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RESUME

Il est possible d’améliorer le bilan hydrologique des zones urbaines par le biais des chaussées
perméables. En effet, ces chaussées perméables présentent un taux d’évaporation de 16% supérieur
a celui des chaussées imperméables, ce qui peut améliorer le climat urbain. La surface des
chaussées et les couches plus profondes influencent les taux d’évaporation. Si 'on compare les taux
d’évaporation de différents systemes de chaussées perméables, la distribution granulométrique de la
couche d’assise n’a pas d’influence significative sur les taux d’évaporation. Au contraire, une couche
d’assise composée d’'un enrobage double réduit I'évaporation de 16% par rapport a une couche
d’assise homogéne. En changeant la couleur des pavés, une augmentation des taux d’évaporation
de 19% peut étre atteinte. Une autre comparaison montre que I'effet de transpiration de I'herbe des
chaussées herbeuses entraine des taux d’évaporation trois fois supérieurs a ceux obtenus avec des
chaussées en béton perméable. Il est impossible d’atteindre des taux d’évapotranspiration aussi
élevés avec une chaussée en béton perméable. Malgré cela, I'utilisation largement répandue des
chaussées en béton perméable continue a avoir un impact sur le climat urbain.
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ABSTRACT

The urban water balance can be attenuated to the natural by water-permeable pavements.
Furthermore, water-permeable pavements have a 16% higher evaporation rate than impermeable
pavements, what can lead to a better urban climate. Evaporation rates from pavements are influenced
by the pavement surface and by the deeper layers. By a compared evaporation measurement
between different water-permeable pavement designs, the grain size distribution of the sub-base
shows no influence to the evaporation rates in a significant way. On the contrary, a sub-base made of
a twin-layer decreases the evaporation by 16% compared to a homogeneous sub-base. By a change
in the colour of the paving stone, 19% higher evaporation rates could be achieved. A further
comparison shows that the transpiration-effect of the grass in grass pavers increases the evaporation
rates more than threefold to pervious concrete pavements. These high evapotranspiration rates can
not be achieved with a pervious concrete paving stone. In spite of this, the broad field of application of
the pervious concrete paving stone increases the importance in regard to the urban climate.
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1. INTRODUCTION

The use of water-permeable pavements (WPPs) can help prevent sewage overflows and floods in
urban areas because such pavements allow the infiltration of water directly into the ground. The
amount of precipitation water depends on the local climate, and therefore drainage needs must be
adapted to suit climatic conditions (Dawson, 2009). Depending on the local climate and the
permeability of the pavement, there might be no need for a canalisation or any further infiltration
facilities.

The large-scale use of these pavements, will lead to a change in the urban water balance as the
surface runoff from impermeable surfaces is prevented and the infiltration rate is increased. In
addition, Starke et al. (2009) established that evaporation rates for WPPs made of pervious concrete
were 16% higher compared to water-impermeable pavements. The urban water balance is
approximated to the natural water balance. With large-scale use, the higher evaporation rates can lead
to a cooling effect in cities. On WPPs, the evaporation rates are not just higher, the more important
effect is that theses rates are more evenly distributed over time (Starke et al. 2009). The urban typical
rain-air humidity interconnection (Kuttler, 2008) and the resulting weather, like sultriness or dry heat
(urban heat island effects), can be attenuated.

It is assumed, that these higher evaporation rates result mainly from the water retained in the pore
matrix of the paving stone and inside the seam filling. The effect of the deeper layers, like the sub-
base, is unknown but as Lay (1986) presented, evaporation of deeper street layers also exists. On
impermeable streets, this vapour can reach the atmosphere just via cracks, which minimizes the
influence on the total evaporation. WPPs are also permeable for vapours and gases and through a
higher vapour transport from the sub-base into the atmosphere, the effect could be significant. The
more evenly distributed evaporation rate, even after several dry days and a dry pavement surface, can
be a sign of an influence of the deeper street layers on the evaporation rates (Starke et al. 2009),
which layers are made of granular materials with defined grain size distributions (Ferguson, 2005).
The effects on evaporation rates from a variation in the grain size distribution and the associated
variation in its hydraulic and physical attributes have not been researched yet.

