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bstract

n Saharan areas of Algeria, sandstorms can damage vehicles windshields inducing incidental light diffusion that affects the driver’s visibility.
ehicles technical controllers find some difficulties with damaged windshields. The control being made visually with the naked eye, it is therefore
ifficult to judge when a damaged windshield is no more valid to use. In this context, we studied the influence of the surface state of a soda lime
lass on the scattering of a white light. The varying parameters considered are the projected sand mass, the opening of the light beam and the
istance sample-receptor. By increasing the projected sand mass up to 200 g, the optical transmission falls from 91.6 to 13% and the roughness
ncreases from 0.035 up to 2.27 �m and then tends toward a constant level. For the as-received state, the image obtained using a CCD camera
resents a net boundary and the transmission profile shows a saturation plateau. By damaging the surface, the image boundary deforms and

ecomes diffuse. For the highly damaged states, the image become completely blurred and the transmission profile disappears. The variation of the
ransmission according to roughness shows an inflection point at T = 73% and Ra = 1.5 �m. This point seems to separate two domains: a transparent
eld (Ra < 1.5 �m) and a blur field (Ra > 1.5 �m). The visibility limit obtained in our tests conditions is estimated at about 73%.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the Sahara, sand winds have a great influence on the envi-
onment. In general, this influence leads to a surface damage
f a great number of objects, particularly those processed of
rittle materials such as glasses and ceramics. In the case of
lass made products for example, sandstorms can damage vehi-
les windshields surface, headlights optics, protecting glasses of
nfra-red plane sensors, solar panels and various glazings.

In general, the surface damage of brittle materials eroded by
andblasting occurs primarily by the formation and the propa-

ation of radial and lateral cracks.1,2 The material removal is
haracterized by a chipping mechanism. It was often observed
n materials such glass that the sand particles impacts generate
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efects similar to those obtained by Vickers indentation. Damage
aused by sharp particles is always more severe than the damage
aused by rounded particles. When the number of impacts in a
iven area increases, there is an interconnection of cracks. The
umber of scales as well as their depth will increase and the
istance between individual scales will decrease. This leads to
he formation of damaged zones.1 The kind and the extension
f the damage (defects size) on the glass surface are dependent
n the kinetic energy of the incidental particles, their shape and
he mechanical properties of the erodent and the target. The size
f the surface defects increases by increasing the kinetic energy
f the incidental particles.3

When a light beam arrives on a glass surface, several phenom-
na can occur: reflection, transmission, absorption and diffusion.

he last of these is commonly termed scattering. The decom-
osition of the incidental beam in different percentages of these
ight transformations is done according to the glass constitu-
ion, homogeneity and surface quality. Under real conditions, the

mailto:bouaouadja@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2007.01.011
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Fig. 1. Illustration of the optical assembl

isibility through a windshield damaged by sandblasting is enor-
ously reduced at night, or during sunrise and sunset because of

ncidental light diffusion. Holtmann et al.4 report that the stray
ight on automotive vehicles windshields caused by the impact
f small particles imposes severe safety hazards during night
riving. Because of the reduced contrast caused by stray light,
on-illuminated objects are perceived much later than through
ristine windshields.

The objects seen through eroded windshields become par-
ially or completely fuzzy according to the mileage increase and
he vehicle locality. There is a transmission loss primarily caused
y the incidental light beam diffusion due to scattering at small
urface defects such as scratches and impact sites. The diffusion
s simply related to the surface characteristics of the enlightened
lass. It takes place without any wavelength change. It is what
n observer perceives during the reflection of a light beam on
dioptre plane. If there are no suspended particles in the air,

ne clearly perceives the mark of the beam on the enlightened

urface. This, because a part of energy is lost out of the specular
irection and is collected by the eye. This diffusion is due to the
resence of irregularities on the sample surface.5

ig. 2. Variations of the optical transmission and arithmetic roughness according
o the projected sand mass.
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ed for the light diffusion measurements.

