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The blistering phenomenon is one of the major damages in bituminous pavement during a hot summer. The
phenomenon was believed to be caused by water permeating from outside via channels of connected pores in bitu-

minous mixtures.
near the blistering area.
mulation that causes the blistering phenomenon.
tuminous mixtures.

However, the surface course in bituminous pavement is not permeable to water, particularly
Therefore, permeation of liquid water is unlikely to be responsible for the water accu-
Moisture vapor in the air is important in water intrusion into bi-
This study examined moisture transfer mechanisms in bituminous pavements, focusing on

the coefficient of permeability of pavement mixtures of both liquid water and humid air (i.e. air containing water

vapor).
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1. Introduction

Moisture damage to bituminous pavement occurs via
several mechanisms, and appears in diverse forms such
as blistering, stripping, and disaggregation. Blistering
is a fulminating phenomenon in which the trapped
moisture evaporates and upheaves the pavement surface
layer within a few hours as a result of so-called blister-
ing heat. In contrast, stripping and disaggregation are
types of internal chronic damage. Disaggregation is
caused by the stripping and resolution of binders, and is
considered to be the ultimate irreversible damage,
whereas stripping is considered to be reversible by re-
tacking (healing) of the binders on the aggregates. All
these types of damage are caused by water accumulated
in bituminous pavement layers.

The mechanism of moisture intrusion into bitumi-
nous pavement may involve several factors”, for exam-
ple, air void content, cracking of the surface course,
poor execution, inadequate subsurface drainage, and
high groundwater level. Extensive research on strip-
ping at the University of Idaho”-¥ has established that
air voids in bituminous mixtures are probably saturated
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with water from the subgrade or subbase. Ground-
water beneath the pavement body and/or water pene-
trating from side sections and/or surface cracking may
be the source of the water, and the moisture is aspirated
up to just beneath the surface course”. Drainage by
evaporation from the road surface may also be impor-
tant.

Many investigations of the cause of blistering have
simply examined the water impermeability of the sur-
face layers. Although the ultimate cause of blistering
certainly involves this factor, the mechanism of mois-
ture intrusion into pavement layers is also important.
Control of moisture movement in pavement structures
is an important research target for practical solutions to
deal with this phenomenon and also to develop ade-
quate pavement design strategies.

Blistering is unlikely to be related to hydrological
flow of liquid water, because even vapor cannot escape
from the boundary of the surface and base course.
Therefore, where and how does water permeate the
pavement? Primary blistering, which is observed just
after the completion of the pavement, is usually caused
by water trapped within the pavement layers during
paving operations®. However, secondary blistering,
which probably occurs in the hot summer following
paving completion, has no definitive evidence to sug-
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Table 1 Outlines of Asphalt Mixtures
A, B C
Specimen No.
Surface Base (lab-compacted)
Type of mixture Dense Coarse Dense
Max size of aggregate [mm] 13 20 13
Density [g/em?] 2.39 2.35 2.45-2.48
Air voids [%] 3 54 2.5-4.6
Asphalt content [%] 6.5 5.4 5.5-6.2 (every 0.05%)
Asphalt binder Modified  StAs80/100 StAs80/100
StAs: Straight asphalt.
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ter accumulation in bituminous mixtures with a new ex-
perimental system of moisture permeation that allows
examinations of transitional moisture transfer. Evaluation
of liquid and gaseous water permeability is essential for
further analysis. This study investigated the character-
istics of liquid/gaseous water penetration and the mech-
anisms of water accumulation in pavement mixtures.

2. Materials Tested

The sample materials tested in this study were col-
lected from pavements in service and lab-compacted
specimens. The diameter of all core specimens was
10 cm, with thickness of 4 cm (surface course) + 4 cm
(base course) for specimen series A and B, and 5 cm for
specimen series C. The outlines of the asphalt mix-
tures are shown in Table 1 as the target level of the mix
design or the initial values at pavement construction.
Detailed sampling locations and outlines of the speci-
mens are as follows:

* Specimen series A: Osaka Airport — no blistering

The cores were collected from pavement sections on
the runway of Osaka International Airport. The areas
were distant from the blistering (see Fig. 1).

* Specimen series B: Osaka Airport — near blistering

The samples were collected in the vicinity of blister-
ing on the runway of Osaka International Airport (see
Fig. 1). The blistering had reached a maximum diam-
eter of 50-100 cm and height of 2-5 cm.  All blistering
damage had occurred between the surface and base
courses as usually observed®.