In this paper, the evaporation rates of WPPs with different sub-base materials are compared. In
addition, a variation in the paving stone colour and a comparison to a grass paver give an informative
basis for assessing how far it is possible to increase urban evaporation rates by the use of different
WPP types. The aim of this paper is to show how evaporation rates of WPPs can be increased, to
influence urban climate in a positive way.

2. METHODS
2.1. Laboratory

Gobel et al. (2008) shows that evaporation comparisons between different ages of pavements is
hardly possible and therefore all tested pavements were newly constructed. To get reproducible and
practicable results, the first step was an investigation of existing materials for street building. 27 loose
and conventional materials in this particular market sector were collected and were tested for their
hydraulic and physical attributes. All laboratory tests are standardized and were carried out according
to strict to procedures. In this paper not all realized tests are discussed. The main focus is on the
water retention capacity (wrcmat. for single materials and wrc,,,. for the material in regard to its part of
the whole pavement), the permeability (k;, the main attribute for a WPP) and the height of capillary rise
(her.). These hydraulic attributes are complemented by some physical attributes like the grain shape (S/
for Shapeness-Index and F/ for Flakiness-Index) and the Proctor-density (o,). The Proctor-density
reflects the density conditions of the material in the field. The hydraulic laboratory tests were realized
with p,, to get realistic results. The accomplished tests and their corresponding rules and standards
are picked up again in Table 2.

Based on all realised results, plotted in a special format, the suitability, for water-permeable street
building can be verified. Only the suitable materials were used in the field test. Up to now, a laboratory
testing method for material-specific evaporation rates does not exist. In the course of the research
project a lab-testing device was developed and is actually in the testing phase.
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2.2. Outdoor test

In Coesfeld, Germany, a test field was built (Figure 1, right side) consisting of seven hexagonal areas.
All areas are divided from the others by plastic ‘walls’ that extend from 1 cm above the paving stone
surface to the bottom of the sub-base (620 mm below the surface). The central reference area (Area
2.1) is constructed in accordance with the approved national technical specification for Germany (DIBt
20086).

Seam filling (seam width 3-5 mm)

Sub-base
(ca. 500 mm),

i Natural
ground

nnnnnnnnnnnnn

Figure 1: Left side: Block diagram of a WPP constructed according to approved national technical specification;
Right side: Testfield in Coesfeld, Germany with central reference area (Area 2.1- see block diagram) and differing
outer areas

Nearly all pavements consist of the paving stone with a seam filling directly at the surface, below
which is a base and a sub-base laid on the natural ground (Figure 1, left side). The main focus of the
research was on the impacts of different sub-base materials on the evaporation rates. Therefore, Area
2.2 was designed with a twin-layer sub-base, as is often used in Dutch pavement-construction. The
materials used are shown in Table 1. The Dutch sub-base is characterised by a coarse grained upper
layer with a high proportion of fine grains. The second sub-base below is made of special drainage
sand. In German regulations (TL SoB 2004), there is a specific range of acceptable grain size
distribution of the sub-base (and also for other layers). That is necessary because different grain size
distributions change some physical and, in most cases, all hydraulic attributes of the layer. Therefore,
one aim of this research was to exhaust this range and to built one test area with an “as fine-grained
as possible” and one area with an “as coarse-grained as possible” sub-base. For this, the exact
grading curves (TL SoB 2004) were mixed and after passing through the laboratory tests, the
materials were built in Area 2.4 (i.e. fine grained sub-base) and in Area 2.5 (i.e. coarse-grained sub-
base).

Included in the street design, that accords with the national technical approval system, are four
variations of sub-base in the test field. In addition to the influence of the sub-base on the evaporation
rates, some variations of the upper surface were built in. The simplest variation is a change in colour.
Therefore, Area 2.3 is paved with anthracite paving stones made of the same pervious concrete and
with the same shape as on Area 2.1.