In preceding works,6,7 sandblasting tests were carried out in
aboratory on a soda lime glass in order to simulate sandstorm
ffects. Influence of the main parameters such as the projected
and mass, the flow speed and the impact angle were stud-
ed. In general, an increase in the mass loss and the roughness
ere observed when the projected sand mass increases. At the

ame time, the optical transmission and the bending mechanical
trength fall notably. These tendencies are in good concordance
ith those reported in literature on various types of brittle mate-

ials and under various tests conditions.8,9

The windshields degradation by sand or dust particles can
ead to serious problems for drivers. In operational use, the wind-
hield glass may encounter multiple high velocity impacts with
olid particles, usually silica. Simulating reality in laboratory
s rather complex if one refers to the different conditions of a
indshield of vehicle circulating in Saharan regions. Indeed, the
iffused light depends on several parameters such as:

The state of the damaged surface or the vehicle mileage.
The shape of the windshields (variable bulging form accord-
ing to the type of vehicle).
The windshield inclination which varies according to the type
of vehicle (cars, buses, . . .).
The various directions (variable angles) and intensities (vari-
able distances) of the incidental light.
The visual capacity of the driver which, generally, depends
on his age.

Vehicle drivers should see the real world as if there was no
indshield which should provide the driver a high visibility and

n undistorted view of a traffic scene ahead. It is reported that
isual orientation is essential for safe driving and 90% of the
ecessary information for safe driving is noticed visually.10,11

In this work, some preliminary results concerning the influ-
nce of a soda lime glass surface state on the diffusion of a white

ight are presented in order to study the effect of sandstorms
n vehicles windshields in the Saharan regions. We considered
he case of samples in a normal position and the following
ariables parameters: the damaged surface state, the distance
ample-receptor and the diameter of the incident light beam.
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according to the scattering angles, we used a photomultiplier
connected to a nano-amperemeter. For the diffusion mea-
surements, we used a 350 W power source of white light
and a goniometer with a turning table provided with an arm
Fig. 3. Schematic illustration of the transmitted lig

. Experimental procedure

The target used in all tests is a soda lime glass with 3 mm
hickness. A batch of samples of dimensions 40 mm × 40 mm is
repared. A sample in its as-received state is taken as a reference
ample (undamaged). The others were subjected to sandblasting
ests on one side by varying the projected masses Mp: 5, 10, 20,
0, 50, 100, 150 and 200 g. The angle of selected impact corre-
ponds to the most unfavourable case, i.e. a normal orientation
f the sample to the sand flow (90◦). The speed of the sand flow
s taken equal to approximately 16.5 m/s which is an average

peed usually encountered in the Algerian Sahara. Under real
onditions, the sand winds usually starts from a speed of about
2 m/s. The maximum speeds recorded up to now are variable
etween 25 and 30 m/s.12

ig. 4. Diagram illustrating some scattering angles defined at a maximum dis-
ance of 60 m between a fixed vehicle and a second vehicle moving in the opposite
irection (x = 2.40 m).

F
f

ough glass samples having various surface states.

The erodent (sand) used in this study originated from the area
f Ouargla (Algeria). It has a rather homogeneous average gran-
lometry ranging between 200 and 250 �m. The composition is
ainly silica. The general shape of individual particles is vari-

ble: angular for the majority of small particles and rounded for
arger particles. Their elongation index varies from 1 to 1.8.13

In order to determine the variation of the optical transmission
ig. 5. Variation of the optical transmission according to the scattering angles
or three samples having various surface states (Φ = 2.26 mm and D = 100 mm).
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Fig. 6. Influence of the samples damage state on the cl
ength of 315 mm. The used optical assembling is presented in
ig. 1.

