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Abstract

Permeable pavements are increasingly adopted to reduce urban runoff and support sus-
tainable stormwater management; however, their long-term performance in cold regions is
often limited by the need to maintain both hydraulic conductivity and durability under
freeze—thaw cycles and de-icing salt exposure. This study investigates polyurethane (PU)-
bound permeable composites based on granite aggregates for paver joint filling, permeable
paver production, and monolithic permeable paving. This study provides a combined
evaluation of aggregate gradation and PU binder content in relation to hydraulic perfor-
mance, mechanical resistance, adhesion/cohesion, water absorption, and salt-freeze scaling
resistance. Four mixtures were prepared using different combinations of 0/1 and 2/5 mm
granite fractions and PU binder contents. The results showed that all mixtures exceeded
the target permeability requirement of 2 x 10~ m/s, while the coarse-only mixture with
3.0% PU binder provided the most balanced performance. This mixture achieved the
highest permeability, the highest compressive and splitting tensile strength among the
tested mixtures, the lowest water absorption, and the lowest surface scaling after 28 freeze—
thaw cycles in 3% NaCl solution. The findings indicate that a coarse aggregate skeleton
effectively bonded by the PU can support both rapid drainage and improved resistance to
salt-freeze deterioration. However, further field validation under traffic loading, clogging,
and long-term environmental exposure would be needed before full-scale application.

Keywords: permeable pavements; polyurethane binders; sustainable urban drainage;
freeze-thaw resistance; permeable paver joints

1. Introduction

Urban flooding and stormwater management have become major challenges in mod-
ern cities due to increasing rainfall intensity, climate change, and the continuous expansion
of impermeable urban surfaces [1-3]. Conventional pavement systems, such as asphalt or
dense concrete, prevent water infiltration into the soil and significantly increase surface
runoff [4]. As a result, stormwater drainage systems are frequently overloaded, leading to
flooding of streets, pedestrian areas, and parking areas [4,5].

Permeable pavement systems are increasingly developed as a solution supporting
sustainable urban drainage systems (SUDS). They reduce surface runoff while contributing
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to groundwater recharge, pollutant retention, and mitigation of the urban heat island
effect [4,6-8]. Recent studies have increasingly focused on improving the long-term hy-
draulic and mechanical performance of permeable pavement materials under realistic
environmental exposure conditions [9-12]. Several permeable pavement technologies have
been developed, including porous asphalt, pervious concrete, and permeable interlocking
concrete pavements [7,8,13]. Their performance depends on interconnected pore structures
that allow water infiltration through the pavement layers [8,9].

Despite their environmental advantages, permeable pavements still face important
limitations related to insufficient mechanical strength, clogging, and deterioration under
freeze—thaw cycles and de-icing salt exposure [14-16]. Recent studies emphasize that the
balance between permeability, structural integrity, pore connectivity, and durability remains
one of the main challenges in the development of sustainable permeable pavement sys-
tems [10,12,17,18]. Highly porous materials often exhibit reduced resistance to mechanical
loading and environmental degradation, particularly in cold-climate regions [15,16,19].

Polymer-based binders have recently gained attention as potential alternatives to tra-
ditional mineral or bituminous binders for permeable pavement applications [20]. Among
them, polyurethane (PU) binders have demonstrated favourable adhesion to granular
skeletons, elasticity, chemical stability, and resistance to environmental degradation while
preserving pore connectivity in permeable pavement systems [21-24]. Furthermore, recent
research has shown that the performance of PU-bound permeable systems is strongly influ-
enced not only by binder type, but also by aggregate gradation, pore structure, and binder
content [11,12,24,25]. Nevertheless, previous studies have mainly focused on hydraulic
or mechanical performance separately, while comprehensive evaluation of permeability,
mechanical strength, adhesion/cohesion, water absorption, and freeze-thaw durability
under de-icing salt exposure remains limited, particularly for cold-climate applications.

