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ABSTRACT
Compared to typical asphalt mixtures, poroelastic mixtures are charac-
terised by high porosity and high flexibility, which are desirable for traffic
noise reduction. However, the same properties increase the risk of debond-
ing from the lower layer, which is a significant source of premature damage.
The study investigates which of the factors – tack coat agent, type and
texture of the lower layer – have the greatest impact on interlayer bond-
ing quality. From 27 variants of interface bond techniques investigated
in laboratory, 8 were selected and constructed on two full-scale test sec-
tions. Monotonic direct shear loading and cyclic direct shear loading tests
with normal force were used for this purpose. The tests indicated that
softer bitumen used for the tack coat and the milled texture of the lower
layer improves bond quality. However the appropriate laying compaction
has the major influence. Poroelastic mixtures are much more sensitive to
technological imperfections than standard asphalt mixtures.
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Introduction

Safe and Eco-Friendly Poroelastic Road Surface (SEPOR) is a low-noise wearing course for road pave-
ments that incorporates specially designed aggregate skeleton made of crumb rubber and mineral
aggregate (Jaskula et al., 2020). Highly polymer-modified (HiMA) bitumen is used as binder instead of
polyurethane resin used in previous research (Goubert & Sandberg, 2009; Kalman et al., 2011; Lu et al.,
2019; Meiarashi, 2004; Sandberg, 2015; Wang et al., 2017).

Poroelastic pavements are developed to reduce traffic noise at its source. In modern vehicles,
tyre/road noise interaction is the dominant noise source at medium and high-speed driving (that is
over 30–40 km/h). During the interactionbetween tyre andpavement, twogroupsof noise-generating
mechanisms are active – aerodynamic and impact-related. A poroelastic road pavement reduces
aerodynamic-related noise mechanisms (e.g. air-pumping) due to its porosity and mitigates impact-
related mechanisms (such as vibrations of tread elements hitting road surface) due to its flexibility.

Poroelasticmixtures for road pavements contain about 20%of crumb rubber and are characterised
by the open (porous) structure of the constructed layer. These mixtures are used for wearing courses
exclusively. PERS (PoroElastic Road Surface) technology originates from Swedish research conducted
in the 1970s. From 1994 research efforts on poroelastic pavements were also conducted in Japan,
where a few generations of PERS were developed between 1994 and 2009 (Sandberg et al., 2010).
First trials resulted in the reduction of pavement noise by 5 dB, while further research resulted in a
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decrease by as much as 12 dB in comparison to reference SMA (stone matrix asphalt) wearing course
(Świeczko-Żurek et al., 2018).

Noise is not the only environmental concern related to road traffic. The issue of CO2 emission is of
even greater importance nowadays. Emission is roughly proportional to the amount of energy needed
to power vehicles. One of themost important resistance forces acting on all themoving vehicles is the
rolling resistance (Ejsmont et al., 2015). Rolling resistance depends on tyre construction, road pave-
ment characteristics and operating parameters. The goal of the SEPORproject is to provide poroelastic
pavement thatwouldnot increase, but possibly reduce the rolling resistance. This is not an easy task, as
energy losses in flexible pavement aremore difficult to control than in rigid pavement. Unfortunately,
at the present state of development, the rolling resistance of car tyres on SEPOR at 20°C is up to 15%
higher than on reference pavements like SMA8. At low temperatures, however, the difference is much
lower – for example at 10°C rolling resistance on SEPOR is only 10% higher than on SMA8. While it
proved impossible to perform road tests at lower temperatures so far, laboratory drummeasurements
indicate that for temperatures about 0°C, rolling resistance on SEPOR is similar to resistance on SMA8.

The greatest drawback of the poroelastic layer noted during previous studies was its very low dura-
bility – in some cases the pavement lasted only a few weeks before critical deterioration occurred.
Ravelling and debonding from the lower layer were identified as the primary causes of insufficient
durability (Bendtsen, 2015; Sandberg, 2015). Despite excellent properties in terms of noise reduction
(Ejsmont et al., 2016, 2019; 2014a, 2014b), insufficient durability still renders PERS technology useless
in practical conditions.

Knowledge about themechanisms of deboning of poroelastic layers or the properties of layer inter-
faces, which would ensure higher durability, is still very limited. Literature review shows (Srirangam
et al., 2016) that a decrease in difference in stiffness between two layers has a detrimental effect on
the durability of their bonding. However, previous research has shown that in the case of a poroelas-
tic layer used as a wearing course stiffness is at least 5–15 times lower than in the case of a standard
asphalt wearing course placed on traditional asphalt mixture (Ejsmont et al., 2018; Jaskula et al., 2019;
Sandberg et al., 2010; Świeczko-Żurek et al., 2015). This property could have a detrimental effect on
the quality of interlayer bond and premature failure of the PERS trial sections.

