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Abstract: Water permeability is an important property for porous asphalt mixtures.
Previous numerical modeling showed that the permeability of the porous asphalt
mixtures varies in different directions and a single permeability cannot accurately
evaluate the mixture’s directional permeability. To investigate the direction-dependent
water permeability of the porous asphalt mixtures, a unidirectional permeameter was
used to measure the permeability in twelve directions in the vertical plane (parallel to
compaction direction) and twelve directions in the horizontal plane (perpendicular to
the compaction direction) on two open graded friction course (OGFC) mixtures with
different nominal maximum aggregate sizes, i.e., OGFC-13 and OGFC-10.
Furthermore, a new multidirectional permeameter was designed which can control the
rainfall intensity and adjust transverse slope to simulate the actual water flow process
in pavement. The multidirectional permeability and void saturation of eight porous
asphalt mixtures were determined by the multidirectional permeameter. Results show
that the porous asphalt mixtures demonstrate direction-dependent permeability
properties in both vertical and horizontal planes, whereas the dependence is less in the
horizontal plane than that in the vertical plane. In the vertical plane, the minimum
permeability occurs in the vertical direction and the maximum value occurs in the
horizontal direction. In the horizontal plane, the permeability differs in different
directions, but has no obvious relationship with directions. Increasing the air void
content and the nominal maximum aggregate size of the mixtures can reduce the
directional difference of the permeability. The void inside porous mixture cannot be
entirely occupied by water when surface runoff occurs. Increasing the air void content
and aggregate particle size can lead to an increase of the permeability and the void
saturation in the porous asphalt mixtures.

Key words: porous asphalt mixture; unidirectional permeability; multidirectional

permeability; directional difference; permeameter; void saturation



1 Introduction

Porous asphalt mixtures have been widely used in asphalt pavements due to their
excellent performance in skid resistance, noise reduction, rain drainage and anti-glare.
Their performance is attributed to rich connected voids within the porous asphalt
mixture (Colwill et al. 1999; Huber 2000; Fwa et al. 2001; Tan et al. 2003; Yong et al.
2013). In a design process of the porous asphalt mixtures, two methods are commonly
adopted to ensure the connected voids: one is to control total air void content or
interconnected air voids (Alvarez et al. 2011); the other method is to measure the
permeability property and use it to reflect the connectivity of the internal air voids in
the porous asphalt mixtures (Alvarez et al. 2011; Chen et al. 2015). The total air void
content can reflect the overall porosity of the porous asphalt mixture, however the
permeability can characterize not only the overall porosity but the void connectivity
and size which are closely related with the drainage function of the mixture. Therefore,
it is crucial to verify the permeability of the porous asphalt mixture during its design to
ensure the functions of drainage, anti-skid and noise reduction.

The permeability property (e.g., permeability coefficient) is usually assumed
directional independent when tested in laboratory or in the field. However asphalt
mixture is a heterogeneous and anisotropic material (Zhang et al. 2011, 2012, 2014). Its
interior void structure may have directional variation (Gu et al. 2015a, 2015b). This
variation leads to a directional dependence for the water permeability of the mixtures
(Masad et al. 1999). Al-Omari and Masad (2004) utilized a semi-implicit method for
pressure-linked equations (SIMPLE) finite difference scheme to simulate the water
flow in an asphalt mixture and calculated the longitudinal, transverse and vertical
permeability coefficients for eight types of asphalt mixture. They found little
differences between longitudinal and lateral permeability coefficients, but the vertical
permeability coefficient is much less than that in longitudinal and lateral directions.
Macro-scale modeling study conducted by Hunter and Airey (2005) also showed that
the direction of the water flow in asphalt mixtures is mainly parallel to the road surface
and little flow has occurred in the vertical plane (parallel to compaction direction).
Kutay et al. (2007) adopted X-ray Computational Tomography (CT) and mathematical
morphology-based techniques to establish three-dimensional pore structures in dense-
graded asphalt mixtures. They also simulated the water flow in the void structure using
a three-dimensional lattice Boltzmann (LB) fluid flow model. It was found that the
radial permeability coefficient was higher than the vertical permeability coefficient by
two orders of magnitude. However the permeability coefficients in the two orthogonal

