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Water-related damage is one of the major problems for the durability of the bituminous pavement and concrete
slabs of concrete deck bridges. In particular, damage can be drastically accelerated by the intervention of water
and some chemicals such as surfactants and salts. Therefore, the mass transfer mechanism of water and the
mechanism of chemical absorption in pavement materials are important to study. The authors previously pointed
out that water storage in bituminous pavement layers is caused by moisture vapor in the air, and developed a new
moisture permeation test apparatus to analyze the mass transfer. Based on this test method, the present study
showed experimentally that water and surfactant accumulate in the bridge deck pavement and concrete slabs.
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Water accumulation in the pavement and deck slabs increases according to the daily climatic fluctuation. The
repetitive moisture permeation test showed that alkylphenol-ethoxylate type surfactant applied on the top surface
permeates through water-impermeable pavement layers and accumulates in the concrete slab.
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1. Introduction

Water-related damage is one of the major problems
for the durability of the bituminous pavements and
slabs of concrete deck bridges, because water-mediated
damage usually progresses rapidly. Moisture storage
mechanisms are important to study as well as the mass
transfer mechanism of chemicals in pavement materials.
Water accelerates the fatigue failure of concrete struc-
tures drastically”. In addition to mechanical issues,
the intervention of some chemicals such as surfactant
and salt also causes damage to concrete structures
through chemical effects. For example, salt damage is
a typical issue for concrete structures. Disaggregation
is another type of irreversible ultimate damage that as-
phalt or cement binder resolves and eventually the mix-
ture layer decomposes to aggregates. However, the
mechanisms have not yet been clarified.

Water intrusion into pavement mixtures is considered
to result from penetration of liquid water via surface
cracks and/or comparatively large connected voids of
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the pavement?. However, the authors previously
found that the cause of water accumulation in pavement
mixtures is water vapor permeation and condensation,
and developed a new test method to simulate mass
transfer in a transitional cyclic environment?. The
moisture permeation test suggested that moisture vapor
in the air permeates easily into the bituminous pave-
ment layers and accumulates, even though the surface
course is practically impermeable to liquid water.
Therefore, bituminous pavement mixtures respire
(breath) significant amounts of water every day through
vapor-state permeation via connected micropores de-
spite the impermeability to liquid water.

As extrinsic chemicals accumulate in concrete struc-
tures, surfactant has been detected in several concrete
bridge structures”. The source of surfactant is sup-
posed to be window washer fluid or suspended particu-
late matter (SPM)®. Discussions on the circulation
of environmental substances are necessary, but the
mechanism of diffusion and accumulation in pavement
structures is also important to clarify.

This study focuses on refining the mechanism of
moisture permeation through pavements by the repeti-
tive moisture permeation test, and also understanding
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the cause of chemical accumulation in bridge deck con-
crete slabs utilizing the effective moisture permeation
test. Although the authors previously proposed the
fundamental mechanism of water accumulation as va-
por permeation and condensation under specific transi-
tional moisture conditions, the approach was only one-
day simulation and for fresh water vapor as a transfer
fluid?.

This study investigated the following two issues in-
volved in mass transfer in a bituminous pavement and
concrete deck slab. The effect of repetition of cyclic
climatic fluctuations on water accumulation in bridge
pavement. The permeation and accumulation of
chemicals in a concrete slab.

2. Experimental

This study was intended, firstly, to evaluate the effect
of repetition of cyclic environment fluctuations to
which actual structures are exposed under natural cli-
mate conditions. Secondly, the experiments attempted
to demonstrate that chemicals such as asphalt and sur-
factant permeate into a bituminous mixture and accu-
mulate in a concrete slab.

A bridge deck pavement specimen with surfactant
applied on the top surface was used for repetitive mois-
ture permeation testing under cyclic transitional envi-
ronment conditions. Water absorption was monitored
during the permeation test, and other chemicals such as
surfactant and asphalt were analyzed by extraction and
proton nuclear magnetic resonance ('H NMR) spectros-
copy after the moisture permeation procedures.