The aim of the presented study was to improve bond durability between the poroelastic layer
SEPOR and the lower asphalt layer. For this purpose, direct shear test with monotonic load and its
further modifications with cyclic load were used at the laboratory stage for 27 variants of interface
bond techniques. Conclusions formulated after this stage were later practically verified on two field
test sections with eight selected interfaces subjected to real traffic, in order to identify the properties
that correspond to the observed distresses to the greatest degree.

Figure 1. Mineral and crumb rubber materials used in the tests: (a) gneiss coarse aggregate 2/5; (b) crumb rubber 0.5/2; (c) crumb
rubber 1/4.
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S606 P. JASKULA ET AL.

Table 1. Properties of highly modified bitumen (HiMA).

Property 45/80-80

Penetration at 25°C, 0.1
mm,

acc. to PN-EN 1426

Original 53

RTFO 40
R&B Temperature, [°C],
acc. to PN-EN 1427

Original 78.7

RTFO 87.8
Performance Grade,acc. to AASHTOM 320 PG 82–22
Resistance to heavy traffic load, acc. to AASHTO M 332 E

Materials

Mineral-crumb rubbermixture

The mineral part of the poroelastic mixture that was investigated contained coarse crushed gneiss
aggregate, fine gneiss aggregate and limestone filler. The rubber part of themixturewas composed of
crumb rubber obtained from tyre recycling. The recycling process used shredding technique at ambi-
ent temperature. Twodifferent fractions of crumb rubberwere used in this study: 0.5/2 and 1/4. Coarse
crushed gneiss aggregate of the 2/5 mm fraction and crumb rubber of different sizes are shown in
Figure 1.

Bitumen

Instead of polyurethane epoxy resins used as binders in previous research programmes, highly mod-
ified bitumen (HiMA) 45/80–80, containing approximately 7% of SBS, was used. The properties of
bitumen produced in one of Polish refineries are shown in Table 1.

Poroelastic mineral-crumb rubber asphalt mixture

During the optimisation of the SEPOR mixture, many different variants were tested in terms of their
performance properties, water permeability and noise reduction capabilities. The mineral skeleton of
those mixtures was based on traditional asphalt mixtures: stone matrix asphalt, porous asphalt and
gap-graded asphalt mixture, whose compositions were based on Polish and Swedish technical reg-
ulations concerning the mineral gradation of asphalt mixtures. The mixture used for the poroelastic
layer was labelled as PSMA 5 (poroelastic SMA) and consisted of mineral aggregate, crumb rubber
aggregate, limestone filler and highly polymer-modified asphalt binder 45/80-80. For the process of
optimisation of interlayer bond quality, one poroelasticmixture, designated as SEPOR-PSMA5W4,was
selected. Amoredetaileddescriptionof properties, andoptimisationprocess of all the testedporoelas-
ticmixtures, was presented in the previous study (Jaskula et al., 2019). The proportions of components
are given in Table 2. Figure 2 presents the grading curve of PSMA 5mixture and grading envelope for
typical SMA 5 mixture. Poroelastic mixtures PSMA 5 with different binder contents were tested. Dur-
ing laboratory stage, poroelasticmixturewith 11%binder contentwas investigated. Field trial sections
were constructedwith different binder contents: 9% on section 1, 11% and 13%on Section 2. After the
preliminary trials, itwas established that twoparameterswouldbeconsidered in the initial phaseof the
selection process: (1) air void content, (2) internal (in-layer) shear strength obtained from the Leutner
apparatus. The results of those tests for poroelastic mixture PSMA5 W4 with various binder contents
are presented in Figure 3. It was assumed that the internal shear strength is mainly responsible for the
durability of themixture in the field. Onlymixtures that achieved the target levels of these two param-
eters (minimum air void content 15%, minimum internal shear strength τ = 0.7 MPa at +20°C) were
selected.
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ROADMATERIALS AND PAVEMENT DESIGN S607

Figure 2. SEPOR-PSMA5W4 grading curve.

Figure 3. Results of air void content and internal (in-layer) shear strength of the mixture SEPOR-PSMA5 W4 with various binder
contents.

It should be emphasised that the poroelasticmixture PSMA 5 exhibitsmuch lower stiffness (around
200 MPa) in comparison to 1400MPa obtained for the reference SMA 11 (IT-CY test at 25°C, according
to EN 12697-26). Analogously, internal shear strength (at 20°C, according to EN 12697-48) results were
as follows: 0.77 MPa for PSMA 5 and 1.81 MPa for the reference SMA 11.