J. Jpn. Petrol. Inst.,

International Airport

* Specimen series C: Laboratory-made specimens

Laboratory mixtures were prepared as reference
specimens for associated basic permeability measure-
ments. The specimen series C consisted of 15 levels
of asphalt content within the range 5.5-6.2%, and the
other components were the same.

3. Test Methods

3.1. Water Permeability Test

The coefficient of water permeability (kw) is meas-
ured by a water permeability test according to Darcy’s
law. In this study, a constant water-head or nitrogen-
gas pressurized permeameter was used under the range
of normal atmospheric pressure for permeable speci-
mens, but was applied up to 294 kPa for the impermea-
ble specimens. A single layered specimen (surface
course, base course, or laboratory compacted mixture)
was used in this test.

Applied water pressure is an important factor in a
water permeability test. Asphalt mixtures show creep
deformation at ambient temperature, SO excessive pres-
sure may affect the pore structures of specimens. The
applied water pressure should be matched to the actual
water pressure. In general, kv of asphalt concrete mix-
tures is inversely proportional to water pressure, al-
though that of Portland cement concrete is usually pro-
portional to the water pressure. Therefore, the water
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pressure of a water permeability test for asphalt con-
crete should be set around atmospheric pressure except
for materials in hydraulic infrastructures.
3.2. Gas Permeability Test

Permeation of liquid-phase water is strongly correlated
with the diameter of the penetration path, particularly
for microscopic porous materials. Previous studies”®
suggest that permeation of liquid water is impossible
due to surface tension if the pore diameter is below
4 x 107 cm. Water transfer through such impermea-
ble micro-pores probably occurs only via evaporation in
the pores. As a result, kw declines by about three
orders under the threshold diameter”. A similar phe-
nomenon is known in the field of geotechnical engi-
neering, in which seepage water never flows under a
threshold hydraulic gradient in cohesive soil”.

Bituminous mixtures have a micro-pore structure in
which water permeation occurs. Furthermore, blistering

occurs under such impermeable conditions. Therefore,
Manometer (0
Flow meter——

B -: -
i . —
il - —
I - —

R ¥

Air Suction

Fig. 2 Overview of Gas Permeability Tester
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a gas permeability test” was performed to examine the
permeation characteristics of the mixture.

Figure 2 shows the gas permeability tester used in
this study. A single layer specimen (surface course or
base course) was used in this test. The specimen of
bituminous mixture was inserted and the side face sealed
using asphalt binder in a steel or acrylic-resin container
with the bottom opened to the air. The container was
connected to a gas flow meter. A water manometer was
used to monitor the gas pressure gradient under the test.
The coefficient of gas permeability (kg) was calculated
according to Darcy’s law in the same manner as k.

The gas pressure gradient between both sides of the
specimens (AP) was maintained at 0.245 kPa for speci-
mens A and B, and 1 kPa for specimens C. This gas
pressure is, compared with that of the pressurized water
permeability test, relatively close to the actual environ-
mental conditions.

Gas permeability is usually measured in sufficiently
dried specimens. However, in addition to the dried
condition, kg in the “wet” condition was measured for
specimen series C after the water permeability test had
been finished. In the wet condition, permeability was
measured after water in the specimen was purged by the
air under 40 kPa. Therefore, only part of the pore
structures may have functioned because micro-pores in
the specimens were still filled after the water perme-
ation test although relatively large pores had been
cleared by air pressure.

4. Results

4.1. Water Permeability Test

Table 2 shows the measurements of kv calculated
from the water permeability test for specimen series A
and B. All specimens of the surface course of series B

Table 2 Water and Gas Permeability Test Results (specimen series A and B)

Surface course

Base course

Water permeability Gas permeability test Water permeability Gas permeability test
test test

No. kw [cm/s] ke [cm/s] K [cm?] kw [cm/s] ke [cm/s] K [cm?]
&0 Al 8.26 x 107 x, 9.21 x 107 1.06 x 10710 7.87 x 1070 4, 1.27 x 107° 1.46 x 10710
5 A3 3.42%x 107 &, 3.33x10° 3.84 x 107° 1.34 x 1073 x4 3.06x 10 3.54x 1078
E A4 1.65 x 107 x, 1.59 x 10°° 1.84 x 10710 Impermeable x, 3.96 x 1078 4.57 x 10712
'g A7 4.86 x 107% ) 7.65 x 107 8.83 x 107 1.66 x 107 %, 3.32%x 107 3.83 x 107
Z A8 8.08 x 1077 1.60 x 107 1.84x 107! Impermeable 229x10%  2.64x10"2

Bl Impermeable sp 1.90 x 107# 220x 1072 Impermeable s 417 x 1078 4.82 x 107"
el B2 Impermeable s 3.15x 107® 3.64 x 1072 4.81 x 107 xp 5.60 x 107 6.47 x 107°
g B3 Impermeable 329 x 107® 3.80 x 10712 Impermeable 4.66 x 1078 5.38 x 10712
= B5 Impermeable ) 8.95x 1078 1.03 x 107" Impermeable 8.12x 1078 9.38 x 10712
g B6 Impermeable s 244 x 1078 2.81x 1072 417 x 1073 %, 4.06 x 107* 4.69 x 107
Z B7 Impermeable 526 x 1078 6.07 x 10712 Impermeable 1.40 x 1077 1.62 x 107!