directions of the horizontal plane were comparable within a 50% confidence interval.
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To address the anisotropic properties of the permeability, some researchers
investigated the directional dependence of the permeability for the porous asphalt
mixtures. Masad et al. (2007) analyzed the directional dependence of the permeability
coefficient and the connected voids in asphalt mixtures based on the images scanned
by X-ray CT. The results showed that the connected voids provided more drainage
channels in the horizontal direction rather than that in the vertical direction. The ratio
of the horizontal to the vertical permeability coefficient is from 8.35 to 11.40 for dense
asphalt mixtures and from 1.65 and 4.02 for porous asphalt mixtures. Gruber et al. (2012)
obtained the three-dimensional internal structure of a porous asphalt mixture using X-
ray CT and modelled the water flow in a three-dimensional void structure. They found
that the difference of permeability coefficient in three directions was about 50%, which
differed from the results by Masad et al. Chen et al. (2017) measured the permeability
in twelve directions in the vertical plane of the porous asphalt mixture. The ratios of
maximum and minimum permeability were found in a range of 1.4 to 1.7 for porous
mixture with the nominal maximum aggregate size of 13.2 mm.

It is concluded from the literature review that: (1) little research effort has been
spent on the directional permeability study of the porous asphalt mixtures compared to
that of the dense graded asphalt mixtures. Researchers have drawn different conclusions
on the magnitude of the permeability properties in different directions; (2) the existing
studies are mainly based on numerical modelling and X-Ray CT, while less on direct
laboratory measurement to determine the directional dependence of the permeability
for porous mixtures; (3) although the author (Chen et al. 2017) has recently investigated
on the permeability anisotropy in the vertical plane of porous mixtures, the permeability
anisotropy in the horizontal plane (perpendicular to compaction direction) and the effect
of air void content on the permeability anisotropy are still unclear; (4) a systematical
study is needed to evaluate the multidirectional permeability of the porous asphalt
mixtures since the unidirectional permeability is inappropriate to characterize the
directional dependence.

This study aims to evaluate the directional dependency of the permeability for the
porous asphalt mixtures. The specific objectives of this research include:

(1) An experimental method will be designed to measure the permeability in
different directions in both vertical and horizontal planes of the porous mixtures. The
unidirectional constant water-head permeameter will be used in this method to measure
the permeability in different directions for the porous mixtures.

(2) This study will analyze the influences of air void content and nominal
maximum aggregate size of asphalt mixtures on the directional difference of

permeability.



(3) Based on the actual water flow process in pavement structure, this study will
employ a permeameter device to measure the multidirectional permeability and analyze

the effects of the air void content and aggregate size on water saturation in voids.

2 Laboratory test on porous mixtures’ permeability

2.1 Test method, device and materials

The permeability of a porous asphalt mixture in twenty-four directions were tested
including twelve directions in the horizontal plane (perpendicular to compaction
direction) and twelve directions in the vertical plane (parallel to compaction direction),
as shown in a flow chart in Fig. 1. The reason of measuring the permeability in 12
directions in both vertical and horizontal planes is to evaluate and understand the spatial
permeability characteristics and directional dependence of the mixtures in three

dimensional conditions.
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Fig. 1. Flow chart of permeability test in twenty-four directions (Chen et al.
(2017))

The specific testing steps are described as follows:

(1) Six replicates of one open graded friction course (OGFC) asphalt were
compacted using a gyratory compactor to obtain the asphalt mixture samples with 120
mm in height and 150 mm in diameter.

(2) Three of the six cylindrical samples were cored along the radial direction and
then the two ends were cut to flat surfaces to obtain three small cylindrical samples with
100 mm in height and 100 mm in diameter. Note that this 100 mmx100 mm are the
maximum dimensions for the cylindrical samples that can be cored and cut in the radial
direction.