Methodology

Description of the experiment

At the initial planning stages of the experiment, only a general outline of the problem was known –
that is the potential delamination of the poroelastic layer from the underlying pavement courses. The
industrial partner of the SEPOR project considered it necessary to test other bonding techniques as
well, including laying of the SEPOR course over a milled bituminous layer with coarse grooves. The
bonding quality was assessed using the direct shear test under monotonic load as well as the cyclic
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S608 P. JASKULA ET AL.

Table 2. SEPOR-PSMA5W4 poroelastic mixture composition.

Mix ingredient
Rubber-mineral

aggregate mix [%]

Asphalt-rubber-mineral
aggregate mix (by mass)

[%]

Coarse aggregate 2/5 72 65.2 63.8 62.4
Fine aggregate 0/2 6 5.4 5.3 5.2
Limestone filler 7 6.3 6.2 6.1
Crumb rubber 1

4 10 9.1 8.9 8.7
Crumb rubber 0.5/2 5 4.5 4.4 4.3
Cellulose fibres - 0.4 0.4 0.4
45/80-80 Binder - 9.0 11.0 13.0

Figure 4. Combinations of bonding techniques used in the study.

direct shear test in the Advanced Shear Tester (AST) device, developed by Zofka et al. (2014 august,
2015). The performed tests and the obtained parameters are described in further parts of the paper.

At the first stage of laboratory testing, over a dozen different interlayer combinations were tested.
These combinations are shown in Figure 4. The aim of the preliminary tests was to determine not only
the factors that affect the strength anddurability of the interlayer bond to thegreatest degree, but also
thosewhose impact is negligible. Basedon the laboratory tests, interface variants for further testing on
full-scale test sections were designated. The constructed test sections were subjected to observation
and assessment in terms of distress caused by complete or partial loss of interlayer bonding.

The results were analysed in the following order:

(1) Determination of the effect of residual bitumen amount after the application of tack coat;
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(2) Identification of the effect of bitumen type used;
(3) Analysis of the impact of the texture and type of the lower layer.

As shown in Figure 4, the following types of the lower Hot Mix Asphalt (HMA) layer were analysed:

• AC 16 W with 35/50 road bitumen, with a standard surface texture typically obtained after com-
paction with drum roller compactor,

• SMA 11 with PMB 45/80-55 modified bitumen, with various surface texture combinations: stan-
dard, grooved longitudinally or transversely (due to milling) as well as milled and covered with
carbon/glass fibre reinforcement.

The tack coat was applied by spraying the interface with the following types of bituminous materials:

• Bituminous emulsion C60B3 70/100
• Bituminous emulsion C60BP3 70/100 with SBR polymer
• Bituminous emulsion C60BP3 50/70 with SBR polymer
• Bituminous emulsion C60BP3 35/50 with SBR polymer
• Hot bitumen 70/100

Application rates of the bituminous emulsions were set in order to obtain the following amounts of
residual bitumen: 0.1, 0.2 or 0.3 kg/m2 for specimens without grooves and 0.15 or 0.3 kg/m2 for speci-
mens with grooves. All the emulsions used were dedicated for interlayer bonds. For the application of
hot bitumen, 0.7 and 1.0 kg/m2 for specimenswere taken into account, to verify the impact of a higher
amount of binder on bond quality. Such a high amount of binder cannot be applied with the use of
asphalt emulsion. Moreover, the influence of placement of pre-bituminised carbon/glass fibre grid at
the interface was also evaluated. The function of the grid was to reinforce the bottom of the poroe-
lastic layer. In total, specimens, representing 27 combinations of layer interfaces, were tested in the
preliminary laboratory tests. For each combination, two specimens were tested. Based on the results,
six combinations were selected for the construction on full-scale test sections.

Two test sections were constructed. Six combinations of interlayer bonds were tested in the field.
Specimenswere coredand subjected to laboratory tests analogous to thoseperformedduring thepre-
liminary testing. As reference, typical interlayer bond between SMA8wearing course andAC 16 binder
course was additionally constructed in the field at the same time as the poroelastic pavements. Both
test sections were put into operation and subjected to typical road traffic, with AADT equal to 150 and
1740 vehicles/day/lane, respectively. Through systematic monitoring of pavement condition on test
sections, information, regarding processes leading to distress of the poroelastic layer, was collected.

The performed experiment resulted in the identification of interlayer bonding techniques that pro-
vide high durability of bond between the poroelastic layer and the underlying layer. Parameters that
may be determined based on shear tests were also verified in terms of their correlations with distress
observed on the test sections in field.

