ASPHALT SURFACE DAMAGE DUE TO COMBINED ACTION OF WATER AND
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ABSTRACT

Water ingress causes significant deterioration in asphalt surfaces. In this study, a novel laboratory test method has been
developed to study the combined interaction of water-tire-pavement on the performance of four open graded and two
gap-graded asphalt mixtures produced with 6mm, 10mm and 14mm nominal maximum aggregate size. A dynamic
load with a fixed frequency was applied while the surface was submerged with up to 2mm water. The test continued
until the specimens showed significant failures. Compared to dry condition testing, despite relatively good rutting
performance, the appearance of surface crack was approximately seven times faster in open-graded mixtures tested in
wet conditions, indicating accelerated deterioration due to the presence of water. The gap graded mixtures, on the
other hand, showed better cracking resistance but inferior rutting performance. Finally, for same mixture tested in wet
condition, mixtures with larger aggregate size showed more overall deterioration than mixtures with smaller size
aggregates. The method has good potential to be implemented as a screening test for different types of mixes to study
their water susceptibility due to combined action of tire-water-pavement.
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INTRODUCTION

Flexible pavements are designed to withstand mechanical and functional degradation due to traffic and environmental
loading. [1-8]. Premature failure leads to reduce service life, compromises the safe operation of traffic, and increases
maintenance and rehabilitation cost. In recent years, there are significant public concerns due to the rapid increase in
the number of damages, namely potholes, in the asphalt surfaces (9]. These localized failed areas reduce the ride
quality and potentially create a dangerous driving condition. A survey by Asphalt Industry Alliances in 2018 revealed
that nearly one-third of the local authorities in the United Kingdom felt that the roads had to be shut down due to safety
hazards [10].

Although it is well known that water ingress in pavement causes significant deterioration, the mechanism is
not yet fully understood, especially its impact on the surface damage [10]. There are two sources of water/moisture in
asphalt pavement, internal and external. Inadequate drying of aggregate used in the mixes can be one common internal
sources of moisture [11, 12]. An external source of water can come from three different ways; water is entering the
pavement from surfaces because of poor drainage, poor construction [compaction] or mixture design having high air
voids content and so more permeability. Water can also enter in pavements from the sides because of poorly
constructed shoulders, poor side drainage and water beeath the subgrade because of the high water table and poor
drainage characteristics of base and sub-base material [13]. It is believed that the water on the surface or water build
up in the pavement structure exacerbates surface damage with moving traffic, which may eventually result in
pavement surface layer spalling or loosening, leading to localized as well as structural damage [14-17]. A conceptual
illusration of water movement and subsequent tire-pavement interaction is shown in Figure 2. When external water is
present, there are two ways it may influence an asphalt mixture: (a) a flow field through pore structures, and(b) static
water near the surface.

Direction of movement

Positive pressure puise}

i

Figure 1 Conceptual illustration of tire-water-pavement interaction

If a flow field is present, water may wash away the mastic, weaken the binder, and cause a decrease in the cohesion and
mixture stiffness, incurring damage to the road. The magnitude of the flow field and water pressure within the asphalt
road is also dependent on tire characteristics (tire pressure, tread shape, depth, and patterns), traffic
characteristics[magnitude, speed] as well as mixture configurations such as size and gradation of aggregate, void
contents and level of compaction. The influences of these parameters on the pore pressure in pavement surface are
under investigation in a parallel study by the authors [18]. Static water, on the other hand, gradually penetrates the
asphalt and aggregate interface and thus easily causes a reduction of adhesion between asphalt binder and aggregate
surface [15, 19]. Zhang et al. 2014 stated that high tensile localized stresses near the edges of a compresed air void
could lead to the growth of the crack in an asphalt mixture under external compressive loads.

