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https://doi.org/10.18280/acsm.450403 ABSTRACT

This paper attempts to analyze the effect of mineral powder on the adhesion of aggregates
and asphalt. First, it employs the gravimetric method to quantitatively analyze the peeling
rate of asphalt and asphalt mortar from the surface of basalt, andesite, and limestone
aggregates. Then, it takes microscopic pictures of the mineral powder adhered on the
surface of the aggregates to observe the distribution of mineral powder in the asphalt
mixtures, and uses profiles to analyze the adhesion status of mineral powder on the
surface of the aggregates. At last, this paper analyzes the effect of mineral powder
particles on the surface/interface of the aggregates and asphalt, and the results indicate
that mineral powder has increased the roughness of the surface of the aggregates,
therefore it indirectly promotes the adhesion of asphalt on the surface of the aggregates;
the mineral powder particles interact with the surface texture of the aggregates, forming
an embedding and wedging structure in the texture; compared with aggregates with
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smooth surface, the adhesion promotion effect is stronger.

1. INTRODUCTION

Water damage is one of the major causes for the early
damage of asphalt pavement. The invasive water would
separate the adhesion interface between the asphalt and the
aggregates, which is the main reason of the destroy of adhesion
of asphalt on aggregate surface [1]. The adhesion of asphalt on
the surface of crushed stones (aggregates) is a key index to
evaluate the water damage resistance of asphalt mixture
pavement [2]. The water damage of asphalt mixtures is divided
into two stages: first, the invasive water separates the adhesion
interface of asphalt and aggregates, destroying the adhesion of
asphalt on the surface of the aggregates; second, the interface
of invasive water continues to expand, and the damage surface
continues to expand, destroying the adhesive force between
the asphalt mixtures. In seasonal frozen soil areas, frost heave
and thaw collapse have a great destructive impact on the road
surface [3].

At present, improving the adhesion of asphalt on the surface
of aggregates is a primary method to avoid water damage and
freeze-thaw damage [4]. The properties of asphalt, the
properties of aggregates, and the mixing and storage process
are the three factors affecting the adhesion of asphalt and
aggregates. The properties of asphalt include the its chemical
composition, viscosity, and surface tension, etc.; the properties
of aggregates include the chemical composition, surface
structure, porosity, level of cleanliness, and surface dryness
and wetness, etc. The main influencing factors of the mixing
and storage process include the mixing temperature and the
storage time of the hot material. The proportion of mineral
powder in the asphalt mixtures is about 8-13%, under the
conditions that the properties of the asphalt and the aggregates
are relatively stable, the mineral powder particles not only act
as filler, but also have an important role in promoting the
adhesion of asphalt and aggregates.
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Based on water immersion experiment and the gravimetric
method, this paper quantitatively analyzed the peeling rates of
asphalt and asphalt mortar from the surface of basalt, andesite,
and limestone aggregates. Then, by comparing the differences
in the peeling rate, this paper quantitatively analyzed the
positive effect of mineral powder particles on the adhesion of
asphalt and aggregates. After that, through the observation of
the microscopic images of plans and profiles, this paper also
analyzed the working state of the mineral powder particles on
the surface/interface of asphalt and aggregates. This study
provided a new idea and a new method for the study of the
mechanism of using mineral powder particles to improve the
adhesion of asphalt mixtures.

At first, this paper elaborated on the steps of the water
immersion experiment and the process of using gravimetric
method to measure the peeling rates of asphalt and asphalt
mortar from the aggregates, and comparatively analyzed the
peeling rates of asphalt and asphalt mortar from the surface of
the basalt, andesite, and limestone aggregates. Then, with the
help of an electron microscope, the microstructure of asphalt
mortar adhering on the surface of aggregates was observed,
and the distribution of mineral powder particles in asphalt
mortar was analyzed. At last, the surface/interface effect of
mineral powder particles on the adhesion of asphalt and
aggregates was analyzed.

2. RESEARCH STATUS OF AGGREGATE SURFACE
ADHESION

2.1 The adhesion principle of asphalt on the surface of
aggregates

The adhesion between asphalt and aggregates is
fundamentally determined by the physical and chemical
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properties of aggregates and asphalt. In a highway
construction project, the aggregate origin is often the quarry
around the project, therefore, by carefully analyzing the
adhesion levels of asphalt on the surface of crushed stones of
different lithology types produced from different quarries, we
can give full play to the best performance of the local road

construction material (namely the crushed stone aggregate) [5].