Laboratory tests

Sample preparation
During the preliminary laboratory testing, double-layer circular specimens were used with a diameter
of 100 or 150mm and a total thickness of 80mm (40mm per layer). While the lower layers differed
in their textures, the upper poroelastic layers were always the same. The specimens were prepared
according to the following procedure:

• Asphalt mixtures for the lower layer were produced on an industrial scale in an asphalt plant and
compacted in a laboratory roller compactor;

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl
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Figure 5. (A) A view of the 30× 30× 8 cm plates located in a hollow in an existing pavement just after milling; (B) a view of the
milling drum of the cold milling machine used for specimen preparation.

Figure 6. The lower HMA layer with visible tack coat after emulsion setting: (A) the unmilled lower layer; (B) milled surface of the
lower layer.

Figure 7. Coring of cylindrical specimens with a laboratory drill and an exemplary plate with cored 100 and 150mm specimens.

• Chosen specimens were placed in a specially prepared shallow pit (approx. 3 cm deep) located
in the pavement and then underwent the milling process by the normal cold milling machine to
obtain the same textureof theupper surface as itwouldbe in real construction conditions (Figure 5);

• Surfaces were sprayed with bituminous emulsion or brushed with hot bitumen at the set amount
in order to form the tack coat (Figure 6);

• Hot poroelastic mix was laid on the prepared surfaces and compacted with the laboratory roller
compactor. Thickness of the poroelastic layer after compaction equalled 4 cm;

• Cylindrical specimens of 100 and 150mm in diameter were cored from the compacted plates using
a laboratory core driller (Figure 7).
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Figure 8. General view of the shearing device for interlayer bonding testing (Leutner device).

Monotonic direct shear loading test
Interlayer bonding and in-layer shearing strength under monotonic loading was assessed using the
direct shear test method, proposed by Leutner in 1979 (FGSV, 1999), see Figure 8 and propagated
by others (Mohammad et al., 2009; Raab & Partl, 1998; Recasens et al., 2006; Sholar, 2004). While the
original procedureassumes that thedistancebetween the shearingclamps is equal to0mm, in thepre-
sented test the distancewas set to 2mm,which enables significant elimination of aggregate shearing.
Directly before the test the specimens were conditioned for 12 h at +20°C. Shearing in the assumed
failure planeprogresses at the set displacement rate of 50mm/min, up to thepoint ofmaximumshear-
ing force and further, until complete shearing failure of the interface occurs. 100mmdiameter samples
were used for the monotonic direct shear test.

The shearing strength of the interface τmax is calculated from the maximum registered shearing
force divided by the area of the cross-section.

Additional bonding assessment was based on shearing failure energy Wm, Equation (1)
(Hakimzadeh et al., 2012; Jia & Huang, 2015),

Wm =
∫ δf

0
τ(δ)dδ (1)

whereWm – work (energy) needed to cause failure of the interlayer bond in monotonic shearing test
[kJ/m2], τ (δ) – shearing stress [kPa] as a function of shearing displacement δ [m], δf – failure point.
The moment of failure was assumed as the moment when the force reaches 10% of the registered
maximum value, which corresponds to the moment of complete shearing failure.

Cyclic direct shear loading test with normal force
Cyclic direct shear testing was performed using the Advanced Shear Tester (abbreviated to AST). The
AST device enables application of shear load with normal confinement, as presented in Figure 9. The
device is described in greater detail in Zofka et al. (2014 august, 2015). Similarly as in other studies
(Crispino et al., 1997; Donovan et al., 2000; D’Andrea et al., 2013; Górszczyk &Malicki, 2012; Kruntcheva
et al., 2004; Mohammad et al., 2009; Ragni et al., 2020; Romanoschi & Metcalf, 2001), the scheme of
direct shearing with normal stress was used in the AST device.

The following loading conditions were used in the cyclic shear test of 150 mm diameter samples,
based on the previous research (Jaskula, 2018)
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Figure 9. AST device used in interlayer bonding testing on circular specimens with 150mm diameter under the loading scheme
with additional normal load (force perpendicular to the shearing plane). Scheme of the device after (Zofka et al., 2015).

• Sinusoidal type of loading with rest time;
• Loading time equals 0.05 s, unloading 0.05 s and rest time equals 0.1 s, resulting in a full cycle of 0.2

s;
• Minimum shearing force during rest Fmin = 0.9 kN, which corresponds to shearing stress of τmin =

50 kPa;
• Maximum shearing force Fmax = 2.7 kN, which corresponds to maximum shearing stress of τmax

= 150 kPa;
• Normal stress equals to 45 kPa, which constitutes 30% of shearing stress;
• Test temperature of 20°C.