B8 Impermeable sp 1.49 x 1077 1.73 x 107" Impermeable s 1.24 x 107® 1.43 x 1072

kw: coefficient of water permeability, ky: coefficient of gas permeability, K: coefficient of symmetric permeability.

* a: tested at atmospheric pressure, * p: tested while pressurized.

J. Jpn. Petrol. Inst.,
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Fig. 3 Coefficient of Water Permeability kw

(near blistering) were impermeable to liquid water even
under pressurized test conditions. In contrast, kw spec-
imens in series A from the reference sections had kv of
around 107 cm/s which is the usual level for asphalt
mixtures containing about 5% air voids'?. The base
course showed varying water permeability with no ob-
vious relationship between kv and blistering.
4.2. Gas Permeability Test

Table 2 also shows the measurements of kg for spec-
imen series A and B (at ambient temperature). The
coefficient kg of the surface course of specimen series B
(near blistering) was generally small, below 1077 cm/s.
In contrast, kg for the surface course of specimen series
A was at least one order higher. The measurements k;
for the base course varied from 1078 to 107 cm/s, with
no obvious relationship between kg and blistering. The
estimated combined kg of surface and base courses can
be derived from

Tsurface Tvase

kcombined - ksurface * khase (])

where, fsurface, frase are the thicknesses of the surface and
base courses, respectively, and kcombined, Ksurface, Kbase are
the coefficients of permeability of the combined, sur-
face and base courses, respectively.

Lsurface T Thase

5. Discussion

5.1. Water Permeability of Bituminous Mixtures
and Blistering Damage
Figure 3 shows the kv of specimen series A and B.
There is a specific threshold of kv between 1077 and
107 cm/s as previous studies'”. Whether blistering
occurs or not can be clearly determined by the water
permeability test results (upper graph in Fig. 3). Itis

J. Jpn. Petrol. Inst.,

obvious that blistering does not occur for a surface
course with a larger coefficient of water permeability.
In contrast, the effect of the water permeability of the
base course is not obvious, because the permeability of
the base course displays no such relationship.

Figure 3 shows an obvious threshold level of water
permeability around 107° cm/s in which determines
whether measurable liquid water can permeate, and the
reason is important to be examined. Presumably this
level is closely related to the limit of water permeation
for the pore diameter of 4 x 1073 cm as stated in section
3.2.

5.2. Gas Permeability of Bituminous Mixtures and
Blistering Damage

We previously found® that the mass transfer mode of
gas (water vapor) permeation through the micro-pores
of mixtures is extremely important in the process of wa-
ter accumulation in bituminous mixtures. Therefore,
gas permeability evaluation is essential to analyze mois-
ture-related pavement damage. In this study, gas per-
meability testing was conducted using a permeameter
as described in section 3. 2. under various conditions of
humid air.

The gas permeability test can measure kw below
107" cm/s. Figure 4 shows k, for specimen series A
and B, under 20-50% RH. The middle graph in Fig. 4
shows the estimated combined k; of the surface and
base courses.

There was no relationship between k, of the base
course and blistering (lower graph in Fig. 4), as ob-
served for kw. The estimated combined kg shows a
relatively good relationship, but still does not show a
clear threshold for blistering. However, the upper
graph in Fig. 4 illustrates a clear threshold of kg of the
surface course that determines whether blistering does
or does not occur.  The threshold k, value is, as indicated
in Fig. 4, on the order of 10”7 cm/s for the specimens
used in this study. Although the threshold value should
be examined carefully, the gas permeability test may
provide quantitative data to evaluate the causes of blis-
tering. Moreover, the gas permeability test can provide
essential information about the mechanisms of moisture
transfer analyses.

The blistering phenomenon almost always occurs at
the interface between the surface and base course, prob-
ably because the water vapor pressure cannot lift both
layers even though the base is impermeable. This may
be the reason why the gas permeability of surface course
is the only factor controlling the blistering phenomenon.