On parking lots and courtyard entrances, the prevalent kind of WPPs are grass pavers. The
comparison between Area 2.1 and Area 2.7 (grass paver) allows an assessment of the transpiration
effect of the grass on the evaporation rates. The last area (Area 2.6) with an impermeable paving
stone is described in Starke et al. (2009). All general information on the materials used is shown in
Table1.
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Properties Area 2.1 Area 2.2 Area 2.3 Area 2.4 Area 2.5 Area 2.7
Reference  Sub-base Paving stone Sub-base Sub-base Grass paver
area netherlands colour fine coarse
o . . grass paver
c
% Material pervious concrete paver (pervious concrete)
_E’ Colour grey grey antracite grey grey brown
> . . . . . . . . . .
5 Size 200-100-80 200-100-80 200-100-80 200-100-80 200-100-80 250-250-80 mm
mm mm mm mm mm
£ . 1/3basalt 1/3basalt  1/3basalt  1/3basalt 1/3basalt __/>basalt
il Material chippings chippings chippings chippings chippings chippings/extensive
g substrata 30/70%
Width 3-5 mm 3-5mm 3-5 mm 3-5mm 3-5mm ca. 48:48 mm
o . 2/5hard  2/5hard  2/5hard  2/5hard  2/5hard _ 13 basalt
b4 Material limestone limestone limestone limestone limestone chippings/extensive
a substrata 70/30%
Thickness 30-50 mm  30-50 mm 30-50 mm 30-50 mm  30-50 mm 30-50 mm
1.0/45
8 Material 0/32 hard re V\facke 0/32 hard 0/32 hard 0/32 hard 0/32 hard limestone
g limestone grey limestone limestone limestone
3 2. 1/3 sand
= . 1. 250
®  Thickness 500 mm MM 500mm 500 mm 500 mm 500 mm
2.250 mm
o Partof 5.9 % 5.9 % 5.9 % 5.9 % 5.9 % ca. 55.3%
—_ seams
-g g Age new installed
= E Gradient 0%

No disturbances from the sourrounding

Table 1: Characteristics of the test-fields areas

To compare the evaporation rates of pavements with different street layers, the outer areas differ from
Area 2.1 in the centre. By a Tunnel-evaporation gauge (TUV), further described in Werner (2000),
Weil} et al. (2002) and Starke et al. (2009), the hourly evaporation rates are measured with a time
resolution of 12 minutes (five measurements per hour). The TUV is placed between the two compared
areas and the tunnel measuring-unit is pivoted by a lifting arm alternately on both pavement surfaces.
In addition to the TUV, a Hellman rain gauge allows a precipitation-evaporation correlation. The near-
surface air temperature and the relative air humidity were measured by the integrated sensors of the
TUVs.

The test period was from August 2008 to October 2009. Pre-examinations by Gobel et al. (2008) show
that evaporation rates from WPPs are heavily dependent on the weather. Due to the fact that there is
only one TUV, but six possibilities to compare pavements, a continuous measurement over the whole
year was not possible for all areas simultaneous. To get a comparison between all pavements
surfaces, there should be identical weather conditions at every measurement. In a field test this is not
possible and therefore the analysis of the measured evaporation rates will just be based on similar
weather conditions.

3. RESULTS

The laboratory tests show that, especially, the fine-grained materials are not suitable for water-
permeable street building. The biggest criterion of exclusion was that of water permeability. The
results for the different materials used in the test field are shown in Table 2. For evaporation the most
relevant parameters of hydraulic conductivity, water retention and capillary rise are shown. Additionally
the Proctor-density, the status of the material in the field test is shown. For the sub-base, there are
some more parameters in the table, like the Flakiness- and the Shape-Index. Both parameters are
important for the stability of the pavement but their influence on evaporation rates has not been
researched yet.
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Area 2.1 Area 2.2 Area 2.3 Area 2.4 Area 2.5 Area 2.7