Changes of force and displacement were registered in every cycle. Force was converted to shearing
stress τ . The values of strain presented in Figure 10 were standardised and the strain value 0 was
assigned to the beginning of the cycle. Based on the changes of shear stress vs. strain in a given cycle,
hysteresis loops were plotted. Figure 10 shows examples of hysteresis loops for the 10th, 20th, 100th,
1000th and 10,000th cycles. Their shapes change in consecutive cycles. The area within the hysteresis
loop reflects the work performed in the particular cycle, which, according to the law of conservation
of energy, is dissipated in the material.

The slope of the line passing through the point ofminimumstress/strain and the point ofmaximum
stress/strain in the cycle corresponds to the shear resilient modulus in that cycle.

During the shear test the following values were calculated for every load cycle:

• Total permanent strain accumulated from the start of the test εp,
• Shear modulus Kp and shear resilient modulus Kr ,
• Total dissipated energy from the start of the testWc.

Shear modulus Kp and shear resilient modulus Kr were calculated according to Equations (2) and (3),
respectively. The shear modulus Kp ,i in the ith cycle is calculated with regard to the total accumulated
strain. In contrast, the shear resilientmodulus Kr ,i is determinedon thebasis of resilient strain in a given
ith cycle. The resilient strain is obtained from the difference between the maximum and minimum
strains registered during the cycle.

Kp,i = 4Fmax,i

πD2εp,i
(2)

Kr,i = 4(Fmax,i − Fmin,i)

πD2εr,i
(3)
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Figure 10. Examples of hysteresis loops – relative changes of shear stress and strain within the 2 s cycles of cyclic shear tests in the
AST device.

where Kp,i – shear modulus in the i-th cycle, Kr ,i – shear resilient modulus in the i-th cycle, Fmax,i, Fmin,i

– maximum andminimum force registered in the i-th cycle, respectively, εp ,i – total permanent strain
accumulated from the start of the test to the i-th cycle, εr ,i – elastic strain in the i-th cycle, D – diameter
of the tested specimen, equal to 150 mm.

The number of cycles N corresponding to the assumed decrease in shear modulus was used for the
evaluation of interlayer bond under cyclic shearing. The moment of shearing failure was assumed as
the decrease in shear modulus to the level of 25% of its initial value K ini, that is the value registered in
the 50th test cycle.

Dissipated energy in a given test cycle was calculated based on particular hysteresis loops, whose
example shapes are shown in Figure 9. Dissipated energy in the i-th cycle Wi is defined by Equation
(4). The dissipated energymay be interpreted graphically as the area within the hysteresis loop. In this
analysis the energy was calculated as this area using raw test data.

Wi =
∫ εmax

εmin

τLdε −
∫ εmin

εmax

τUdε (4)

whereWi – dissipated energy in the i-th test cycle [kJ/m3], τ L – shear stress as a function of standard-
ised strain ε [kPa] during loading, τU – shear stress as a function of standardised strain ε [kPa] during
unloading, εmin – minimumstandardised strain, εmax – maximumstandardised strain, at a given cycle i.

Total dissipated energy from the start of the test is defined by Equation (5).

Wc =
∑N

i=1
Wi (5)

whereWc – total dissipated energy from the start of the test [kJ/m3], N – number of cycles.

Results and discussion

Preliminary laboratory tests

At the stage of preliminary laboratory tests both interlayer bond shear strength in Leutner device and
shear fatigue life in AST device were evaluated. Tests were performed for layer interface combinations
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Figure 11. Chosen results ofmonotonic and cyclic shearing tests of interfaces between poroelastic layer and the lower layers of AC
16 or SMA 11.

shown in Figure 4. Results were grouped and analysed according to various criteria. The first criterion
for comparisons was the amount of tack coat bitumen, with the same type of tack coat and the same
type of underlying surface.

Results of preliminary laboratory tests are presented in Figures 11 and 12. The idea was to compare
results of direct shear tests performedwithmonotonic and cyclic loads. Shear strength was compared
to the number of cycles till failure (25% of K ini). Total dissipated energy was also compared to total
energy in shear test. Figure 11(a) shows example results of strength obtained in the monotonic shear
test and bond shear fatigue life defined as N25%. Analogously, Figure 11(b) shows example results
of total energy spent during monotonic shearing vs. total dissipated energy in the cyclic shear test.
Results located closer to the upper right corner of the plot area in Figure 12(a,b) are more advanta-
geous, as they imply greater strength and greater shear fatigue life of the interlayer bond. The results
presented in Figure 11 were obtained for emulsion C60B3 70/100 and residual bitumen amounts after
emulsion setting of 0.1, 0.2 and 0.3 kg/m2, labelled accordingly on the plot. Based on the presented
example and other obtained results, it was noted that there is no correlation between the maximum
strength and the maximum shear fatigue life within particular groups of bond types and at various
bitumen amounts. Figure 11 shows, however, a visible influence of the type of the underlying surface
(lower layer): AC or SMA.