Besides, researchers examined the thick overlay and stated that cracks start at a surface and propagate downward. The
number of cracks decreased with the increase in the strength and thickness of the asphalt pavement [20] [21]. There are
two main directions for the compressive cracks that govern the rupture of the asphalt pavement in compression: the
first is the splitting cracks or diagonal cracks based on the stiffness and initial air void contents of the asphalt mixtures.
Usually, a stiffer asphalt mixture with low air void content tends to be split whereas a softer asphalt mixture with high
air void content tends to have a diagonal crack in the compression load [22]. A comparative investigation was
conducted [23] on three different HMA (Hot Mix Asphalt), with the maximum nominal size of 12.5, 19 and 25 mm. It
was noted that the larger gradation had, the lower fatigue life, which means that the gradation containing 12.5 mm
maximum nominal size had the highest fatigue life followed by the gradation including 19 and 25 mm maximum
nominal sizes. The influence of the aggregate gradation on the fatigue behaviour is more significant than the impact of
the binder content [24]. It was observed that the mixture with the larger aggregate gradation and higher asphalt content
exhibited lower fatigue life, while the larger aggregate gradation is a positive point for the rutting performance of the
asphalt pavement [20]. The simulation of the crack that is induced by dynamic loading is reasonable and applicable
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when it is compared with a range of the previous fatigue tests because, instead of a static load, the cyclic dynamic load
is applied to the specimens; thus, it saves time and cost . Myers et al., [1998] who employed a computer model stated
that tensile stresses under the treads of the tire—not the tire edges—were the main reason for the cracks. Furthermore,
the wide-base tires caused the highest tensile stresses. They observed that the tensile stresses dissipate rapidly with
depth, suggesting that this possibly is the cause for the cracks to stop growing; on the other hand, they pointed out that
the issue required further study [25]. Tire forces measurement display non-uniform contact pressures [26]. Moreover,
they illustrated that the tire contact pressure is directly related to the wheel load magnitude. Additionally, the
modelling demonstrated that high shear stresses and strains happen under truck tires.

PROBLEM STATEMENT

Studies on water-related distresses are predominantly manifested towards material degradation of laboratory
fabricated specimens by evaluating the reduction of mechanical properties after several moisture conditionings cycles
and determining the loss of adhesion and cohesion of the mixture matrix [1]. However, the interaction of
tire-water-pavement happens simultaneously, and it is essential to study their combined impact on the overall
performance of the asphalt surface. In addition, previous research into pavement performance prediction has paid little
serious attention to surface-originating damage, despite a recent TRL (Transport Research Laboratory) study
highlighting that surface cracking and ravelling were the dominant failure modes on major roads in the UK [27]. In
addition, there is no standard test method to evaluate asphalt surface performance due to combined action of water and
loading A significant knowledge gap, therefore, exists which this project aims to address.

RESEARCH OBJECTIVES

The primary aim of this research is to evaluate the performance of different asphalt surfaces subjected to concurrent
flooding and repeated loading. This paper presents a novel laboratory test set-up to represent the combined action of
water and traffic loading. Three widely used asphalt surfaces; a gap graded mixture such as hot rolled asphalt
(HRA)and two open-graded mixtures, such as stone mastic asphalt (SMAO and porous asphalt (PA) were tested under
a dynamic load in both dry condition and, while submerged in a shallow water. The impact of voids contentsand size
of aggregates are also studied. This paper covers two aspects of the study. The first section describes the test set-up and
experimental programmes, while the second part presents the test results concerning surface cracking, permanent
deformation and visual distress such as ravelling. All results are compared with the results from dry condition testing.

EXPERIMENTAL PROGRAMME

Mixture design and sample preparation

Mixtures were designed using relevant BS EN standards [28]. The gradation of each mixture, together with its
reference to standard is given in Figure 2. The 6mm HRA and 10mm Porous asphalts were not tested, as they are not
widely usd surfacing type.

The aggregates, bitumen and filler were mixed according to BS EN 12697-35: 2004[28]. The mixture was then poured
into a preheated custom build split 200mmx>200mmx50mm steel mould at 140°C and then compacted using a
handheld vibrating compactor to the desired slab thickness to achieve the required air void contents. The direct force
applied to the slab, and the vibration frequency was chosen before compaction and threfore, can be assumed as
constant throughout the compaction process. Previous research has demonstrated that the procedure could be used to
simulate field compaction [29].