Based on the properties of the crushed stone aggregates, by
reasonably designing the grading scheme of the aggregates
and the pavement structure, the performance of the asphalt
mixtures and the quality of the road construction project could
be improved.

The essence of the adhesion of asphalt and aggregates is a
result of the action of surface force of asphalt and aggregates,
the residual force field on the surface of the aggregates and the
particles of the asphalt will attract each other [6]. Chemical
reaction theory, mechanics theory, surface energy theory,
surface structure theory, electrostatic attraction theory, and
molecular orientation theory are often used to analyze the
adhesion mechanism of asphalt on the surface of aggregates;
each theory has its own characteristics, they focus on different
aspects and can complement each other [7-11]. The chemical
reaction theory takes the acidity and alkalinity of the stone
material as the research object, generally, this theory holds that
the acidic components in the asphalt will react with the
alkaline active components on the surface of the aggregates,
and the adhesion of the alkaline stone material to the asphalt is
better than that of the acidic stone material. The mechanics
theory takes the surface roughness and porosity of the
aggregates as the research object, it analyzes the influence of
the surface characteristics of aggregates on the adhesion at the
micro level [12]. The surface energy theory evaluates the
wetting level of asphalt on the surface of crushed stone flakes
by measuring the wetting angle [13-15]. The surface structure
theory analyzes the adhesion between aggregates and asphalt
by studying the surface topographic features such as the
angularity, contour, and shape of the aggregates [16, 17]. The
electrostatic attraction theory believes that when asphalt is in
contact with aggregates, two layers of electrostatic attraction
will be formed, and the adhesive force between the interfaces
is the action force between the two layers; the asphalt mixtures
can be regarded as a capacitor, which can be charged by the
contact between asphalt and aggregates [18]. The molecular
orientation theory holds that the level of adhesion between
asphalt and aggregates depends on the directional adsorption
of surface-active substances in asphalt to the surface of the
aggregates [19].

2.2 Methods for researching the adhesion of asphalt on
aggregate surface

The most common method for measuring adhesion is the
water boiling method, but this method depends too much on
subjective judgement therefore the empirical error is large.
Another adhesion measurement method is the water
immersion method which immerses the asphalt-coated sample
into a constant temperature water tank at 80°C for 30 minutes
instead of boiling it in slightly boiling water for 3 minutes.
Later, based on these two methods, the gravimetric method
had been developed, before and after the water boiling
experiment, the sample is weighed, and the calculated asphalt
peeling rate is used to replace the manual judgement method
to determine the adhesion level, which can improve the
objectivity of the adhesion measurement [20]. The
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photoelectric colorimetric method and the NAT method both
use the spectrophotometer to analyze the change of asphalt
concentration. The photoelectric colorimetric method converts
light energy into electrical energy using a photoelectric
converter to reflect the dissolution amount of peeled asphalt in
water, thereby inferring the amount of peeled asphalt. The
NAT method is also called the SHRP net adsorption method,
this method is derived from the SHRP asphalt research project
of the Highway Strategic Research Program in the United
States. The NAT method realizes the replacement of asphalt
and water by circulating the asphalt-toluene solution, then it
uses a spectrophotometer to measure the absorbance of the
solution and derive the peeling rate, adsorption rate, and other
data [21]. The solvent elution method uses the flowing asphalt-
toluene solution to elute the asphalt on the aggregates and
measures the peeling rate of the asphalt [22, 23]. The capillary
column method describes the adhesion by measuring the
wetting angle of the asphalt-toluene solution to the aggregates.
The non-destructive ultrasonic measurement technology can
be used to evaluate the binder content of the asphalt mixtures
[24].

The NAT method and the photoelectric colorimetric method
have fewer human influencing factors during the experimental
process, but they have a high requirement on experimental
equipment and operation skills. Due to the influence of the
measurement accuracy of the contact angle and the surface
characteristics of the aggregates, the capillary column method
is more suitable for the comparison of the adhesion
performance. Hence, we can see that each method has its
advantages and disadvantages. Among these methods, the
gravimetric method is an upgrade of the classic experimental
methods (the water boiling method and the water immersion
method), its experimental process is standardized and easy to
operate, therefore, this study applied it to measure the peeling
rate of asphalt from the surface of the aggregates.