7]
-% = g Reference Sub-base Paving stone  Sub-base Sub-base  Grass paver
2 - w9 area netherlands colour fine coarse
[ c Z
o =) [l
29 ki m/s  18130-1:1998  8.1.10™ 8.1-10™ 1.3-10" 8.1-10™* 8.1-10™ n.m.
£S5 Woma Vol-% 1097-6:2000 7.5 75 7.8 75 75 7.5
&’ wep,  m? na. 5.7 5.7 5.9 5.7 5.7 3.6
k¢ m/s  18130-1:1998  3.3-10° 3.3-107 -
£ WICmat  Vol.-%  1097-6:2000 10.6 10.6 20.9
S WIC pay. 1/m? n.a. 0.5 0.5 9.2
@ Ow glcm®  13286-2:2004 1,62 1.62 1.45
her m 1097-10:2003 0.13 0.13 0.35
k¢ m/s  18130-1:1998  4.2.107 4.2-107 4.310°
o WCma Vol-% 1097-6:2000 4.1 4.1 20.1
§ WIC pay. I/m2 n.a. 1.6 1.6 7.8
Pw glcm®  13286-2:2004 1.64 1.64 1.53
her m 1097-10:2003 0.08 0.08 0.33
9
ks m/s  18130-1:1998  9.0-10* L<10 0 9040 5.710° 4.210° 9.010"
2.4.4-10
WICmat  Vol.-%  1097-6:2000 4.4 1.10.5 4.4 11.5 11.9 4.4
) ' ’ 2.22.3 ’ ’ ’ ’
© Py 1.26.5
g WIC pay. I/m n.a. 22.0 2 558 22.0 57.5 59.5 22.0
S 1.2.23
5 w 3 13286-2:2004 2.13 2.13 2.24 2.13 2.13
a P g/em 2.1.35
FI 1 933-3:1997 Fl 27 1.F129 Fl 27 F1 30 Fl 28 Fl 27
S/ 1 933-4:1999 SI 17 1.S1 16 SI17 Sl 16 Sl 16 SI17
, 1.0.37
her m 1097-10:2003 0.10 2 047 0.10 0.33 0.33 0.10
S ki m/s  18130-1:1998  3.5.10° 3.4-10° 3.310° 3.6110° 3.610° 2.810°
= § WICpa,  Vol.-%  1097-6:2000 48
L& wep, 1/m? n.a. 29.8 90.1 30.0 65.3 67.3 42.6

Minimum requirements: k;: 5.4-104; S/: max. 50; FI: max. 50; n.a. = not available; n.m. = not measurable

Table 2: Methods and results of the laboratory tests for the materials used

Table 2 shows that the base and the seams present a zone of high permeability in the pavement. In all
areas, the sub-base has a 2 orders of magnitude lower permeability and in Area 2.5 it is even less
permeable than required (k; = 5.4*10™ m/s). Its use in normal pavements is, strictly speaking, not
possible. However, in water-permeable street building it is not common to test every single material,
just the total pavement. This is the only acceptance-criterion in water permeability. The permeability of
the whole pavement of Area 2.5 is clearly higher than needed. Therefore, the material is used further
and is described as being suitable for WPPs. The same situation on Area 2.2: The upper sub-base is
even completely impermeable in the laboratory test, but the total pavement shows an adequate
permeability.

The wrcma, values of the paving stones are almost equal on all surfaces (7.5-7.8 Vol.-%), an exception
being Area 2.7. Here, the wrcn,. is equal to the other surfaces, but the value of the pervious surface
concrete is lower (Wrcpay. 3.6 I/m® to 5.7-5.9 I/m?). The surface consist of 55.3% seams, so there is
more seam-surface than paving stone-surface. In contrast with the other areas, the seam-filling plays
a decisive role. With 12.8 I/m2, the wrcp,y. Of the seam-filling and the paving stone is at least twice as
high as on the other areas. In the sub-bases, Area 2.4 and Area 2.5 show a high wrcnya. and wrcyay..
and both values are nearly threefold those of the wrc values for Areas 2.1, 2.3 and 2.7. The highest
wrc was in the sub-base of Area 2.2. The bottom sub-base can retain 22.3 I/m? water.

The bases of all paved areas show low capillary rise (8 cm), whereas the base material of Area 2.7
can raise the water head up to 33 cm against gravity. Capillary effects from the natural underground
are just prevented by the sub-base.

In Figure 2, a typical comparison of evaporation measurements is shown. In this case, Area 2.1 and
Area 2.3 are compared. The red and green lines, reflecting the evaporation rates, show the typical
daily curve. In relation to the precipitation events (blue bars) the interconnections between rain events
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and evaporation can be seen. The highlighted periods (coloured boxes) are the same periods
described in Table 3; blue is for a rainy period, orange for a drying period and red for a dry period.
In Figure 2 there are, all in all, 3 measuring periods (26.09.08 - 05.10.08; 08.06.09 -14.06.09 and
06.10.09 — 20.10.09). Therefore, the evaporation rates are differently high. In June, the evaporation
rates are much higher than in October. Obviously, the red line (Area 2.3) shows at noon a higher
evaporation rate than in Area 2.1. At night, the evaporation rates are insignificant and have just little
influence on the total evaporation.
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Figure 1: Results of the meteorological measurement for Area 2.3 and 2.1, Discussed weather periods of Table 3
are highlighted

The results of the meteorological measurements are summarized in Table 3. Because of the large
amount of measurements (over 4.5 million single values of the different parameters) the results are
only summarized in this paper.