Bituminous mixtures with very low gas permeability
undergo upheaval stress, and may also form a barrier to
prevent the escape of accumulated water from pave-
ment layers. This is one of the two causes of the blis-
tering phenomenon. Moreover, if kg is below about
1077 cm/s, which is equivalent roughly to kw < 107 cru/s,
pore network blockage certainly occurs in such surface

Vol. 49, No. 2, 2006
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layers because of liquid water impermeability as dis-
cussed in section 5. 1.

The gas permeation test, particularly for the surface
course, is essential to analyze moisture-related damage
issues in bituminous pavement, because vapor state
moisture transfer is an important factor®.

5.3. Conversion from Gas Permeability to Water
Permeability

In general, the permeability test primarily measures
the flow rate O and the coefficient of symmetric perme-
ability (K) can be calculated from Eq. (2) based on
Darcy’'s law. As long as we assume laminar flow in
the pores of bituminous mixtures, the coefficient of ab-
solute permeability (k) is proportional to K and the den-
sity p, and inversely proportional to the kinetic viscosity
7 of the objective fluid'?.

K-AP-A

Q(Cm3/s)=T, k = K Pobiective fluid @)

rlobjective fluid

where, Q (cm¥/s) is the flow rate of objective fluid flux,
A (cm?) and L (cm) are the area and length of the speci-
men, respectively, k (cm/s) is the coefficient of absolute
permeability, Pobjeciive fluid (g/cm’) is the density of the
objective fluid, K (cm?) is the coefficient of symmetric

J. Jpn. Petrol. Inst.,
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permeability, and Tobjective iia (WPa - s) is the kinetic vis-
cosity of the objective fluid.

Applying this conversion, the coefficient of absolute
permeability (k) can be derived from the coefficient of
symmetric permeability for any fluid, using the fluid
properties of humid air and liquid water.

Figure 5 shows k. converted from the gas permea-
bility test result for all specimens tested in this study
except for the water impermeable mixtures. Estimated
water permeability had a linear correlation with the
measured values. The results suggest that estimated
water permeability is consistent with the measured re-
sults of the water permeability test. Therefore, the gas
permeability test may also indicate the water permea-
bility.

However, as shown in Fig. 6, estimated kw for speci-
mens near the blistering area showed no correspond-
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ence to the measured values because of the liquid water
impermeability, despite the good correlation of estimated
water permeability for specimens from non-blistered
(i.e. liquid water permeable) areas. This means that
liquid water cannot permeate into the pore structure of
such bituminous mixtures below the threshold level of
permeability described in section 5. 1., although there are
connected micro-pores in the mixture allowing water
vapor to transfer to the other side of specimen. Certain
properties of fluid other than viscosity and density,
probably the interfacial tension of water”, may result in
the impermeability of the pore structures. The barrier
for liquid water implies a significant factor for the one-
way moisture transfer mechanism for bituminous mix-
tures.

The facts that water cannot permeate whereas vapor
can permeate are definitely important for moisture ac-
cumulation. If pore water condenses in the surface
course of the pavement under specific environmental
conditions, pore water may act as a plugging material
for the connected pore network and constitutes a barrier
for both in- and out-bound moisture transfer in pave-
ment mixtures.

5.4. Causes of Decrease in Permeability

This section discusses the causes of decrease in per-
meability, focusing on the gas permeability, from the
viewpoints of mixture properties, pore blockage, and
fluid properties.

5.4.1. Consolidation due to Traffic Loading

Discussion of the impermeability of the surface
course must first consider the initial design composition
of the mixture. The water permeability is correlated
with the air void ratio of bituminous mixtures'?, and
consolidation due to kneading by traffic is also one of
involved.

Figure 7 shows the distribution of kg for the trans-
verse and the longitudinal sections of the Osaka runway
indicated in Fig. 1. The left half in Fig. 7 has a con-
cave shape, indicating that the parts around the center-
line have lower k; than the side areas of the runway.

Furthermore, the right half in Fig. 7 shows the longi-

J. Jpn. Petrol. Inst.,
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tudinal distribution of gas permeability along the sec-

tion indicated in Fig. 1 (i.e. area to the centerline).

Clearly, kg becomes very low along the centerline due

to the concentrated traffic load.

5.4.2. Micro-pore Blockage by Accumulated
Water in Mixtures

Figure 8 shows the relationship between kg-dry and
ke-wet just after a water permeability test for the speci-
men series C. Most specimens became quite imper-
meable in the wet condition after water permeability
testing, because the internally connected pores were
blocked (plugged) by water. This sealing effect is cer-
tainly one of the causes of permeability reduction.