2.1. Moisture Permeation Test

The moisture permeation test apparatus consisted of
the temperature/humidity programmed-control cham-
ber, cooling unit, electric balance, and data logging de-
vice as shown in Fig. 1. The apparatus was designed
to investigate one-dimensional moisture permeation,
and can accurately simulate the cycles of transitional
environment condition patterns by controlling the
chamber room temperature, relative humidity, and spec-
imen bottom temperature. The system can also record
actual environmental conditions and the weight of the
specimen holding unit.

Table 1

2.2. Materials Tested
2.2.1. Bridge Deck Pavement Specimen

A specimen of bituminous pavement on concrete
bridge deck obtained from a drilled core (see Fig. 2)
with a diameter of approx. 100 mm taken from an actual
bridge deck structure” was used for the experiments in
this study. Table 1 shows the outlines of the speci-
men. The concrete of the deck slab was typical mate-
rial with a nominal strength of 24 N/mm?. Pavement
mixtures, porous mixture for surface courses and dense
mixture for binder courses also had typical specifica-
tions for highway pavement.

The coefficient of gas permeability (k) for the

Temperature/Humidity
programmed-control chamber

Specimen

i Thermal insulating material

Temperature controller

Refrigerator
to bottom face)

{__Cooling unit__ |

Data logger

Fig. 1 Overview of Moisture Permeation Test Apparatus

Il Surfactant |

| Surface course -Porous mixture ]

| Binder course -Dense mixture |

f Concrete slab |

Fig. 2 Specimen for Repetitive Moisture Permeation Test and
Surfactant Application

Specimen of Bituminous Pavement on Concrete Bridge Deck

Asphalt concrete (course)

Cement concrete

Surface Binder Slab
(Specimen-S) (Specimen-B) (Specimen-C)
Thickness [mm] 40 35 Thickness [mm)] 33
Type of mixture Porous Dense Slump [cm] 8§*25
Max size of aggregate [mm] 13 13 Ww/C [%] 55
Asphalt binder Modified StAs40/60 S/A [%] 47
Asphalt content [%] 5.6 5.0 AE water-reducing agent [kg/m’] 2.89

StAs: Straight asphalt, W/C: Water cement ratio, S/A: Sand percentage.
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asphalt concrete layers of the specimen was 3.47 X
1078 cm/s, which was measured only for the binder
course because the surface course consisted of porous
asphalt mixture. The coefficient of liquid water per-
meability (kw) can be estimated from k¥, and the ky of
the binder course may be in the order of 1077 cm/s that
is substantially impermeable to liquid water”. In con-
trast, kg for the concrete slab was 2.61 X 107 cm/s.
Therefore, it can be considered that a substantially water-
impermeable bituminous mixture covered a compara-
tively permeable concrete layer.

2.2.2. Surfactant

Surfactants are used widely as detergent as well as
emulsifier, foaming/defoaming agent, and antiseptic.
Poly-oxyethylene nonylphenylether sodium sulfite is a
typical surfactant produced in large quantities.
Surfactant is recognized as one of the chemicals accu-
mulated in social infrastructure widely such as pave-
ments and bridges®.

Anionic surfactant (n-CoHi9~-CsHs~O(CH2CH20)s~
SOsNa) with pH 9-10 was used in this study as an entrain-
ing chemical with moisture permeation. AE water-
reducing agent for fresh concrete is a common surfactant
agent and is also an anionic type surfactant, but has a
different chemical structure from that of the alkyl-
phenol-ethoxylate type surfactant.

2.3. Test Procedures

Experimental tests were performed as follows to ob-
serve the movement of moisture and surfactant coated
on the top surface of the bituminous pavement.