Six identical specimens were produced for each mixture combination to evaluate test repeatability and the sufficient
number of specimens for statistical analysis. The specimen was kept inside the mould for 24hours at room temperatur
and then extracted and placed inside a similar size prefabricated slot in a 305mm %305mm % 80mm size C40 concrete
slab. The purpose of slotted concrete slabs was to provide confinement and an impermeable base, so that water is
stored in the asphalt surface, i.e. no water percolate in the lower layer. This is to simulate the worst-case scenario in the
asphalt pavement. This arrangement was found useful to minimize the influence of lower asphalt layer on the
performance of asphalt surface. A picture of the compaction device, compacted specimens and the specimen inside the
slotted section in the concrete slab is shown in Figure 3.
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FIGURE 3 Compaction device and compacted specimens

Properties of compacted specimens

The dimensions of each specimen were measured and then tested for bulk density as detailed in BS EN 12697-6:
2003[30]. The actual percentage of air voids of each test specimen calculated according to BS EN 12697-8: 2003[31].
The target void content was 8-13% for the SMA [Stone Mastic Asphalt]; it was 4-6% for the HRA [Hot Rolled
Asphalt] and >16% for the PA [Porous Asphalt]. The actual VC [void contents] and VMA [voids in mineral
aggregates] are also calculated. The sample properties are given in Table 2. It can be seen that all mixtures showed
representative VC and VMA as required by the standard.
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TABLE 2 Sample properties

Aggregate properties Void contents [%0]

Specimen VMA

Mixture  Nominal No of Size
Type  maximum  Type Filler = sample [mm?] Max = Min Std  AVG [90]
size [mm]

HRA 10 Granite =~ Granite 6 200x200x50  7.81 597 0736 6.5 18.86
14 Granite =~ Granite 6 20020050 8.00 520 1.017 6.31 19.28

SMA 6 Granite =~ Granite 6 200x200x50 12.78 897 1421 10.59 15.89
10 Granite =~ Granite 6 200x200x50 13.63 10.36 1.371 11.87 15.02

14 Granite = Granite 6 200x200x50 1.50 10.33  1.024 11.13 14.13

PA 14 Granite = Granite 6 200x200x50 20.89 18.00 1.315 19.51 11.19

VMA is essential from the standpoint of durability. Mixture with high VMA will promote binder hardening that could
cause of asphalt surface cracking and deterioration. Contrary mixtures with inadequate VMA will be tended to suffer
from bleeding that explains shorter service life than expected of porous asphalt as compared to the dense mixture [33].
VMA in SMA mixture has a negative relation with the nominal size of aggregate (NMAS)[34] .

Test-set-up

The experimental programme consisted of designing a new 100mm? steel loading plate [Figure 4a] and then attached
to an INSTRON machine capable of applying dynamic loading. The steel plate is adaptable to attach a 12mm thick
rubber sheet with 8mm square tread (Figure 4b). The selection of tread patterns was adopted from earlier research by
authors on the influence of tire tread shape and pattern on water pressure in the pavement. The results showed that
water pressure at the bottom of surface increases when high-frequency loading combined with square types of tread
pattern where water get trapped inside the square tread [18,35, 36,37].

(a)100mm X100mm loading plate (b) Rubber pad representing tread shape

Instron 8501

Rubber Pad
Asphalt Surface 50mm / 100 mm C40 Concrete slab

40 mm Rubber

12 mm Plywood

(c) Dynamic loading test set up

FIGURE 4 Schematic diagram of simulated pavement structure.
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Figure 4c represents a schematic diagram of simulated pavement structure. As mentioned earlier, an eighty mm
concrete slab base was used to simulate lower asphalt layers and a 40mm rubber pad was to represent the pavement
foundation.

A 5kN sinusoidal compression load at a frequency 5Hz was applied. First, the loading plate was lowered on the surface
with pre-load 0.5kN to ensure load plate is firmly placed on the surface, and then 4.5kN load was applied continuously
until the test was completed, i.e. the magnitude of maximum and minimum load was 4.5kN and 0.5kN respectively.
The selection of load magnitude and load frequency was based on the previous research on water pressure
measurement by the authors [18]. The set-up and test specifications are given in Figure 5 and in Table 3. For each
mixture type, three specimens were tested in dry condition and three in wet condition. The surface was submerged
with 1-2mm water and this depth was kept constant during the duration of test by constant feeding of water. Specimens
tested in wet condition went through overnight conditioning in water at room temperature to ensure saturation prior to
testing. The samples were exposed to a total 20,000 to 40,000 load cycles. All 6mm and 10mm HRA and SMA
mixtures were tested for 20,000 cycles while testing for all 14mm HRA, SMA and Porous asphalt mixtures were
ceased after 40,000 cycles due to excessive amount of failure.