Changing weather conditions make it is necessary to focus on three special weather periods: “rainy
days” (days with rain events), “drying days” (the two dry days following a rainy day) and “dry days” (at
least two dry days between this period and the last rain event). These periods are taken for every
compared area.

All three weather conditions of every area are taken for a warm period (average temperature > 18 °C)
and a cold period (average temperature < 15 °C). Because of insignificant evaporation rates at night,
all values in Table 3 were measured between 8am and 8pm. In the course of the project, there are
longer and more periods measured, so the data pool is much bigger and covers nearly all weather
conditions available. For the two parameters temperature ¢ and actual evaporation Et,, there is
always the minimum, the average and the maximum value of a period given. The relative air humidity
rF is shown on average for the according period. In the text, rF and 9 are not discussed further, but
for the sake of completeness and for a better reconstruction of the results, both values are shown in
Table 3. In addition, the cumulated evaporation rates Et.,,, are compared relatively to the evaporation
rates of Area 2.1. This is essential for the same measuring period and in the comparison the Et., of
Area 2.1 always equates to 100 %. There is only one exception in the warm period, where Areas 2.4
and 2.5 were compared directly. This results from insignificant evaporation-differences between the
“‘normally grained” sub-base of Area 2.1 and both other areas. To get bigger differences in
evaporation, the fine-grained and the coarse-grained sub-bases were compared directly.
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Warm days Cold days
Rainy Drying Dry Rainy Drying Dry
Measuring period date 27.05.08-29.05.08 29.05.09-30.05.09 19.09.08-21.09.08 14.11.09-16.11.09 23.10.09-24.10.09 18.03.09-20.03.09
- Average J °C 19.40 24.2 175 9.2 12.0 11.0
‘: Min./max. J °C 12.8/28.1 16.5/29.6 7.5/26.4 5.5M11.7 8.2117.4 3.0/19.3
g Average rF % 53.3 35.0 53.6 921 82.2 49.0
Average Et, mm/h 0.057 0.014 0.005 0.003 0.013 0.005
Min/max Et, mm/h 0.013/0.147 0.005/0.04 0/0.181 0/0.023 0/0.032 0/0.014
Measuring period date 27.05.08-29.05.08 29.05.09-30.05.09 19.09.08-21.09.08
Average J °C 19.40 24.2 17.5
: Min./max. J °C 12.8/28.1 16.5/29.6 7.5/26.4
S Average rF % 53.3 35.0 53.6 In measuring
< Average Et, mm/h 0.037 0.019 0.006
Min/max Et mm/h 0/0.087 0.012/0.034 0/0.189
Et., % ofarea2.1 % 65.2 73.2 108.4
Measuring period date 09.06.09-11.06.09 12.06-13.06 04.08.09-06.08.09 29.09.08-30.09.08 01.10.08-02.10.08 03.10.08-05.10.08
Average J °C 18.2 22.6 321 12.7 12.0 10.7
2 Min./max. J °C 12.0/26.6 14.3/29.5 20.1/39.8 9.3/18.4 8.2117.4 5.4/15.4
4 Average rF % 72.2 38.4 314 85.6 82.2 74.8
< Average Et, mm/h 0.046 0.046 0.021 0.013 0.061 0.025
Min/max Et mm/h 0/0.307 0.006/0.104 0.026/0.045 0/0.05 0/0.275 0/0.178
Et ., % ofarea2.1 % 101.7 144.8 - 1171 158.4 159.4
Measuring period date 20.06.09-21.06.09 22.06.09-23.06.09 24.06.09-26.06.09 14.03.09-15.03.09 16.03.09-17.03.09 18.03.09-20.03.09
Average J °C 19.6 23.7 241 6.3 9.5 11.0
: Min./max. J °C 13.7/27 1 13.7/27.1 15.5/34.0 4.9/8.0 2.918.7 3.0/19.3
3 Average rF % 56.6 46.3 52.9 90.7 57.2 49.0
< Average Et, mm/h 0.058 0.019 0.018 0.008 0.012 0.009
Min/max Et mm/h 0.006/0.184 0.004/0.036 0.001/0.035 0/0.021 0/0.046 0/0.033
Et, % ofarea21 % 117.3% of Bty vope 76.5% Of Et oo 112.9 % Of Et o e 76.1 130.6 161.1
Measuring period date 20.06.09-21.06.09 22.06.09-23.06.09 24.06.09-26.06.09 26.10.09 23.10.09-24.10.09 21.10.09
Average J °C 19.6 23.7 241 121 13.0 12.7
2 Min./max. J °C 13.7/271 13.7/27.1 15.5/34.0 11.2/13.1 7.1/22.0 5.9/19.1
S Average rF % 56.6 46.3 52.9 89.7 73.0 54.8
< Average Et, mm/h 0.049 0.025 0.016 0.011 0.01 0.01
Min/max Et mm/h 0.009/0.183 0.004/0.049 0/0.033 0.002/0.025 0/0.027 0.001/0.037
Et % ofarea2.1 % directly compared to area 2.4 (see above) 82.8 80.2 172.4
Measuring period date 12.09.08 13.09.08-14.09.08 15.09.08
Average J °C 18.0 17.7 15.2
z Min./max. J °C 14.9/21.8 8.9/23.5 10.0/20.4
4 Average rF % 87.0 56.2 58.5 In measuring
< Average Et, mm/h 0.018 0.043 0.024
Min/max Et, mm/h 0.003/0.032 0/0.168 0/0.083
Etym % of area2.1 % 155.5 290.9 261.3