In engineering practice, mineral powder is an important
composition of the asphalt mixtures, accounting for about 5-
13%, the adhesion of asphalt on aggregate surface is
completed under the joint action of the mineral powder. In
traditional studies, the main research objects are usually the
asphalt and the aggregates, few have concerned about the filler
(mineral powder), among the few existing studies, most of
them focus on the influence of filler type [25, 26], dosage and
distribution [27, 28] on the performance of the asphalt
mixtures, very few studies have discussed the effect of mineral
powder particles on the surface/interface of asphalt and
aggregates, therefore, to fill in this research gap, this study
conducted experiment on asphalt mortar peeling off from the
surface of aggregates to research the relationship among
mineral powder, aggregate texture, and asphalt adhesion.

3. EXPERIMENT ON THE ADHESION OF ASPHALT
AND ASPHALT MORTAR ON AGGREGATE
SURFACE

3.1 The gravimetric method and the water immersion
experiment

Based on water immersion experiment and the gravimetric
method, the peeling rate of asphalt-coated aggregates after
water immersion was measured in the experiment. First, the
aggregate samples to be measured were cleaned, then heated
in a thermostat at 150°C for 30 minutes to remove the water in



the aggregates. After that, the dried aggregates were weighed,
the weight value was recorded as W), the aggregates and
asphalt were heated to 150°C and fully mixed; later, the
mixture was cooled at room temperature for 1 hour and
weighed again, the weight value was recorded as W;. At last,
the mixture was put into a constant temperature water tank
with a temperature of 80°C+1°C for 30 minutes, then taken out
and dried at room temperature for 24 hours, weighed again and
recorded as W>. The peeling rate of aggregates P; could be
calculated using Formula (1).

Wl_W
p = (It

) x 100%

3.2 Basic properties of asphalt used in the experiment

The asphalt used in the experiment was the 90# asphalt
produced by Liaoning Panjin North Asphalt Co., Ltd., the type
of the asphalt was consistent with the asphalt used in the Jicao
Expressway project. The properties of the asphalt are shown
in Table 1.

Table 1. Basic properties of the asphalt

Property 90# Asphalt
Penetration grade (25°C, 100g, 5s, 86
0.1mm)
Ductility 5°C 150
Softening point 45
Solubility (%) 99.97
Flash point (open-cup, °C) 302
Density (25°C, kg/m?) 1000.3
Wax content (distillation method, %) 1.89

3.3 Asphalt-aggregate adhesion experiment

(1) The quartering method was adopted to weigh 100 grams
of aggregates between 9.5 and 13.2, then the aggregate
samples were put in an oven that had been heated to 5 degrees
higher than the mixing temperature (150°C) of the asphalt for
1 hour, as shown in Figure 1.

Figure 1. Weigh the aggregates

(2) 5.5g of asphalt was weighed and put into a small mixing
container, then together with the aggregates, they were put into
the oven and heated for 15 minutes, then the aggregates were
poured into the asphalt in the container, and immediately
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mixed for 1~1.5min with a metal shovel, then, 20 pieces of the
mixtures were taken out and spread on a glass plate, and cooled
at room temperature for 1 hour, as shown in Figure 2.

Figure 2. Fully mix the aggregates and the asphalt

(3) The glass plate, together with the aggregates placed on
it, were immersed in a constant temperature water tank with a
temperature of 80°C£1°C for 30 minutes, then, the asphalt
floating on the water was collected with a piece of paper, as
shown in Figure 3.

® .o o 0 0. 0 0 o

Figure 3. Immerse mixtures in a constant temperature water
tank

(4) The glass plate was taken out, cooled at room
temperature for 1 hour, and weighed, as shown in Figure 4.

Figure 4. Asphalt mixtures after water immersion
experiment

3.4 Peeling rate of asphalt from the surface of basalt,
andesite, and limestone aggregates

Based on above experiment, situations of the exfoliation of
asphalt adhered to the surface of basalt, andesite, and
limestone aggregates could be obtained, as shown in Table 2.

According to the data in Table 2, we can get a histogram of
the peeling rates of asphalt mixtures, as shown in Figure 5.