(3) The permeability was tested using a unidirectional constant water-head
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permeameter, as shown in Fig. 2. The water head was set as 500 mm. The volume V
(ml) for the water passing the sample was measured during a time period of ¢ (s) and
the permeability is quantified by Equation 1. The water flow direction was marked on

the lateral end of the sample.
Permeability = % (1)

It should be noted that the water head of 500 mm (=18.75m x 2.5%) was calculated
based on the water flow through the interconnected air voids along the transversal
direction of a pavement with a width of 18.75m and a transversal slope of 2.5%. The
permeameter was developed to measure the permeability of the core along different
directions by rotating the core sample. Equation 1 is the water flow rate which is used
as a parameter to quantify the permeability of the asphalt mixtures at the given water
head and sample dimensions. Note that Equation 1 is not equivalent to the permeability
coefficient which is used in the Darcy law that is valid only for a laminar flow, however
the permeameter and the permeability parameter in Equation 1 are applicable to
quantify the permeability for different asphalt mixture samples no matter if the water
flow is a laminar flow or a turbulent flow in the samples.

(4) The sample was removed from the permeameter and rotated for 30 degrees from
the previously marked direction along its vertical axis. Then the sample was installed
back to the permeameter and tested the permeability in this new direction.

(5) Step (3) and Step (4) were repeated for eleven times and a total of twelve
permeability in twelve different directions were obtained to evaluate the directional
dependence of the permeability in the vertical plane.

(6) The remaining three samples obtained from Step (1) were cored along the
vertical direction and their two ends were also cut flat to obtain three small cylindrical
samples with 100 mm in height and 100 mm in diameter. Repeating Step (3) and Step
(4) for twelve times results in the permeability measurements in twelve directions in
the horizontal plane.

It is noted that, for the small cylindrical samples cored along the radial direction of
the large samples (in Step 2), the permeability tests yield twelve permeability in the
vertical plane of the large samples. Similarly, for the small cylindrical samples cored
along the vertical direction of the large samples (in Step 6), the permeability tests yield
twelve permeability in the horizontal plane of the large samples.
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Fig. 2. Configuration of unidirectional constant water-head permeameter
(Chen et al. (2017))

Table 1 shows the aggregate gradation and asphalt binder content for the eight
different asphalt mixtures. In Table 1, No.1, No.2, No.3, and No.4 are the OGFC-13
mixtures with design air void content of 17%, 19%, 21%, and 23%, respectively. The
No.5, No.6, No.7, and No.8 are the OGFC-10 mixtures with design air void content of
17%, 19%, 21%, and 23%, respectively. The air void content of the OGFC samples was
determined using the maximum theoretical density and the bulk density by volume
testing method. The OGFC samples used in the permeability test have the measured
void contents which are within 0.5 % variance from the corresponding design void
content in Table 1. OGFC-13 and OGFC-10 mixtures have the nominal maximum
aggregate sizes of 13 mm and 10 mm, respectively. The asphalt binder was a high-
viscosity modified asphalt. Basalt was chosen as the aggregate and limestone powder
was selected as the filler.

Table 1 Aggregate degradation and asphalt content of OGFC-13 and OGFC-10
Mass percentage (%) passing the below sieve size (mm) AC VV OGFC

No. 16 132 95 475 236 1.18 06 03 0.15 0.075 (%) (%) type
1 100 92.0 664 281 167 13.1 103 74 6.3 49 48 17
2 100 91.0 625 255 164 129 102 73 62 49 47 19 OGFC
3 100 90 60.1 21.1 137 107 85 63 5.5 43 45 21 -13
4 100 95 775 26.1 135 102 79 58 5.1 41 44 23
5 100 100 981 609 18.1 13.6 107 7.8 6.7 52 50 17
6 100 100 974 574 172 132 91 71 55 46 48 19 OGFC
7 100 100 975 572 159 128 84 59 5.1 42 47 21 -10
8§ 100 100 96 532 151 124 74 6.0 47 32 45 23

*AC is asphalt content. V'V is design air void content.

2.2 Test results

The permeability in the twenty-four directions were measured for the eight
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different OGFC mixtures shown in Table 1. Fig. 3 shows the permeability of the OGFC-
13 mixtures with different air void contents in twelve directions in the vertical plane
and the horizontal plane, respectively. The permeability for OGFC-10 are shown in Fig.
4.