Days from 8 AM to 8 PM (MESZ); Warm days with average T >18°C; Cold days with T < 15°C

Table 3: Summarized meteorological measurements focussed on selected weather conditions

In regard to the weather during the project, it was not possible to get results for all six weather
conditions in all areas and the cold weather conditions, in particular, have gaps. These missing
periods will be measured in a future project.

4. DISCUSSION

Area 2.2

The laboratory tests show that the fine-grained twin-layer sub-base is not suited for German street
building and, in particular, the drainage-sand is insufficiently permeable. The use of sand in street
building further creates problems in terms of the stability of the pavement. A realized compression test,
in compliance with TP BF-StB part B 8.3 (2003), shows, that the achieved stability of 72.0 MN/m? is
less than the required 120 MN/m®. This pavement cannot resist the demands of traffic and is more
suitable for cycle lanes and footpaths and a large-scale use, as with the construction method of Area
2.1, is not possible.

The evaporation rates are on average (all measurements) 16 % lower than on Area 2.1. It is only in
dry periods that this road structure has an 8.4 % higher evaporation rate. In the rainy and drying
periods, the evaporation rates are 34.8 % respectively 26.7 % lower than on the reference area.
Measurements in cold weather have not been not realised yet.

The results lead to the supposition that a more fine-grained sub-base decreases the evaporation
rates. If this supposition is right, the evaporation rates of Areas 2.4 and 2.5 will show equal results with
lower/higher evaporation rates as on Area 2.4 and Area 2.5. If these effects will be not observed, this
effect could result from the twin-layer sub-base.
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Area 2.3

Except for the paving stone, all sub-surface layers in Area 2.3 are the same as in Area 2.1. The wrcmat
of the paving stone is a 4 % higher than the grey paving stone in Area 2.1. Therefore, the amount of
available water for evaporation may be a bit higher (3.5 %). The difference in the wrc,. can increase
the evaporation rates. The albedo of the dark anthracite paving stone is lower than in the grey one
what results in higher energy absorption from sunlight. Therefore, the energy, available for
evaporation, is higher. In consequence, the evaporation is, in all weather conditions, higher than in
Area 2.1. The effect increases from wet to dry weather conditions and, on average, the evaporation in
Area 2.3 is 19% higher than in Area 2.1. This is much more than the 3.5 % more water that is retained
in the anthracite paving stone. This leads to the conclusion that, in addition to the water, the limiting
factor for evaporation in Area 2.1 is the energy input. Although the energy input (from solar radiation)
on both areas was the same during the measurement period, the higher absorption rate of the
anthracite paving stone (with lower albedo) leads to more available energy for evaporation. The
available energy for evaporation is not just influenced by the albedo as the energy must reach the
stored water in the pores of the paving stone. When the surface is dry, the heat conductivity of the
paving stone influences the evaporation rates. In a further project, the impacts of higher and lower
heat conductivity characteristics will be observed.