As can be seen from Figure 5, the peeling rates of limestone
were the lowest, the peeling rates of basalt were the highest,
and the peeling rates of andesite were in the middle and close
to the level of basalt.



Table 2. Asphalt peeling rates obtained in the water immersion experiment

Rock type No. Peeling rate Rock type No. Peeling rate  Rock type No. Peeling rate
X11 23.04% All 28.73% S11 11.67%
X12 21.34% Al2 27.47% S12 9.78%
X13 24.64% Al3 31.22% S13 13.39%
X21 18.45% A21 31.31% S21 10.25%

Basalt X22 18.44% Andesite  A22 33.29% Limestone S22 13.27%
X23 22.69% A23 29.87% S23 10.68%
X31 19.85% A31 29.80% S31 9.83%
X32 24.21% A32 30.58% S32 12.28%
X33 23.47% A33 32.03% S33 14.37%

S33 14.37%
12.28%
o 31 9.83%
5 10.68%
7 522 13.27%
£ 10.25%
- s13 13.39%
9.78%
S11 11.67%
o 32.03%
IS A32 30.58%
- o 29.80%
© =~ A23 29.87%
2 33.29%
@ 5 A2 31.31%
© 31.22%
o A12 27.47%
= 28.73%
X33 23.47%
24.21%
X31 19.85%
= 22.69%
8 X22 18.44%
@ 18.45%
X13 24.64%
21.34%
X11 23.04%
0.00%  5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00%

Peeling rate (%)

Figure 5. Histogram of the peeling rates of asphalt-coated aggregates

4. ASPHALT MORTAR-AGGREGATE ADHESION
EXPERIMENT

Asphalt and mineral powder were mixed to form the asphalt
mortar, which was taken as the dispersion medium of the
asphalt mixtures. After fully mixed and compacted, the asphalt
mortar filled in the gap between the coarse and fine aggregates,
and wrapped on the surface of the aggregates. The adhesion of
asphalt mortar on the surface of crushed stones directly reflects
the anti-stripping ability and water damage resistance of the
asphalt mixtures. The American Society for Testing and
Materials (ASTM) stipulated in its ASTM-D3625 standard
[15] to use the water boiling experiment to judge the adhesion
of aggregates and asphalt mortar.

4.1 Peeling rate of asphalt mortar from aggregate surface
The water immersion method was adopted in the

experiment to evaluate the adhesion of asphalt mortar on the
surface of aggregates and measure the peeling rate.

Figure 6. Asphalt mortar and asphalt mortar-coated
aggregate
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Steps of the experiment:

(1) Asphalt, mineral powder, and aggregates were heated in
a thermostat to the mixing temperature 150°C for 1 hour, then
the dried aggregates were weighed, and the weight value was
recorded as Wy;

(2) Asphalt and mineral powder were mixed into a
gelatinous mixture, during the mixing process, the temperature
decreased significantly, therefore the mixed asphalt mortar
was put back into the thermostat and heated to the mixing
temperature for 20 minutes, as shown in Figure 6;

(3) The aggregates were poured into the asphalt mortar and
mixed evenly. The mixtures were cooled at room temperature
for 1 hour, weighed, the weight value was recorded as W7,

(4) The mixtures were put in the constant temperature water
tank with a temperature of 80°C+1°C for 30 minutes, then
taken out and dried at room temperature for 24 hours, weighed,
and the weight value was recorded as .. Then, the peeling
rate of the asphalt mortar-coated aggregates can be calculated
by Formula (2):

Figure 8. Images of asphalt-coated andesite and asphalt
W, — Wo) X 100% @) mortar-coated andesite AO1 after the water immersion
experiment

Pd=

(Wl - Wz

Figure 9. Images of asphalt-coated limestone and asphalt
mortar-coated limestone S02 after the water immersion
experiment

Figure 7. Images of asphalt-coated basalt and asphalt mortar-
coated basalt X01 after the water immersion experiment

4.2 Comparison of peeling rates

Table 3. Peeling rate of asphalt mortar from aggregate surface (water immersion experiment)

Rock type No. Peeling rate  Rock type No. Peeling rate  Rock type No. Peeling rate

