1, Introduction, some
LFCs do not collapse but lose functionality because the mesh
breaks. Since the wind velocities indicated in Fig. 10 are
extremely rare in places where LFCs are usually installed, it is
clear that in these instances the strength of the mesh turned
out to be less than that determined in this study. In our opinion,
there are at least two reasons why the actual strength of a
Raschel mesh might be less than that determined in lab tests:

(a) The first reason is related to practical installation
issues and is well known by people with practice in
LFC installation. Indeed, as discussed in Holmes et al.
(2014), the strength of the mesh might decrease
considerably because of: (1) rubbing against other
objects, which abrades the mesh filaments quite fast
due to the almost permanent movement induced by
wind and the poor wear resistance of polyethylene;
(2) stress concentration in certain areas where the
mesh is attached to the frame; and (3) weak spots
created during installation as the mesh may be caught
in sharp or pointed objects (e.g., small branches of
surrounding bushes) and some filaments are broken.
These observations clearly indicate that the correct
erection of Raschel mesh in LFCs is very important and
deserves serious consideration.

(b) The second reason is related to wind flow behavior
and has not been mentioned previously in the
literature. Wind flow has normally large scale turbu-
lence that manifests as wind gusts. The forces induced
on LFCs by wind gusts are dynamic with far more
detrimental effects on structural elements. Addition-
ally, wind gust speeds are of the order of 1.5 times the
average wind speed registered by meteorological
stations (Walshaw and Anderson, 2000). More on
wind flow characteristics and wind gusts can be found
in Briassoulis et al. (2010), Agustsson and Olafsson
(2009), Boettcher et al. (2003), and Weggel (1999).
The wind fluctuating velocity also produces cyclic

forces that might contribute to unexpected breakage
of the mesh. Moreover, vortex shedding also produces
fluctuating pressures that contribute to cyclic loads.
Clearly, standard tensile tests (monotonic load) cannot
predict directly the behavior of the Raschel mesh
subjected to both dynamic and cyclic loads. A theory
and, probably, new tests, are then required.

6. Conclusions

Raschel mesh has a very anisotropic mechanical behavior,
being much stronger and stiffer in the longitudinal (knitting)
direction. Also stretching in this direction is elastic and
elongation is far smaller than in the transverse direction.
Based on these findings, it was determined that a flat mesh of
a LFC behaves in an essentially unidirectional manner (i.e.,
tensile forces act only along the longitudinal direction) when
subjected to wind loads. A relatively simple 2D model was
then developed to assess the maximum wind load that a
Raschel mesh can withstand. It was found that a Raschel mesh
shall be installed with the longitudinal direction aligned with
the shortest dimension of the frame if maximum strength and
minimum deformation is desired.

It was also found that the Raschel mesh considered in this
study should withstand extremely strong winds without
damage. Therefore, mesh breakages commonly observed are
most likely caused by factors that are known to reduce the
strength of the mesh, such as stress concentration, rubbing
with other objects, and weak spots produced during erection.
The intrinsically dynamic nature of wind loads as a conse-
quence of velocity fluctuation and vortex shedding is, in the
long term, likely to induce breakage at wind velocities that
are far less than those obtained considering the results of
standard lab tests. This phenomenon has not been studied in
detail and is certainly recommended for future research.
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