Area 2.4

The sub-base is suitable for water-permeable street building and it is characterized by a high wrc and
a h., of 0.33 cm. So there is a large amount of water that is kept in this layer and further water may be
raised from the natural ground. The base (the same in Areas 2.1, 2.2, 2.3 and 2.5) is anti-capillary.
Therefore, there is no direct water flow from the sub-base to the surface and the upward water
movement can only happen by gas and vapour transport. If there is an influence on evaporation rates,
the amount of vapour transport may be a limiting factor. On cold days the evaporation measurements
show that the evaporation compared to Area 2.1 is lower during rainy periods and higher in dry
periods. To have more significant variances in the sub-base, the evaporation rates of the warm period
were compared with Area 2.5. The results show variances based on the weather conditions. In rainy
and dry periods, the fine-grained sub-base seems to increase the evaporation rates. In drying days,
the coarse-grained sub-base benefits the evaporation rate. A significant trend over the whole project
was not observed. The cumulated evaporation rates of Area 2.4 and Area 2.5 differ by just 0.1 %.

Area 2.5

Because of the permeability of the whole pavement (k = 3.6-10° m/s), the sub-base material is
suitable for WPPs. Similar to Area 2.4 the wrc and the h., is higher than in Area 2.1, but the base
prevents a capillary rise to the surface. Area 2.5 was compared with Area 2.1 and with Area 2.4 (see
above). The results for Area 2.2, namely that the lower evaporation rates are caused by the more fine-
grained sub-base, cannot be verified. The decreased evaporation rates of Area 2.2 seem to result
from the twin-layer sub-base. Therefore the effect of twin-layers will be considered in a further project.

Area 2.7

The whole street design is only suitable for courtyard entrances and parking lots and so the field of
application is not broad. In spite of this, the transpiration effect of the grass far exceeds the
evaporation of the pervious concrete paver. In fact, an overgrown area of approximately 55 % (part of
the seams) increases the evaporation nearly threefold. During the whole project, the evaporation rates
were about 243 % higher than in Area 2.1. These measurements represent only the difference for
summer conditions: during the winter, the transpiration of the grass will decrease and the evaporation
rates will attenuate to the ones of Area 2.1. Any effects of the seam-filling and the grid-like paver made
of porous concrete are superimposed by the evapotranspiration of the grass. The high wrc of the seam
and the big part of the seams may benefit the evaporation further. These effects may be more visible
in the winter results of a further project.

5. CONCLUSIONS

The direct inter-connection between all data measurements is actually not possible and at the moment
it is only possible to compare the reference central area with one outer area. In spite of this, it is
possible to see trends and draw conclusions of the actual measurements.

The results of the measurements show that evaporation rates from WPPs can be affected by the sub-
base. The test area with the fine-grained and twin-layer sub-base of the typical Dutch street body
shows 16 % lower evaporation rates than that for the street body according to the German national
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technical approved quality. The further areas with the fine-grained and coarse-grained materials with
the limits of the German street building regulations show no effect (0.1 %). Bigger variations in the
grain size distribution are not permissible in Germany and, therefore, an evaporation optimization
through a change in the sub-base is not practicable. The effect of twin-layers will be further
investigated.

The anthracite paving stone shows a 19 % higher evaporation than the grey one. This simple change
in the albedo, and the increase of energy absorption at the paving stone surface, initiates the
evaporation earlier and leads to higher evaporation following rain events. This rain-evaporation
interconnection is still lower than on impermeable pavements, so sultriness after rain events produced
by these paving stones is not expected.

The results of the grass paver area show that it is not possible to increase the evaporation rates of the
pervious concrete paver on one level with the evaporation rates of overgrown surfaces, like the grass
paver (243 % higher than the reference area). But with the possibility of using the pervious concrete
pavers on a large scale, even small increase of evaporation rates, would have a positive effect on the
urban climate. The paving stone is directly exposed to the sun energy and therefore the biggest
potential of an evaporation optimization is in the paving stone itself. Further, the seam-filling may be
very important because, although there is no high wrc,,,. in the seam filling, the seam may act like a
connector to the deeper layers. By gas and vapour transport, the water of deeper layers may affect the
evaporation rate.