J-X11 13.61% J-All 15.40% J-S11 13.03%
J-X12 15.13% J-A12 15.03% J-S12 12.60%
J-X13 16.50% J-A13 13.15% J-S13 12.18%
J-X21 16.45% J-A21 20.33% J-S21 10.92%
Basalt J-X22 11.56% Andesite J-A22 18.13% Limestone J-S22 11.22%
J-X23 12.09% J-A23 17.33% J-S23 12.38%
J-X31 14.77% J-A31 15.45% J-S31 9.98%
J-X32 13.91% J-A32 18.76% J-S32 12.32%
J-X33 14.10% J-A33 16.30% J-S33 9.05%
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Based on above experiment, The peeling status of the of asphalt mortar from aggregate surface were quite close, the

asphalt and asphalt mortar is shown in Figures 7, 8 and 9. The peeling rates of asphalt mortar from andesite surface were
peeling rate of asphalt mortar from aggregate surface of basalt, slightly higher than those of basalt and limestone. The
andesite, and limestone aggregates could be obtained, as adhesion of limestone was the best, and the peeling rates of
shown in Table 3. limestone were the lowest, which was of equal level with the
As can be seen from Table 3 and Figure 10, the peeling rates peeling rates of asphalt from aggregate surface.
J-S33 9.05%
12.32%
J-S31 9.98%
12.38%
J-S22 11.22%
10.92%
J-S13 12.18%
12.60%
J-S11 13.03%
16.30%
o J-A32 18.76%
e 15.45%
2 JA23 17.33%
= 18.13%
o J-A21 20.33%
& 13.15%
J-Al2 15.03%
15.40%
J-X33 14.10%
13.91%
J-X31 14.77%
12.09%
J-X22 11.56%
16.45%
J-X13 16.50%
15.13%
J-X11 13.61%
0.00% 5.00% 10.00% 15.00% 20.00% 25.00%

Peeling rate (%)

Figure 10. Histogram of the peeling rates of asphalt mortar-coated aggregates
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Figure 11. Histogram of the peeling rates of asphalt and asphalt mortar
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4.3 Comparison of adhesion of asphalt and asphalt mortar
on aggregate surface

The peeling rates of asphalt-coated aggregates and asphalt
mortar-coated aggregates were plotted together in the
histogram of Figure 11, as can be seen in the figure, the peeling
rates of asphalt and asphalt mortar from limestone were close.
The peeling rates of asphalt mortar from basalt and andesite
were much lower than those of asphalt. For basalt aggregates,
the peeling rates of asphalt mortar were reduced by an average
of 34% compared with the peeling rates of asphalt; as for
andesite, the peeling rates of asphalt mortar were reduced by
an average of 45% compared with the peeling rates of asphalt.
On the whole, asphalt mortar can better adhere to aggregate
surface than pure asphalt.

5. CHARACTERISTICS OF THE MICROSCOPIC

IMAGES OF THE |[INTERFACE BETWEEN
ASPHALT/ASPHALT MORTAR AND CRUSHED
STONES

According to above analysis, the peeling rates of asphalt
mortar from crushed stone surface were much lower than those
of asphalt. Observation through electron microscope showed
that after the water immersion experiment, asphalt mortar
maintained a good coating effect, while on the surface of
crushed stones coated by pure asphalt, there’re mottled areas
and even large-area asphalt peeling off, as shown in Figure 12
below.

(a) Exfoliation of asphalt-coated crushed stone
D T bt TR ;

A\ Tt -
“. . I

A s e S ed € {
(b) Exfoliation of asphalt mortar-coated crushed stone
Figure 12. Microscopic images after water immersion
experiment

5.1 Sample preparation and profile image acquisition
To observe the adhesion of asphalt and asphalt mortar on

the surface of crushed stones more directly, an electron
microscope was used to magnify the profile of the crushed
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stones coated with asphalt and asphalt mortar and analyze the
status of the adhesion of mineral powder, asphalt, and
aggregates. At first, the aggregates and asphalt were fully
mixed at the mixing temperature and placed at room
temperature for 24 hours to ensure that the aggregates were
naturally and fully cooled. Since asphalt is sensitive to
temperature, if the profile is formed by the cutting of an angle
grinder, the high temperature produced by the friction between
the angle grinder and the asphalt during the cutting process
would destroy the coating state of asphalt (asphalt mortar) on
the surface of the crushed stones, therefore, in the experiment,
a hammer was used to break the stone coated with asphalt
(asphalt mortar) into 2 to 4 pieces, then a sample with a flat
section was selected for microscopic image observation, as
shown in Figure 13.