2.3.1. Specimen Preparation

The moisture permeation apparatus simulates one-di-
mensional mass transfer through a core specimen, so
vapor leakage along the wall face of a specimen must
be excluded to conduct a valid experiment. Therefore,
the specimen was sealed except for the top face by
wrapping circumferentially with self-welding type wa-
terproofing seal tape. The proofing tape is made of
unvulcanized butyl rubber and is autoadhesive, and is
usually used as water sealing material for electric de-
vices and wiring. Prior to the repetitive moisture per-
meation test, 1.6 g of surfactant was spread on top of
the surface course as shown in Fig. 2. Consequently,
the inner surface of voids of the porous asphalt speci-
men was coated with the sticky surfactant liquid.
2.3.2. Repetitive Moisture Permeation Test

Figure 3 shows the controlled environmental condi-
tions for the repetitive moisture permeation test. In
order to perform many cycles, the cycle time was short-
ened from one day (24 h) to 8 h, which was determined
by consideration of the thermal conductivity of the bi-
tuminous pavement, although the transitional profile of
the environmental conditions was kept same.

2.3.3. Solvent Extraction

After the repetitive moisture permeation test, the

concrete slab was split off from the binder course.
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Fig. 3 Controlled Environmental Conditions for Repetitive
Moisture Permeation Test

Then, the concrete slab was crushed, coarse aggregates
were removed, and the concrete was ground and sieved
to a fine powder.

The powder of the concrete slab was used for solvent
extraction by the soxhlet method to identify the chemi-
cal components”. The powder sample was prelimi-
narily extracted with methanol to remove inorganic
components. Subsequently, solvent extraction using
chloroform was carried out for organic component ex-
traction. A reference sample of concrete without the
moisture permeation test was collected from the deck
slab and prepared by the same procedures of extraction.
2.3.4. 'HNMR

"H NMR spectra was measured in a CDCls solution
to identify the chemical components of the extracts of
concrete with/without repetitive permeation test. The
spectra of the surfactant and the asphalt binder were
also measured for comparative analyses of mass trans-
fer.

3. Results and Discussion

3.1. Moisture Transfer

Figure 4 shows the change in the weight (AW) of
the specimen unit (specimen + thermal insulator + cool-
ing unit). AW is basically equivalent to the amount of
moisture absorption into the specimen.

The concrete bridge deck specimen was clearly re-
spiring (breathing) considerable amounts of moisture
every 8 h cycle, because AW showed periodic changes
in synchronization with the cycle of the permeation test
condition. The amplitude of the cyclic change of AW
was about 2.5 g in the first twelve cycles, but that in the
last twelve cycles was reduced to about 2.0 g.

The periodic change of AW meant that moisture va-
por condensed and evaporated in the specimen during
each environmental cycle as shown in Fig. 3, and about
0.5 g of residual water accumulated every cycle as a re-
sult of the difference between the amounts absorbed
and evaporated (evapotranspiration). The test system
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Fig. 4 Weight Change of Specimen during Repetitive Moisture
Permeation Test

demonstrates moisture mass transfer based on vapor-
state permeation and dew-point simulation due to the
temperature and humidity gap between the top and bot-
tom of the specimen, so the chronological phase differ-
ence of temperature change between both sides of the
bituminous mixture is probably the cause of the mass
transfer imbalance in evapotranspiration.

Micro-pore blockage by accumulated water® is the
most significant factor in the declining moisture trans-
fer rate through bituminous mixtures. Accumulated
water blocks the internally connected pores because of
the large surface tension of liquid water. This sealing
effect is certainly one of the causes of permeability re-
duction. Moisture transfer rate decreases as water ac-
cumulation increased, particularly in the binder course.
Furthermore, the water-retaining capacity of the con-
crete deck also gradually diminished due to saturation
of water in the layers.

The most important result was that the average
weight (envelope curve) gradually increased over the
cycles of environmental change. Thus, even though
the moisture accumulation in each cycle is small, at
about 0.5 g/cycle, total water storage can become con-
siderable through repetition for many cycles.

3.2. Mass Transfer of Surfactant

Spectra were measured with/without the repetitive
permeation test to investigate whether mass transfer of
chemicals occurs through bituminous pavement. The
difference between the spectra may also suggest the
characteristics of accumulated chemicals.