In a further project, the pavements of the test field will be removed, except in Area 2.1. All outer areas
will be built up with equal sub-base and base. Variations will only exist in the paving stone and the
seams. Therefore, some prototypes of new water-permeable paving stones are under development.
These prototypes will be again tested in the laboratory. Alongside the described tests, the heat-
conductivity will also be tested.

In consequence, the result of this project will allow the implementation of a regional-specific
adjustment in different street building materials so as to influence the water-balance and the urban
climate.

6. ACKNOWLEDGEMENT

This research has been supported by a grant of Deutsche Bundesstiftung Umwelt (DBU, AZ.23277-
23). Special thanks are due to Prof. em. Dr. J. Werner, who acts as advisor on all meteorological
aspects of this research project.

7. LIST OF REFERENCES

Dawson A. (Editor) (2009): Water in road structures — Movement, Drainage & Effects. Springer. Nottingham.

DIN EN 18130-1:1998-05: Soil - Investigation and testing; Determination of the coefficient of water permeability -
Part 1: Laboratory tests

DIN EN 1097-6:2000: Tests for mechanical and physical properties of aggregates - Part 6: Determination of
particle density and water absorption; German version EN 1097-6:2000 + AC:2002 + A1:2005

DIN EN 13286-2:2004: Unbound and hydraulically bound mixtures - Part 2: Test methods for the determination of
the laboratory reference density and water content - Proctor compaction; German version EN 13286-2:2004

DIN EN 1097-10:2003: Tests for mechanical and physical properties of aggregates - Part 10: Determination of the
water suction height

DIN EN 933-3:1997: Tests for geometrical properties of aggregates. Part 3: determination of particle shape.
Flakiness index.

DIN EN 933-4:1999: Tests for geometrical properties of aggregates - Part 4: Determination of particle shape -
Shape index; German version EN 933-4:1999

Deutsches Institut fir Bautechnik, (DIBt, Center of competence in civil engineering), (2006): Allgemeine
bauaufsichtliche Zulassung (National technical approval) Z-84.1-2, Berlin.

Ferguson, B. K. (2005): Porous pavements — integrated studies in water management and land development.
Taylor & Francis. New York.

Gobel, P., Starke, P., Coldewey, W. G, (2008): Evaporation measurements on enhanced water-permeable paving
in urban areas — 11th International Conference on Urban Drainage extended abstracts, Edinburgh.




SESSION 3.6

Kuttler, W. (2008): Sealing of soils — In: Marzluff J. M., Alberti M., Bradley G., Endlicher W., Ryan C.,
Shulenberger E., Simon U., ZumBrunnen C. (Editors) (2008) — Urban Ecology:161 - 179; Springer Service +
Business Media, New York.

Lay M. G. (1986): Handbook of road technology, Volume 1: Planning and Pavements, Gordon & Breach Science
Publishers, New York.

Starke, P., Gobel, P., Coldewey W. G. (2009): Urban evaporation rates for water-permeable pavements. - Water
Science and Technology. — [submitted]

TL SoB-StB (2004): Technische Lieferbedingungen fir Baustoffgemische und Bdden zur Herstellung von
Schichten ohne Bindemittel im Straenbau. (Technical specifications for building material mixtures and soils,
to build layers without binder in road construction). Earthworks and Foundation Engineering Task Force,
Cologne.

TP BF-StB part B 8.3 (2003): ,Dynamic plate pressure test with the help of the light drop weight device®,
Earthworks and Foundation Engineering Task Force, Cologne.

Weil3, J., Werner, J. & Sulmann, P. (2002): Erfahrungen mit dem , Tunnel“-Verdunstungsmesser beim Einsatz auf
Grunflachen. (Experiences with the tunnel evaporation gauge by its use on green roofs). — Hydrologie und
Wasserbewirtschaftung, 46(5):202-207.

Werner, J. (2000): Die Erprobung einer Messanordnung zur Verdunstungsbestimmung an Grinland. (Evaporation
measurements on grassland — A test of a new measurement setup) — Hydrologie und Wasserbewirtschaftung,
44(2):64-69.

10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