Figure 13. Microscopic image observation of the section of
asphalt-coated crushed stone

5.2 Microscopic images of the profile of the interface
between asphalt/asphalt mortar and aggregates

As can be seen from Figure 14, asphalt evenly adhered on
the surface of the aggregates, and the asphalt layer adhered to
the protrusions on the surface of the aggregates was slightly
thinner.

Figure 14. Profile of asphalt adhering on aggregate surface

In Figure 15, mineral powder particles and asphalt mortar
were mixed and adhered to the surface of the aggregates.
Mineral powder particles distributed randomly at both smooth
and rough positions, and the asphalt layer distributed around
the mineral powder particles was thicker.



Figure 15. Profile of asphalt mortar adhering on aggregate
surface

5.3 Effect of mineral powder on the adhesion of aggregates
and asphalt

In Figure 16, we marked two protrusions of mineral powder
particles and asphalt, as can be seen in the figure, the asphalt
layer around the mineral powder particles was obviously
thicker, mineral powder particles distributed randomly and
unevenly, not only adhering to sunken positions of rough
surface, but also adhering to flat surface positions.

Figure 16. Adhesion positions of mineral powder particles

Figure 16 shows the adhesion positions of the mineral
powder particles, since the particles were very small, they
were in a suspended state in the asphalt mortar. Mineral
powder particles enhanced the adhesion of asphalt on the
aggregate surface: the particles formed an embedding and
wedging structure in the surface texture of the aggregates,
which was equivalent to indirectly increasing the roughness of
the aggregate surface and increasing the adhesion thickness of
the asphalt on the aggregate surface. A thicker asphalt layer
was also formed at the edge of the mineral powder, which
improved the mixture’s ability to resist water damage,
especially in large pores and texture structure on the aggregate
surface, the mineral powder particles can stabilize the
embedding and wedging structure and act as filler, as shown
in Figure 16 (b).

Compared with the direct adhesion of asphalt and aggregate
surface, the adhesion structure of asphalt mortar on aggregate
surface can be divided into four layers: the aggregate surface
and asphalt structure layer, the asphalt and mineral powder
particle structure layer, the mineral powder particle and
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asphalt structure layer, and the asphalt and air structure layer,
as shown in Figure 17. Compared with the direct-contact
interface between asphalt and aggregates, the structure of
surface/interface of asphalt mortar and aggregates is more
complicated and the adhesion level is higher.

Air

Asphslt
Mineral powder

Apgregate

Figure 17. Adhesion state of asphalt mortar on the aggregate
surface

90% of the particles in the mineral powder had a diameter
less than 0.075mm, 10% of the particles had a diameter
between 0.075mm and 0.6mm, as shown in Figure 18.

Figure 18. A microscopic image of the mineral powder

The rough texture of aggregate surface and the size of
mineral powder particles together increased the contact area
between the mineral powder and the aggregates, under the
action of the asphalt in the gap, it formed a better asphalt-
aggregate adhesion state. In the asphalt mixtures, the
surface/interface effect of asphalt and aggregates changed
from a simple three-phase interaction state of air-asphalt-
aggregate to a complex multi-phase interaction state of air-
asphalt-mineral powder-asphalt-aggregate. Thus it can be seen
that, a reasonable compatibility of aggregates, fine aggregates,
mineral powder, and asphalt has a great impact on the adhesion
and road performance of the asphalt mixtures.

6. CONCLUSION

Experiment conducted in this study showed that, compared
with pure asphalt, the asphalt mortar could bind with
aggregates more firmly. Microscopic images showed that the
mineral powder particles and asphalt mortar were mixed and
adhered to the surface of the aggregates together, and mineral
powder particles distributed randomly at both smooth and
rough positions. The profile images also showed that the
asphalt layer distributed around mineral powder particles was
thicker, mineral powder increased the roughness of aggregate
surface, thereby increasing the adhesion thickness of asphalt
on aggregate surface. Due to the participation of mineral
powder, the surface/interface effect of asphalt mixtures



formed a complicated joint-action state of air-asphalt-mineral
powder-asphalt-aggregate. More asphalt could be adhered to
the aggregate surface, and the asphalt layer was thicker, which
can effectively reduce the water damage, and this result and
the water immersion experiment result had verified each other.
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