Figure 12 shows a full comparison of results obtained at the preliminary laboratory stage for the
tested combinations of interlayer bonds. The manner of presentation is analogous to Figure 11.

According to Figure 12 the strength and fatigue life of interlayer bonds depend on a combination
of factors: the type of bitumen used in the tack coat and its amount and texture of the underlying
layer. A tendency may be noted that softer bitumen improves the strength and shear fatigue life of
the interface. The use of SBR polymer modification was neutral to bond performance. The texture
of the underlying layer had the most pronounced impact on bonding quality. Specimens, in which,
SMA 11 was used in the bottom layer, exhibited better properties than specimens in which AC 16 was
used. Notably more advantageous results were obtained for specimens in which the lower layer had
beenmilled, resulting in a grooved texture. Thismay be explained by a greater contact area, improved
friction at the interface and better interlock between grains of themixtures. Based on the above obser-
vations, the solutions with the modified bituminous emulsion C60BP3 70/100 + SBR tack coat were
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Figure 12. Results of monotonic and cyclic shearing tests of interfaces between poroelastic layers and the lower layers of AC 16 or
SMA 11.

chosen for further full-scale tests. Also, because the influence of the amount of tack coat used during
the laboratory tests on theobtained interlayer bonding resultswasnot as strongas that of other factors
(e.g. type of the lower layer, type of texture, type of bitumen emulsion), it was decided that a typical
value of 0.2 kg/m2 of bitumen residuewill be used during the field trials, with a slightly increased value
of 0.3 kg/m2 in areaswheremilling of the newly laid binder layerwas to be conducted. Various types of
lower layerswere investigated on the test sections: AC 16, SMA11, SMA11milled longitudinally aswell
as SMA 11 milled and covered with a reinforcement grid (Figure 3). To the best of the authors knowl-
edge, the use of coarse grooved texture of the lower layer in combination with the poroelastic upper
layer constitutes a novel solution, since in the decisive majority of PERS tests performed to date, the
lower layer was either left with its natural texture or even especially smoothed using variousmethods.

Construction of test sections

The possibility of using ordinary asphalt batch plant, paver and compacting equipment for produc-
tion, laying and compaction of SEPOR poroelastic wearing course was confirmed by previous positive
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Figure 13. (A) Laying of the poroelastic mixture; (B) close-up view of the poroelastic wearing course.

Figure 14. Longitudinal marks caused by paver screed joints on the test sections.

observations in experimental field applications (Jaskula et al., 2020). The test Section 1 of poroelastic
wearing coursewas next constructed on a private internal road loaded by tourist traffic where the pur-
pose was to evaluate the effectiveness of different bonding techniques at the interface of poroelastic
wearing course and the lower layer, to conduct initial experiments concerning noise reduction and to
conduct fire tests concerning fuel spillages (Ejsmont et al., 2019; Jaskula et al., 2020). The test Section
2 with poroelastic wearing course SEPOR was constructed afterwards.

The main goals of the second test section were (1) to evaluate the performance of the designed
poroelastic mixture in real traffic conditions, (2) to evaluate the possible influence of different lower
layer types on the performance of the poroelastic mixture and (3) to conduct noise reduction tests
at typical traffic speeds. Therefore, the second test section was located on a public road in Gdańsk –
Galaktyczna street, which is subjected to constant and significant traffic – AADT= 1740 vehicles per
lane, including 5% of heavy goods vehicles and buses. That corresponds to 0.5 million 100 kN axles
per lane in 20 years. It was decided that the poroelastic mixture would be placed on a single lane of
the two-way carriageway, so it was subjected to traffic in one direction. The width of the lane was 3m.
Because of the lack of intersections and exits, no turningmovements occurred. The total length of this
test sectionwas 160m. It was divided into eight subsectionswith a length of 20meach that differed in
terms of binder content in the poroelastic mixture, type of layer underneath and type of the bonding
technique. Figure 13 shows the laying of the poroelastic mixture and close-up view of the readymade
poroelastic weraing course.

The poroelastic wearing course for all subsections was placed and compacted during a single con-
tinuous pass of the paver to obtain uniform thickness and evenness. There was only one transverse
construction joint, where laying and compaction of the second variant of the poroelastic mixture
(with binder content of 13% instead of 11%) started. All the constructed variants are summarised in
Figure 16.
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Figure 15. Comparisonof results ofmonotonic shear test andcyclic shear load test obtained fromspecimensprepared in laboratory
and specimens cored out from the test Section 1.