Monitoring
station 1™

Monitoring
station 2

FIGURE 5 Test set-up

TABLE 3 Testing specifications

Asphalt type and = Load Noof  Frequency Water Load cycles Test Tread depth
tests conditions [KN] = Sample [Hz] depth temperature [mm]
[mm] +1°C

HRA10-D 5 3 5 1-2 20,000 20 8
HRA10-W 5 3 5 1-2 20,000 20 8
HRA14-D 5 3 5 1-2 40,000 20 8
HRA14-W 5 3 5 1-2 40,000 20 8
SMAG6-D 5 3 5 1-2 20,000 20 8
SMAB-W 5 3 5 1-2 20,000 20 8
SMA10-D 5 3 5 1-2 20,000 20 8
SMA10-W 5 3 5 1-2 20,000 20 8
SMA14-D 5 3 5 1-2 40,000 20 8
SMA14-W 5 3 5 1-2 40,000 20 8
PA14-D 5 3 5 1-2 40,000 20 8
PA14-W 5 3 5 1-2 40,000 20 8

For better understanding, a flow chart for testing programme is presented in Figure 6
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FIGURE 6 A flowchart of the testing programme.

Distress measurements

After each determined number of cycles, the resulting vertical deformation of the asphalt lab and the length of the
cracks appearing on the surface were measured. The procedure to measure distresses is given in following sections.

Visual observation

The visual observation [accumulative cycles, individual crack length, rutting and comments] was recorded in a
standard survey sheet based on distress identification manual for the long-term pavement performance program [37].
Photographic evidences were recorded by camera and microscope. A mesh plate and ruler were used to measure
pattern and length of cracks [mm], depth of rutting [mm]. Other distress such as corner cracking, loss of particles after
every 1000 cycles were also recorded.

Crack measurement

After every 1000 cycles, the load device was lifted so that the slab surface was visible. Then, the sample was
evaluated, and the presence of cracking was measured. Once a crack initiated, a picture was taken using the
microscope with 400x magnifications to measure the length of the crack using the image processing software. The
length of the crack was recorded, marked and accumulated to get a total length of the crack for subsequent 1000
cycles. Similar procedure was followed in wet condition testing; accept after lifting the load device, the asphalt surface
was dried by a blotting paper prior taking any measurement. The set-up and marked specimens are shown in Figures
6a and 6b.

Rutting measurement

The rutting of the asphalt slab surface was measured after each 1000 load cycles by placing the straight plate in a plane
perpendicular to the load direction, and the bottom surface of the plate was parallel to the longitudinal slope of the
asphalt slab surface. The measurement set-up is shown in Figure 6c.

Loy
a] microscopic measurement of b] marked slab c¢] deformation measurement
cracks

FIGURE 8 Observations of distress
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RESULTS AND ANALYSIS

The average cumulative length of cracking and cumulative rutting for each mixture tested in dry and in wet condition
is shown in Figures 9 and 10 respectively.
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FIGURE 9 Average cumulative cracking for all mixtures tested in the dry and wet conditions
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FIGURE 10 Maximum permanent deformations

The standard deviation of each test at both wet and dry conditions are given in the following Table 4. It can be seen that
there are variations in the cracking results for all mixtures, but the rutting results are relatively consistent between
samples.

TABLE 4 The standard deviation of wet and dry conditions at the end of tests.

Standard Deviation Asphalt Mixture
SMA-6 SMA-10 | SMA-14 | HRA-10 | HRA-14 PA
Cracking 30.05 47.02 44.28 27.22 2.83 172.53
Rutting 0.88 1.50 2.19 1.41 .35 3.54
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It is evident from the test results presented in Figures 9 and 10 that the presence of water significantly accelerates
surface cracking. The affect is more severe in 14mm porous asphalt, then respectively to 14, 10 and 6 SMA and least in
10mm and 14mm HRA. The cracking was almost negligible in 14mm HRA.