00
330° 199 30°
90
30 Air Void Content:
300° 70 60° 5 179,
60
——19%
270° 90° 21%
23%
240° 120°
210° 150°
180°
(a) Vertical plane
OO
330° 190 30°
90
30 Air Void Content:
300° 70 60° —-—17%
o0 A ——19%
270° 90° 21%
23%
240° 120°
210° 150°
180°

(b) Horizontal plane
Fig. 3. Permeability (ml/s) of OGFC-13 mixtures with different air void
contents in twelve directions in the vertical plane (a) and horizontal plane (b)

From Fig. 3(a) and Fig. 4(a), it can be found that the permeability of the OGFC
mixture is directionally dependent in the vertical plane. The minimum permeability
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occurs in the vertical direction (0° and 180° directions) and the maximum permeability
appears in the direction between 60° and 90° apart from the vertical axis. This means
that the void connectivity is higher in the horizontal direction than that in the vertical
direction. Moreover, Figs. 3(a) and 4(a) illustrate that the permeability distribution in
vertical plane changes from a “<=” shape to an ellipse shape when the air void content
increases from 17% to 23%, indicating a less directional dependence at a higher air void
content.

Furthermore, in the vertical plane, the permeability in 0° direction differs from that
in 180° directions. The same results were observed between the opposite directions,
e.g., 30%and 210°, 60° and 240°, 90° and 270°, 120° and 300°, 150° and 330°, etc. Thus

it demonstrates that permeability are different in the two opposite directions.
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(a) Vertical plane
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(b) Horizontal plane

Fig. 4. Permeability (ml/s) of OGFC-10 mixtures with different air void
contents in twelve directions in the vertical plane (a) and horizontal plane (b)

It can be seen from Fig. 3(b) and Fig. 4(b) that the permeability also depends on
the directions in the horizontal plane. Furthermore, an OGFC mixture with a higher air
void content shows less directional dependence for the permeability. However, the
relationship between the permeability and the directional angle in the horizontal plane

is less significant than that in the vertical plane.
2.3 Influence of air void content and aggregate size on permeability

Using the permeability in Fig. 3 and Fig. 4, permeability anisotropy (P4) is defined

as follows:

PA= Lol x100% (2)
where Pmax and Pmin are the maximum and minimum permeability, respectively, of the
twelve directions in horizontal or vertical plane.

The relationship between P4 and air void content and aggregate size are shown in
Fig. 5. It can be found that for the same mixture type P4 decreases with air void content
in both horizontal plane and vertical plane. At the same air void content, the OGFC-13
mixture has a smaller P4 compared with the OGFC-10 mixture. Therefore, PA decreases
with the increase of the nominal maximum particle size.

It can also be seen from Fig. 5 that the P4 in the vertical plane is higher than that
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in the horizontal plane for the OGFC mixtures with the same air void content. As a
result, permeability anisotropy of porous asphalt mixtures is more significant in the
vertical plane than that in the horizontal plane. However, the permeability anisotropy
in the horizontal plane is still very high (greater than 20%) that should be taken into

account in permeability evaluation.
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Fig. 5. Permeability anisotropy vs air void content for OGFC-10 and OGFC-
13

3 Laboratory test for multidirectional permeability

3.1 Testing device

The study in Section 3 has shown that permeability is anisotropic, having different
values in different directions. Thus it becomes inappropriate to adopt a single
permeability (a permeability measured in one direction) to evaluate the anisotropic
permeability of porous asphalt mixtures. For this reason the flow process of water
runoff in a real pavement layer structure was analyzed as shown in Fig. 6 (Chen et al.
2015). Then a multidirectional constant water-head permeameter (Fig.7a) was designed
to simulate the process of water infiltrating into an OGFC slab specimen. The
dimension for the OGFC slab is 300mm x 300mm x 50mm. The design of the
permeameter device was explained in detail in the previous studies (Chen et al. 2015;
Chen et al. 2016). As seen in Fig. 7(b), it was fabricated using Plexiglas including a
water tank, a horizontal slope adjustment system, a surface water collection tank, an

internal permeating water collection tank and a support base.
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Fig. 6. Flow of water runoff in OGFC pavement (Chen et al. 2015)
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(a) Schematic diagram

(b) Photograph of permeameter
Fig. 7. Multidirectional constant water-head permeameter device (Chen et
al. (2017))

As shown in Fig. 7, the water head in the water tank of the permeameter can be
adjusted to simulate the different intensity of rainfall. The water head was set at 9 cm,

14 cm, 19 cm, 24 cm and 29 cm, corresponding to the rainfall intensity of 12.5ml/s-m?,
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15.7ml/s'm?, 21.2ml/s-m?, 24.7 ml/s'-m? and 27.1 ml/s'm? respectively. The angle
between the board and the permeameter base can be adjusted by rotating the hinge
shown in Fig. 7(a) to simulate different transverse slope of a pavement, where in this
study two slopes (i.e., 1.0% and 1.5%) were selected.