During construction of the test section, some irregularities on the surface of poroelastic layer
occurred. Those irregularities were probably caused by inappropriate levelling of paver screed and
are visible in Figure 14. It should be treated as a runtime construction technological error. Neverthe-
less, a typical HMA has a much greater tolerance due to the levelling of paver screed. Longitudinal
marks were avoided in the part of the Section 2 by simply laying the poroelastic mixture with paving
screed completely folded down. Such marks on the Section 1 could not be erased with a roller. More-
over, itwas also completely impossible topavemanually ormakemanual corrections to the freshly laid
mat (before compaction) without leaving significantmarks. Accidental pickup ofmixture that stuck to
roller drum also resulted in permanent marks visible after rolling (see Figure 14).

Field evaluation of test sections

After construction of the test Section 1, specimens for evaluation of interlayer bonding quality were
cored. Figure 15 shows a comparison of the results obtained for specimens cored from the test section
with analogous layer interface combinations prepared earlier under laboratory conditions in the pre-
liminary tests. In order to enable reference to bonds between typical asphalt mixtures, Figure 15 also
shows the results obtained for bonding of AC 16 and SMA 8 (reference layers) laid at the same time on
the test Section 1. The results in Figure 15 are presented in the same manner as in Figures 11 and 12.
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Figure 16. Plan of the test Section 2 with marked distresses and with results of bond shear strength of specimens cored out from
the pavement.

It is visible in Figure 15 that the values of bonding parameters are lower for specimens cored from
the test section than for specimens prepared in laboratory. This may result from considerable differ-
ences between compaction with road rollers and compaction in laboratory conditions (Jaskula, 2014),
which, although not that apparent in the case of traditional asphalt mixes, becomemore pronounced
in the case of poroelastic mixtures.

Shear strength of specimens cored in field is around two times lower than for specimens prepared
in laboratory; difference in shear fatigue life is several folds. Shear strength of reference interlayer bond
of traditional mixtures is also several times higher. However, it is noteworthy that shear fatigue life of
specimens with poroelastic top layer subjected to cyclic shear loading is comparable to that of the
reference AC 16 and SMA 8 interface. Likewise, as visible in Figure 15(b), the dissipated energy in cyclic
shear test is similar for poroelastic layer bonds and the reference bond.

It is worthwhile to perform a more detailed comparison between the results for specimens con-
taining poroelastic top layers and the reference specimens of typical SMA 8 and AC 16 interfaces. The
reference interlayer bond exhibits shear strength around 1.2 MPa, which is significantly higher than
shear strength values registered for specimens with poroelastic layer. Nevertheless, shear fatigue life
expressed in the number of shear cycles to failure N25% is similar for reference bonds and the bonds
with poroelastic top layer laid over grooved surface of the lower layer. Energy needed for complete
failure of the reference interlayer bond under monotonic shear test is lower than respective energy
measured for bond between poroelastic layer and grooved lower layer. These observations suggest
that parameters, such as total energy inmonotonic direct shear test or bond shear fatigue life in cyclic
shear test with normal stress, may reflect the actual performance of interlayer bond more accurately
than its shear strength.

Field research has confirmed that milling of the surface and the resultant increase in the contact
area at the interface between layers leads to improvement in shear strength and shear fatigue life of
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Figure 17. Deterioration of the first subsection of the test Section 2: (a) 15 October 2019 (13th day); (b) 5 February 2020 (126th
day); (c) 19 February 2020 (140th day); (d) 10 March 2020 (160th day).

the bond. Throughout 360 days of its service, the test Section 1 did not exhibit any signs of distress
resulting from loss of bonding between the poroelastic layer and the lower layer. The only observed
distress was significant ravelling of the poroelastic layer, resulting in dislodgement of mineral aggre-
gate and crumb rubber particles from the top zone (around 1 cm) of the poroelastic wearing course.
Insufficient bitumen content in the mix was identified as the primary cause of the observed intensive
ravelling. The problemwas eliminated on the test Section 2 through an increase in bitumen content. It
should be noted that due to its location on a vehiclemanoeuvring area, the section 1was subjected to
shearing forces generated by wheel turns and horizontal forces from braking and accelerating – nev-
ertheless, loss of interlayer bonding did not occur. Even during deconstruction of the test pavement,
it proved impossible to separate the layers manually or mechanically. The poroelastic layer was finally
only removed by milling.