As with the cracking results, irrespective of mixture types, the resistance to permanent deformation of the asphalt
mixtures decreases with the presence of water. Both 10mm and 14mm HRA mixtures showed significant rutting after
40,000 load cycles compared to any SMA or Porous asphalts. The mechanical properties of the HRA come from the
cohesion of the binder within the fine aggregates so that HRA can be less resistant to internal movement, but it can be
better in fatigue crack resistant.

In addition to rutting and cracking, some ravelling was also observed in all SMA and Porous asphalt mixtures after
the wet test, but it was negligible in mixtures tested in dry condition. Very little material loss was observed in both
HRA mixtures. It is important to note that the damage pattern and relative quantity of damage were similar in all
three-specimens tested for each mixture in dry condition and three specimens tested in wet condition.

DISCUSSIONS

Influence of combined action of water and loading

Concerning dry versus wet crack severity, the relative effect is shown in Figure 11, where the ratio between wet
and dry cracking at each load pulse is presented and in Table 4, the number of load cycles for 1% cracks and
propagation of cracks and their severity level in light with FHWA [2003] is presented. Classification for alligator
cracking is given [38]. FHWA crack severity classification is based on measurement of crack in 300mm on longest
and recorded in the square meter. This was scaled down to 70 mm to 100mm with a few connecting cracks in tested
200mm? for low severity [L], 100mm to 150mm with interconnected cracks for moderate severity [M], greater than
150mm interconnected cracks forming a complete pattern and pieces move with loading, high severity [H][38].

The presence of water in the same asphalt mixture, compacted in the same manner, leads to increased cracking in the
asphalt. It is has appeared that the gradation has more influence on both cracking than the actual size of aggregate. For
example, 6mm and 14mm SMA appear to have inferiors cracking resistance than 10mm SMA. Besides, the crack
appearance on the wet porous surface is more than seven-times in the dry state at the same load cycle. On the other
hand, it is approximately twice as fast in SMA mixtures. Water on the surface has minimum impact on the HRA
surface cracking. This is primarily due to the gradation of the mixtures, as Porous and SMA mixtures contain
aggregate contact whereas HRA has more binder in the mix making it resilient to crack. It is likely that water or
moisture entrapped within the asphalt mixtures can lead to the pore pressure build-up due to the repeated traffic loads.
The continuation of the process of the pore pressure build-up ultimately leads to the degradation of the adhesive bond
strength of the mastic [bitumen-filler] and that of the aggregates resulting in the growth of micro-cracks in the asphalt
mixtures. It is also interesting to note that that air voids do not seem to influence wet condition performance. For
example, despite similar void contents in SMA 14 [12.5% voids] and SMA 10 [13.63% voids], SMA 10 was not very
sensitive to wet conditions as it was in SMA14. It has appeared that aggregate nominal size may have an impact on wet
condition performance.
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FIGURE 11 Comparison between wet and dry cracking

TABLE 5 Impact of combined action of surface water and loading on surface cracking

Number of load pulse and corresponding cumulative length of crack

Mixture ID o 108%?;%& a  100mm to 150mm with > 1_50mm interconnected cracki_ng
1 f - . forming a complete pattern and pieces
ew connecting | interconnected cracks : .
move with loading
cracks

HRA10 D 4042 9320 10236 14664
HRA10 W 3050 7180 7820 15096
HRA14 D 6000 40,000* - -

HRA14 W 5000 40,000* - -

SMA6 D 1070 4350 5120 6420
SMAG6_W 1030 4313 4780 5640
SMA10 D 4012 4785 5192 6448
SMA10 W 50 3290 3712 4576
SMA14 D 1250 6037 7360 10001
SMA14 W 1065 3732 4344 5420
PA14 D 2160 5025 5400 5960
PAl14 W 17 1110 1432 2000

* The cracks length in HRA14 mixture was 10 mm for both cases with the number of load pulse 40,000.

The rutting severity based on the Design Manual for Roads and Bridges [DMRB, 2008] is compared to the measured
rut, and the results are shown in Table 5. It is evident that the tested mixtures exposed to loading in wet condition had
more rutting and reached high severity quicker than the same mix tested in dry condition. Although rutting is a
high-temperature phenomenon, the influence of water significantly deteriorated the resistance capacity of all tested
mixtures even at 20°C.