When the water in the tank flows onto the OGFC slab through the overflow holes,
it will firstly permeate into the slab, and then flow along the slope. Some of the water
will permeate out of the slab from the slab’s lateral surface and this part of water is
termed as lateral permeating water. When the air void content of the slab is relatively
small or the dripping rate of the water tank is very high (simulating a high rainfall
intensity), surface runoff water may occur on the surface of the OGFC slab. The lateral
permeating water and the runoff water can be collected and measured separately by the
permeameter.

The permeability of the OGFC slab were tested by the new permeameter according
to the following procedures:

(a) The top surface of the OGFC slab with a dimension of 300mmx300mm was
selected as the drainage surface for runoff water. One of the lateral surfaces with a
dimension of 300mmx50mm was chosen as the internal drainage surface for the lateral
permeating water, and all other lateral surfaces were sealed with wax. The slab was then
placed on the board of the permeameter and the unsealed lateral surface is positioned
closely to the water collecting tank. After that, the hinge was rotated to adjust the
permeameter to meet the requirement of the intended slope.

(b) Water head was set by selecting an overflow hole on the clapboard of the water
tank, and screws were used to plug all the other overflow holes beneath the selected
one. Water was added into the tank until the set height was reached. Start timing and
collecting the surface runoff water and the lateral permeability water for 120 seconds
when the water head becomes stable for over 1 minute. This procedure was repeated
for the five different water head levels.

(c) When surface runoff started to occur, the water head was recorded and used as
the water head for determining the multidirectional permeability. At this water head the
water flowing from the lateral surface was measured as V1 (ml). The multidirectional
permeability MP (ml/s) is calculated by Equation (3). It should be noted that at this
situation the internal voids of the OGFC mixture have not completely occupied by water.

Further discussion about this saturation state will be introduced in this paper.

- o

3.2 Directional sensitivity of MP
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As found in Section 3.2, unidirectional permeability of porous asphalt mixtures
varies in different directions, thus MP should be adopted to evaluate the permeability
of the mixtures. However, it is unknown if MP varies when different surfaces of the
testing mixture slab are used as the permeating surfaces. Therefore, a slab with No.5
gradation in Table 1 was fabricated by roller compactor, as shown in Fig. 8. The MP of
the slab was tested using surface No. 5 (top face in Fig. 8) and surface 6 (bottom face
in Fig. 8) as the top permeating surface. The lateral surfaces No. 1, 2, 3, and 4 were
used as the lateral permeating faces, respectively. The same transversal slope of 1% was

used for all tests and the results of MP are shown in Fig. 9.

AN

1

Fig. 8. Surface Number of the Asphalt Mixture Slab

Top Surface: 5 | Top Surface: 6

1 | B B

MP (ml/s)
N W
(@)

No. of Lateral Surface

Fig. 9. Multidirectional permeability when different OGFC mixture slab
surfaces used as permeating faces
Fig. 9 shows little differences for MP when using surfaces No. 5 or No. 6 as the
top permeating surface or using lateral faces No. 1, 2, 3 or 4 as the lateral permeating
surfaces. The difference between the maximum MP (43ml/s) and the minimum value
(40ml/s) is within 10%. This difference is much smaller than that obtained by the

unidirectional permeameter. As a result, the MP tested by the directional permeameter
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developed in this study is not affected by water flow directions, hence it can accurately

evaluate the permeability of porous asphalt mixtures.

3.3 Test results

(1) Multidirectional Permeability (MP)
MP values were measured for eight types of asphalt mixtures shown in Table 1
with the multidirectional permeameter at two transversal slopes, namely 1% and 1.5%.

The results are shown in Fig. 10.