The (S) source emits a beam of white light which is focused
y the lens (L1). The field diaphragm (FD) enables to fix the

d
c
A
u

ss of the collected image and the transmission profile.
iameter of the exit beam. The opening diaphragm (OD) allows
ontrolling the incidental light intensity on the sample surface.
parallel beam (with constant energy and diameter) is obtained

sing the lens (L2). The outgoing rays are oriented in their turn
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When the surface is damaged, the transmitted light decreases and
tends to disappear. The enlightened mark obtained on the initial
undamaged state is clearly represented and the contour is well
defined. The two sides of the transmission profile are symmetri-

Table 1
Some diffusion angles defined by a distance between 0 and 60 m (x = 2.4 m)

d (m) Angle α

60 2◦29
ig. 7. Variation of the optical transmission according to the scattering angles
or various incidental beam diameters (D = 100 mm, Mp = 20 g).

n the sample (S) which diffuses the light. The photomultiplier
PM), placed at a distance D, collects the radiation transmitted
rom which the variations T = f(θ) are determined. The scattering
ngle varies from −30 to +30◦ with a step of 2◦. The images
btained are collected by a CCD camera. The variable parame-
ers are: the distance D (50, 100 and 150 mm) and the diameter of
he incidental beam (Φ = 1.07, 2.26 and 3.23 mm). For each scat-
ering angle θ and for each distance D, the transmitted intensities
re measured and the transmission factor T is evaluated.

. Results and discussion

The evolution of the optical transmission T and the arithmetic
oughness Ra obtained according to the projected sand masses

p is presented in Fig. 2. It is observed that the transmission
nd the roughness evolve in opposite directions.

The roughness strongly increases up to 2.27 �m (Mp = 50 g)
nd tends towards a saturation level beyond that. Earlier studies1

how that the roughness behaviour presents the following steps:
sharp increase up to a maximum value followed by a nearly

onstant level “plateau” with a low amplitude wavy form around
his plateau. This wavy form is explained by elimination of the
eaks (equalization of the facies) and then creation of differences
etween hollows and peaks.

The optical transmission falls regularly until approximately
6% (150 g of projected sand mass) and tends to be stabilized
eyond that. The total transmission fall is about 76%. The trans-
ission loss is done by reflection for the low projected masses

ecause the eroded surface is not sufficiently damaged. For
arger projected sand masses, the loss is mainly done by diffu-
ion because of the great number of scaling and damage which
iffuse the incidental light. It is well known that the first stage
f glass erosion that is crucial for the formation of stray light is
he creation of scales and scratches. Damage sites resulting from

and particles (ranging into the interval 200–250 �m) are often
icroscopic, but the microcracks and flaws that are created act

s efficient scattering centres for incoming light. As a result, the
ptical transmission suffers.

3
2
1
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Fig. 3 illustrates the light crossing glass samples having three
ifferent surface states: an undamaged surface (a), a lightly
amaged state (b) and a severely damaged state (c). With a
ood surface quality, almost 92% of the light is transmitted
nd approximately 8% of loss is attributed to the reflection on
he two sample surfaces.14 If the surface is lightly damaged, a
art of the light is lost by reflection and diffusion. Finally, if
he surface is severely damaged, the transmission loss is pri-

arily attributed to the surface diffusion. It falls sharply until
pproximately 13–16%.

To choose the diffusion angles, an example of a motionless
ehicle located at a distance d = 0 m and a second vehicle moving
n opposite direction starting from d = 60 m, is considered. The
istance (x = 2.40 m) separating the azimuth axis of the mobile
ehicle and the position of the driver on the fixed vehicle is
upposed sufficient and constant (Fig. 4). The different obtained
ngles are indicated in Table 1.

When the distance separating the vehicles decreases, the
cattering angles tend towards 25.6◦. The diffusion curves
Figs. 5 and 7) are therefore plotted using scattering angles
arying from 0◦ to 30◦.