TABLE 6 Maximum rutting
@ 20,000 load cycles @40,000load cycles
DMRB criteria DMRB criteria
Low Severity <6mm Low Severity <6mm

Mixture 1D ruI:{[lﬁ%SlEr:fri] 6m_m< Medi_um <11lmm MeaSlErrs:jn]ruttlng 6m_m< Medi_um <11lmm
High severity>11mm High severity>11mm
HRA10 D 11.4 H - -
HRA10 W 13.2 H - -
HRA14 D 14.3 H 14.5 H
HRA14 W 17.5 H 18 H
SMA6_D 8.3 M - -
SMAG6_W 9.5 M - -
SMA10_D 7.5 M - -
SMA10_W 9.4 M - -
SMA14 D 4.5 M 9.9 M
SMA14 W 9.0 M 13 H
PA14 D 8.2 M 13 H
PAl14 W 9.5 M 18 H

Influence of aggregate size

The size of aggregate in the mixture appears to improve rutting performance in the dry condition, although this
advantage diminishes when the mixture is exposed to the combined action of water and loading. For example,
maximum rutting after 20,000 load cycles for dry tested 6mm SMA was 8.3mm, 10mm SMA was 7.5mm, and 14mm
SMA mixtures was only 4.5mm. The corresponding rutting for all three mixtures tested in wet conditions was
approximately 9mm. On the other hand, despite better cracking resistance, the rutting performance for 144mm HRA

10
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was marginally inferior to 10mm HRA in both dry and in wet conditions. This is probably due to slightly more binder
content in the mixture in 14mm HRA [refer to Table 1]. Although not conclusive, another interesting point to note that,
the rutting performance after 40,000 load pulses, 14mm SMA outperformed 14mm Porous and 14mm HRA mixtures
in both dry and wet conditions. It appears that the gradation of the mixtures is has some influence than the size of
aggregate.

Influence of mixture volumetric

Mixture volumetric also have influence on the resistance to water. Both PA [VC ~ 19%, VMA ~14%] and SMA [VC
~12% and VMA ~15%] failed significantly faster than HRA, with relatively low VVC and high VMA [VC~ 6%, VMA~
19%]. The phenomenon is governed by the physicochemical interactions between bitumen and aggregates. Due to
their interactions, both chemically and physically, PA and SMA with thin film thickness appears to break up faster by
pumping of water in the larger interconnected voids, resulting bond/adhesion failure between coarse aggregate and
asphalt mastic. Similar observations were drawn previously by several researchers, concluding that adhesion failure is
the governing part in moisture damage [39,40].

CONCLUSIONS

The main conclusions from the research are;

e The influence of combined water and dynamic loading on asphalt surface damage was successfully simulated
in the laboratory environment. The test is simple to set-up, provides repeatable results, and capable of
assessing material performance with high frequency loading while the specimens are submerged in water.
The test has demonstrated promising future for further development as a screening test for water
susceptibility resistance of asphalt surfaces.

e In terms of mixture performance, depending on the type of asphalt surfaces, the presence of water and
continuous loading significantly accelerate surface cracking, rutting and ravelling.

e The cracking propensity was severe in highly open graded mixtures then the gap graded hot rolled asphalt.
Compared to dry condition testing, the appearance of surface crack was approximately seven times faster in
porous asphalt tested in wet conditions. It is interesting to note that while porous asphalt is designed to drain
water through open voids, the constant presence of water on the surface combined with loading can
significantly diminish their load-bearing capacity. It is therefore essential proper drainage for adequate
performance of open graded mixtures minimising the possibility of pore water build up in the clogged voids.

e  Asexpected, all tested SMA mixtures demonstrated good rutting resistance compared to porous and hot
rolled mixtures, although their cracking resistance was significantly reduced in the presence of water.

e  While both 10mm and 14mm HRA showed the best performance concerning resistance to cracking, the
rutting was significantly higher compared to other two mixtures. However, at the end of 40,000 pulses, the
porous asphalt showed significant rutting. The best performance was observed in 10mm SMA. The mixture
gradation appeared to have more influence on load-bearing capacity than the size of aggregates.

e Interesting to note that air voids do not seem to influence wet condition performance. For example, despite
similar void contents in SMA 14 and SMA 10, SMA 10 was not very sensitive to wet conditions as it was in
SMA14. It has appeared that aggregate nominal size may have an impact on wet condition performance.
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