80 1
%
70 1 8 E1% 7
% . ¥
60 - . B1.5% 7
ZSO N - =
8
-
S 0 S
30 A
20 T T T T T T T 1

No.l No.2 No.3 No.4 No.5 No.6 No.7 No.8
Mixture

Fig. 10. Multidirectional permeability for the eight different porous asphalt
mixtures (shown in Table 1) at two transversal slopes (1% and 1.5%).

Fig. 10 shows that the MP of the OGFC mixture is higher for the mixtures with a
higher air void content or at a larger transverse slope. Compared with transverse slope,
air void content has a higher impact on the MP. In addition, the transverse slope has
bigger impact on the MP of the No.4 and No.8 mixtures with an air void content of 23%
than that of No.1 and No.5 mixtures with an air void content of 17%.

Fig. 10 also indicates that MP are different for OGFC-13 and OGFC-10 mixtures
even though the air void content remains the same. For example, MP of OGFC-13
mixture (No. 1) are higher than that of OGFC-10 mixture (No. 5) though both have an
air void content of 17%. Therefore, increasing the nominal maximum size of aggregate
is beneficial to improving asphalt mixtures’ permeability.

(2) Void Saturation

Void saturation is defined as the ratio of the volume of the water in the voids to the
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total volume of the voids. In the MP test the water flowing from the lateral surface was
collected when the water tank was removed. The volume of this part of water was
measured as V2. The slab was then removed from the permeameter when there was no
water flowing out, and its wet mass was measured as mw. Void saturation of the porous

asphalt mixtures (S) can be obtained by Equation (4).

I/Z 4 mw — md
4 p

S =—2x100%=————x100% =
7, v,V PV, VY

PV, +m, —m, %x100% 4)

where, V. is the volume of the water in voids; V4 is the total volume of the voids; ma is
the dry mass before the MP testing; Vv is the air void content; p is water density; V3 is

the volume of slabs, which can be calculated by its dimensions.

75 A
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- S B 1%
70 1 7 a1.5%
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No.l No.2 No.3 No.4 No.5 No.6 No.7 No.8
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Fig. 11. Void saturations for the eight different porous asphalt mixtures (Table 1)

Fig. 11 shows that the void saturation is less than 100 percent for all porous
mixtures, which indicates that the internal voids of the porous asphalt mixtures were
not completely occupied by water (unsaturated) when runoff occurs on the top surface
of the samples. The volume of water did not exceed 75 percent of the voids volume for
the tested porous asphalt mixture.

It can also be observed from Fig. 11 that void saturation becomes higher with an
increasing air void content (from No. 1 to 4 or from No. 5 to 8), but the transversal
slope has little effect on the void saturation. Moreover, at the same air void content, the
void saturation of OGFC-13 is slightly higher than that of OGFC-10. As a result,
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increasing the air void content or the maximum aggregate size can contribute to the
utilization of voids in storing water in the porous asphalt mixtures.

The future work following this study is to evaluate the effect of the rainfall intensity
on the water saturation and water flow status in the porous asphalt mixtures, as well as
to verify the repeatability of the directional permeameter by using a larger size for the
samples. The implementation of the directional dependence of the permeability in

porous asphalt mixture design will also be considered in the future studies.
4 Conclusions

(1) The permeability of porous asphalt mixture was demonstrated distinct in
different directions of the vertical plane (parallel to compaction direction) as well as in
different directions of the horizontal plane (perpendicular to compaction direction).
However the difference of permeability is more significant in the vertical plane than

that in the horizontal plane.

(2) In the vertical plane, the minimum permeability occurs in the vertical direction
and the maximum value occurs in the horizontal direction. In the horizontal plane, the
permeability are different in different directions, but has no obvious relationship with
horizontal directions.

(3) Increasing air void content or nominal maximum particle size of the porous
asphalt mixtures can reduce the directional difference of the permeability for the porous
asphalt mixtures.

(4) The developed multidirectional permeability tester can simulate the real water
flow process and the slope of a pavement, and control rainfall intensity. The new
permeameter was used to test multidirectional permeability of porous asphalt mixtures,
which overcomes the problem of directional difference of unidirectional permeability.

(5) The internal voids of the porous asphalt mixtures are not completely occupied
by water when runoff occurs on the top surface. Increasing the air void content or the
aggregate size will lead to an increase of the multidirectional permeability and the void

saturation of the porous mixtures.
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