The variation of the light transmission according to the scat-
ering angles for an undamaged sample and for two samples
anded with 20 and 50 g is presented in Fig. 5. The conditions
sed for the tests are: the diameter of the incidental beam is
.26 mm and the distance sample-detector D = 100 mm. It is
oted for the undamaged state that the transmission loss is very
eak and occurs essentially by reflection. The loss by diffusion

s negligible. For 20 g of projected sand, the specular transmis-
ion falls from 91.6 to 87%, whereas the diffuse transmission
emains low enough (≈13%). This represents a haziness of about
5%. The haziness H is defined as the rate of the diffused inten-
ity Idif on the transmitted intensity Itr (H (%) = (Idif/Itr) × 100).
he diffusion starts to appear and spreads out until a scatter-

ng angle of approximately 25◦. For a more damaged sample
Mp = 50 g), the specular transmission becomes weaker and the
aziness increases further and reaches 28%. It is noticed that
eyond 20◦, the transmission becomes almost null.

The evolution of the curves presented in Fig. 5 is in good
greement with the images taken by a CCD camera and with the
ransmission profiles (Fig. 6). This last is obtained following the

edian line of the collected image. It translates the variation of
he light intensity according to the sample width.

In Fig. 6, the enlightened mark evolution is clearly shown.
0 4◦57
0 6◦84
0 13◦49
5 25◦64
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ig. 8. Images and corresponding profiles obtained through sanded samples u
ncreases with the diameter opening.

al. The transmission profile presents a saturation state “plateau”
ecause of the large transmitted light intensity. For the damaged
tates, the transmitted light intensity decreases gradually and
he contour becomes increasingly indefinite. The recorded pro-
le becomes asymmetrical. The sample eroded with 100 g of
and gives a fuzzy image and the transmission profile disap-
ears completely. It can be noticed that the profile amplitude is
trongly reduced.
Fig. 7 shows the diffusion curves when the diameter of
he incidental light beam is varied from 1.07 to 3.23 mm
D = 100 mm and Mp = 20 g). It can be observed that the opti-
al transmission maximum decreases as the beam diameter

fi
i
m

arious light beam openings (D = 100 mm and Mp = 20 g). The saturation level

s reduced. The following values are reported: 91.4% for
= 3.23 mm, 89% for Φ = 2.26 mm and 86% for Φ = 1.07 mm.

t is well known that the diffusion evolves in the opposite way.
t can be concluded that the light diffusion is proportional to the
ntercepted defects number. This means that for good driving
onditions, it is necessary to have a good quality of the head-
ight optics. In real conditions, this quality is strongly dependent
n the car locality, the mileage and the individual driver.15
The images collected by camera and the corresponding pro-
les obtained from a sample eroded with 20 g of sand are shown

n Fig. 8. As the beam diameter increases, the enlightened
ark becomes progressively intense and the saturation plateau
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ecomes larger. It is evident that for a given light power, energy
ncreases with the diameter increase.

. Determination of the visibility limit

In order to estimate a visibility limit as a validity test of eroded
amples with different sand masses, a H character with dimen-
ions 1 cm × 1.2 cm is used as an observed object. This character
s placed at 1 cm below the sample16 and photographs for various
urface damage states are taken (Fig. 9).It can be noticed that for
he initial state (without sandblasting), the H character appears
ery clear and as the glass surface is increasingly damaged, it
ecomes increasingly blurred.

We know that the technical controllers of vehicles find some
ifficulties with quality control of damaged windshields in Saha-
an regions. The exposed problem is that this control is only
ade visually with the naked eye making it difficult to judge if a
indshield damaged by sand particles is still valid for use or not.
o answer this question by defining a visibility limit, the vari-
tion of the optical transmission according to the roughness is

stablished (Fig. 10). A linear decrease with an inflection point
s shown.