The test Section 2 consisted of 8 subsections with varying interlayer bond combinations and two
levels of bitumen contents in the poroelastic mixture. A scheme of the test section is presented in
Figure 16. Lack of interlayer bonding was noted during coring on some subsections – the speci-
mens delaminated. Average shear strength values of specimens that did not delaminate during coring
are compared in Figure 15. The lowest average shear strength (based on two measurements) was
observed on subsection 8 with AC 16 lower layer and equalled 0.18 MPa. The highest average shear
strength values were obtained on two subsections with SMA 11 lower layers – 0.36 and 0.38 MPa.
Interestingly, on the test section 2 milling before placement of the wearing course did not noticeably
improve the shear strength.

Figure 16 shows also the extent of distress visible on the test section after 170 days of service. On
the section 2 distress resulting from loss of interlayer bonding was observed. On all the subsections
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Figure 18. Deterioration of the sixth subsection of the test Section 2: (a) 22 November 2019 (51st day); (b) 13 January 2020 (103rd
day); (c) 5 February 2020 (126th day); (d) 19 February 2020 (140th day); (e) 4 March 2020 (154th day); (f ) 10 March 2020 (160th day).

where distress associatedwith poroelastic layer slippagewas visible, loss of bondingwas noted during
coring. The process of damage development was registered and it is presented in subsequent photos
in Figures 17 and 18. Usually themechanismwas similar – appearance of the crack due to loss of inter-
nal cohesion of themixture, stripping of the loosemixturematerial, loss of interlayer bondingwith the
lower layer, appearanceof thepothole and, consequently, further loss of themixturematerial. Interest-
ingly, this phenomenon was very rapid. In the first section, it only took 1 month to develop a pothole
with layer deformation from a single crack. It is an important fact that on other subsections, where
interlayer shear strength (between the poroelastic wearing curse and the binder layer) was greater
than 0.3 MPa, no distress was observed.

After 170 days of service the test Section 2was deconstructed due to danger of damage to vehicles
using the road. The Section 1 operated for 360 days, according to the research schedule.

Conclusions and recommendations

Based on the material presented in this paper, the following conclusions have been drawn:

(1) Bonding quality between the poroelastic SEPOR-PSMA5 wearing course and the HMA binder
course is significantly lower than bonding between typical pavement layers. Shearing strength
inmonotonic direct shear loading test ranges from 0.18 to 1.0MPa for specimens prepared in lab-
oratory conditions and from 0.18 to 0.38 MPa for specimens cored from pavement. The strength
is up to 3 times lower in comparison to reference bonding of AC 16 and SMA 8. It should be noted
that in-layer shearing strength of the poroelastic layer lies within the range of 0.3–0.8 MPa.
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(2) Analysis of test results indicates that shear strength is not a sufficiently accurate measure of
durability and quality of bonding between the poroelastic layer with the underlying layer. Deter-
mination of the total energy needed for full shearing failure of the interface in monotonic direct
shearing test or performance of cyclic load shearing test in the AST device is recommended.

(3) Twenty-seven combinations of layer interfaceswere tested in laboratory and the best effectswere
obtained for poroelastic SEPOR-PSMA5wearing course laid over SMA 11 after longitudinalmilling
and spraying of the grooved surface with modified bituminous emulsion based on soft bitumen
70/100 at 0.3 kg/m2.

(4) Eight selected combinations of layer interfaces were constructed in field sections. The best effects
were obtained for poroelastic SEPOR-PSMA5 wearing course over SMA 11 with modified bitu-
minous emulsion tack coat based on soft bitumen 70/100. However, there was no pronounced
improvement of interlayer bonding due to milling of the lower layer.

(5) Premature distress of pavements with poroelastic wearing course on two test sections was not
generally caused by problems with interlayer bonding, apart from local losses of bonding noted
on one test section. During deconstruction works on both test sections, it proved impossible to
separate the poroelastic layer by manual or mechanical means, save by the use of a road milling
machine. The primary cause of premature distress on both test sections was ravelling in whole
part of Section 1 and in local parts of Section 2.

After the initial laboratory test of interlayer shear bond quality and after observations performed on
the two test sections, the following recommendations have been formulated:

• The lower layer, located directly below the poroelastic wearing course, should be constructed from
SMA. Milling of lower layers is also recommended.

• Tack coat should contain softer bitumen. In this study, polymer-modifiedbituminous emulsionwith
bitumen 70/100 provided better quality of the interlayer bond than remaining tack coats.

• The technology is very sensitive to the construction process and control. Properly produced tack
coat andmilled texture of the lower layer are not enough to ensure appropriate interlayer bonding.
Insufficient compaction or overly flexible lower layer can lead to the loss of friction between poroe-
lastic wearing course and lower layer. Anymanual corrections during laying of the poroelastic layer
must be avoided.
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