Liquid water has fairly large interfacial tension and
viscosity, so once water has filled the micro-pores in a
bituminous mixture, such liquid pore water cannot be
easily eliminated by low pressures, particularly for
heavily consolidated mixtures with permeability below
10° cm/s. The observation in section 5. 1. that water
cannot permeate below the threshold may be evidence
to support the reduction of gas permeability.

In the field pavement, water is likely to condense in
surface mixtures mainly in the night hours, and the pore
water remains in the surface course until morning under
specific climatic conditions. ~ As the above results prove,
pore water definitely becomes an obstacle to water
elimination by vapor evaporation from pavement layers.

It is important that the actual conditions of water
condensation should be considered for the permeability
evaluation of pavement mixture, and for test conditions
in the laboratory as well.

5.4.3. Viscosity Increase due to Temperature Change

Viscosity and the density of fluids are usually consid-
ered to be constants and the effects neglected in previ-
ous studies. The viscosity of water 1w usually de-
creases with increased temperature. However, the

Vol. 49, No. 2, 2006
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viscosity of gas (water vapor) 1, increases with temper-
ature. This means that permeation of vapor becomes
more difficult at higher temperatures.

Figure 9 shows the change in permeability k; under
various temperature and humidity conditions when kg at
20°C 30%RH is 100%, by calculating the viscosity and
density of air containing the designated amount of water
vapor. During the daytime when the temperature be-
comes high, it becomes relatively difficult for vapor to
permeate bituminous mixtures. Therefore, moisture
escape from the pavement may be slower at high tem-
peratures. In contrast, during the nighttime when the
temperature falls and humidity increases, moisture va-
por can permeate into pavement mixtures because the
vapor permeability is higher.

The viscosity increase with temperature may not be a
critical factor that controls moisture accumulation in
pavement layers because the change in the coefficient
of vapor permeability is around *30%. However, this
change must accelerate in-bound moisture transfer to a
pavement considering the daily climatic cycle around
the pavement.

6. Conclusions

The following conclusions were obtained in this
study.
(1) The blistering phenomenon depends upon the co-
efficient of water/gas (vapor) permeability of the sur-
face course of the bituminous pavement.
(2) If the coefficient of water permeability kv of the sur-
face course is below a certain threshold (about 10~°cm/s
or less), liquid water cannot permeate and blocks the
pores as pore water, so the blistering phenomenon in bi-
tuminous pavement can occur under hot summer condi-
tions.
(3) Even if a surface course is practically impermeable

J. Jpn. Petrol. Inst.,
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to liquid water, moisture in the air can easily permeate
into the bituminous mixture by water vapor transfer.

(4) The permeability is determined not only by the origi-
nal mixture properties but also by consolidation due to
kneading by traffic.

(5) Penetrated or condensed water in the pore structure
acts a barrier to vapor permeation in bituminous mix-
tures, and the sealing effect of pore water should be an-
alyzed considering the climatic conditions.

(6) The coefficient of gas permeability changes accord-
ing to the temperature and humidity of the gas, mainly
affected by the viscosity, so the pavement is relatively
impermeable during daytime and relatively permeable
during nighttime.

7. Recommendations

Moisture damage in pavement layers is one of the
major requirements for the favorable maintenance of
pavement structures, especially in Japan where precipi-
tation is high and temperature and humidity ranges are
wide.

The present and previous® studies have concluded
that the surface and base courses respire (breath) every
day. Ambient moisture can permeate in the vapor state
via connected micro-pores, and accumulate in bituminous
mixtures of runways and highways. Consideration of
this respiring mechanism is crucial for the design of
waterproofing measures for bituminous pavement, as
well as for the selection of materials for the repair of bi-
tuminous pavement. Excessively impermeable surface
mixtures can be subject to blistering damage, particu-
larly bridgedeck pavements or multilayered high-class
pavements used in airports and highways.

Pavement impermeability of bituminous mixtures is
basically intended to prevent damage to granular sub-
base materials. Therefore, minor water penetration
does not cause serious problems. A perfect barrier
against moisture intrusion cannot be attained on actual
pavement sites because of vapor permeation as stated in
this paper, so water and vapor channels must be pre-
pared and material design must be carefully considered.

Based on the findings of this study on mass transfer
in bituminous mixtures, further studies are needed to
analyze dew condensation mechanisms focusing on
temperature distribution in pavement layers, and to
identify water accumulation conditions by themo-
dynamic consideration of the temperature differences
and chronological changes. Understanding of the water
accumulation mechanisms will help to overcome the
mechanisms causing moisture damage to bituminous
pavement.
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