It is also noticed that the standard deviations of Ra increase
s increases the projected sand mass. They tend to be stabilized

b

s
m

Fig. 9. Aspect of an H character seen through s
ig. 10. Variation of optical transmission versus the roughness, showing the
nflexion point.

eyond approximately 2 �m. Evolution of these standard devi-
tions is probably related to the increase of the created defects
umber and to the interconnection of the lateral cracks generated

y the repeated sand impacts.

Only the standard deviations of the roughness values are
howed because the roughness measurement error is relatively
ore important than that of the transmission. The average val-

amples sanded with various sand masses.
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ig. 11. Schematic diagrams showing the central zone of a sample eroded by
andblasting: (a) direction lines used for measuring the roughness; (b) light beam
iameter used for optical transmission measurement.

es of roughness are given according to four direction lines in
he damaged central zone. Those of the transmission are given
ccording to a surface corresponding to the incident light beam
iameter (2.2 mm in the central zone). This beam intercepts
higher defects number. In Fig. 11, two schematic diagrams

xplain the roughness and the transmission measurements.
According to Fig. 10, an inflection point is located at about

= 73% and Ra = 1.5 �m. This point separates two distinct
omains: a field corresponding to a slow decrease of T for rough-
ess values lower than 1.5 �m, and a second field corresponding
o a sharp decrease of T for roughness values greater than 1.5 �m.
wo optical domains can be therefore defined:

A transparency field (1st branch) where the optical transmis-
sion is rather high and the roughness is rather low.
A second blurry field (2nd branch) where the optical trans-
mission is weak enough and the roughness is high.

Nevertheless, the definition of a visibility limit between these
wo optical fields is not clearly apparent. It can be admitted
hat there is a mixed field. The limits of this mixed domain can
e defined by the roughness standard deviation values corre-
ponding to the inflection point (Ra = 1.5 ± 0.22 �m). In order
o allow technical services to securely control the damaged wind-
hields, the lower roughness value (Ra = 1.5–0.22 = 1.28 �m)
an be proposed as a “limit value”. In our test conditions, this
alue corresponds to an optical transmission limit of about 73%.
he inflection point located at T = 73% is concordant with liter-
ture data. Indeed, Savaete17 reported recently that in USA and
apan, the minimum light transmission allowed for windshields
s 70%, whereas in Europe it is 75%.

In reality however, the vehicle windshields are generally

ade of a double glazing separated by a PVB transparent sheet

nd are placed in oblique position. These differences will prob-
bly affect the obtained results. Their influence will be treated
n an ulterior work.
Ceramic Society 27 (2007) 3221–3229

. Conclusion

In this work, some light diffusion aspects of a soda lime
lass eroded by sandblasting using different sand masses are
tudied. The aim is to define an optical transmission limit that
eparates the acceptable transparency domain from the harmful
uzziness. This problem arises during the quality control of the
ehicle windshields eroded by sand winds in the Saharan areas of
lgeria. Variation of the optical transmission versus the samples

oughness was determined. The results show that the roughness
ncreases with the increase in the projected mass whereas the
ptical transmission decreases and tends towards a constant level
ocated towards 13%. For the low projected masses, the optical
ransmission is maximal in the specular direction (normal light
ncidence). As the projected mass increases, a spreading out of
he curves is observed.

In the optical characterization part, the light diffusion made
or various surface states is studied in particular. The vary-
ng parameters are: the distance between the samples and the
etector, the incidental light beam diameter and the scattering
ngles.

For weak scattering angles, there is a strong diffusion. When
moving away from the specular direction (when the angle
becomes large), the diffusion tends to become undetectable.
The increase in the incidental beam diameter involves the
increase in light energy. This leads to an increase of the dif-
fused intensity.
For the initial undamaged state of glass (not sandblasted), the
contour of the enlightened mark collected by a CCD camera
is well defined. As the projected mass increases, the contour
becomes blurred. This is related to the light diffused through
space.
The variation of the optical transmission according to the
arithmetic roughness allows to define a visibility limit which
is localised at about T = 73% and Ra = 1.5 �m.
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