Figure 5 shows the 'H spectra of the surfactant (D),
asphalt (): before permeation test), and chloroform ex-
tracts from the concrete deck with (2): before perme-
ation test) / without (@): after permeation test) the re-
petitive permeation test. The bottom two spectra (3,
@) clearly show the differences between the concrete
extracts. The results indicate that many additional
peaks are observed after the repetitive permeation test.
None of the 'H spectra of methanol extracts showed
specific peaks associated with the surfactant, although

J. Jpn. Petrol. Inst.,

(@: befofe permeation test

Asphalt

(@): befoge permeation test

Concrete extract(CHCI3) T J “1 1 ’
I |
| I

’l ( ’V

@: afterjpermeation test

-Concrets exiracl(CHCP
Spacimen-Coperete exFaciCHCII

7 6 5 4 3 2 1 0
Y

Fig. 5 'HNMR Spectrum of the Specimen and Components

some organics might be washed out with the inorganic
component.

The peaks between 3.5-4.4 ppm were assigned to the
oxy-ethylene moiety, -(O-CH2CHbz),—(ethoxy group), in
the surfactant (). Note that these peaks are also ob-
served in the spectrum (4. This result provides evi-
dence that surfactant can permeate through the substan-
tially water-impermeable bituminous mixture, and
accumulate in the concrete slab. Incidentally, AE wa-
ter-reducing agent for fresh concrete is also a surfac-
tant, but the NMR spectrum is different from that of the
surfactant in this experiment, and is difficult to differ-
entiate from cured concrete. In fact, the spectrum of
concrete ((3: before permeation test) did not show spe-
cific peaks.

The peaks at 0.9, 1.2, 1.5 ppm are assigned to the
alkyl protons of the CHs, CHz, and CH moieties,
respectively, as shown in the spectrum of asphalt (2)).
Although these peaks were observed in various organic
samples, the peaks in the spectrum of the concrete deck
specimen ((@: after permeation test) were definitely
from asphalt binder in the layers of bituminous pave-
ment, because there was no other source of such mate-
rials within the experimental system. Therefore, cer-
tain asphalt fractions may be dissolved and transferred
to the bottom concrete slab entrained with moisture and
surfactant.

Presumably the surfactant can permeate into the sub-
stantially impermeable layer in a very fine mist or drop-
let of chemicals loaded into the micropores of the bitu-
minous mixture by moisture vapor pressure. The
effect of decreasing surface tension and viscosity of
water caused by the surfactant’s property of surface ac-
tivity is another possibility.

These results indicated the following. Firstly, sur-
factant coated on the surface course can permeate
through a bituminous mixture through which liquid wa-
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ter cannot permeate. The fact that surfactant accumu-
lates in the concrete deck slab may be important for dis-
cussions on durability, because certain types of
surfactant can have a negative impact (e.g. carbonation
of concrete) on durability through chemical reactions
such as ionic exchange. In fact, carbonation was ob-
served in the concrete after the permeation test because
part of the concrete slab section did not give red color
reactions with phenolphthalein. Secondly, asphalt
binder in bituminous pavement layers can also perme-
ate the concrete slab entrained with moisture and sur-
factant. The fact that asphalt binder dissolves and
washes out may be important in the mechanism of dis-
aggregation together with the water immersed fatigue
phenomenon caused by wheel loading.

4. Conclusions

The following conclusions were obtained in this
study.
(1) Water storage in bituminous pavement changes in
synchronization with the cycle of climate conditions,
probably through respiration (breathing) moisture in the
air every day.
(2) Cumulative water storage in a bituminous pavement
on a concrete bridge deck transferred by moisture vapor
increases gradually over the cycles (days) of environ-
mental change.
(3) Laboratory simulation confirmed that surfactant (al-
kylphenol-ethoxylate type) coated on the surface course
can be transferred through water-impermeable pave-
ment layers and accumulates in a concrete slab.
(4) Asphalt binder in bituminous pavement layers can
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also permeate the concrete slab entrained with moisture
and surfactant.
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