Therefore, this study aimed to develop and evaluate PU-based permeable mixtures for
joint filling, individual pavers, and monolithic paving with enhanced mechanical, hydraulic,
and durability performance. Thus, the integrated assessment of aggregate gradation and
PU binder content in relation to hydraulic conductivity, compressive and splitting tensile
strength, adhesion/cohesion performance, water absorption, and salt-freeze durability
was performed.

2. Materials and Methods
2.1. Materials

Granite aggregate fractions of 0/1 mm and 2/5 mm were used as the mineral skeleton
of the PU-bound permeable composites. The 0/1 mm fraction was used to modify the fine
aggregate content in mixtures M1-FC-3.0PU, M2-FC-2.5PU, and M3-FC-2.0PU, whereas
the 2/5 mm fraction formed the coarse aggregate skeleton in all mixtures and was used as
the only aggregate fraction in M4-C-3.0PU. The bulk density values, determined according
to LST EN 1097-3:2002, were 1295 kg/m3 for the 0/1 mm fraction and 1488 kg/m? for the
2/5 mm fraction.

The binder used in this study was a commercially available two-component PU-
forming system obtained from an external commercial supplier for laboratory research
purposes. The system was supplied as two separate liquid components: Component A,
identified as the hardener, and Component B, identified as the resin. The components were
mixed at a constant A:B mass ratio of 65:100 in all mixtures, according to the supplier’s
instructions. After mixing, the reactive system cured to form a PU binder phase, which
bonded the granite aggregate particles at their contact points while preserving the open
pore structure required for water permeability.
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The A:B ratio of 65:100 was selected to provide sufficient aggregate bonding while
maintaining a less brittle binder response suitable for permeable joint-filling and paving
applications. The present study was designed as a performance-based evaluation of cured
PU-bound granite aggregate composites rather than a chemical characterization of the
individual liquid PU components. Therefore, the binder is described by its functional type,
component ratio, curing conditions, and measured performance in the composite system.

To provide additional background on the selected PU binder system, supplementary
binder-level stiffness data were obtained within the broader research programme. The
flexural stiffness of the cured PU binder was found to depend on the hardener-to-resin
ratio and temperature. For PU compositions 100/85, 100/75, and 100/65, the S(60) values
determined according to LST EN 14771:2023 [26] were 73, 41, and 21 MPa at 20 °C and 218,
204, and 138 MPa at —8 °C, respectively. These data indicate that the mechanical response
of the cured PU phase is temperature-dependent and support the importance of binder
ratio selection for PU-bound permeable systems.

Additional binder drainage tests were also performed according to LST EN 12697-
18:2017 [27] using the perforated basket method. No measurable binder drainage was
observed for any of the investigated mixtures after 3 h at 5, 10, 15, 20, 25, or 50 °C, con-
firming the practical stability of the mixtures within the investigated handling temperature
range. No additional admixtures, pigments, fillers, or chemical modifiers were added to
the mixtures.

2.2. Mixture Design and Specimen Preparation

Unless otherwise stated, three replicate specimens (1 = 3) were prepared and tested
for each mixture and each test method; reported values represent the mean value with the
corresponding standard deviation (SD). During the experiments, the production process
for the PU mortar was identical across all mixture compositions. After weighing out the
required amounts of components, the two-component PU was mixed first. For this purpose,
the PU hardener (Component A) and resin (Component B) were poured into a 15 L plastic
container and mixed for 30 s at low speed using an electric mortar mixer equipped with a
paddle mixer until a homogeneous mass was achieved. The exact rotational speed was not
recorded because the mixer was operated using a predefined low-speed setting. Afterward,
the appropriate amounts of air-dried granite fractions 0/1 and 2/5 were added to the same
container. The entire mixture was then vigorously mixed at high speed for 2 min using the
same electric mixer. The resulting homogeneous mixture was placed into grease-coated
molds using a forming spatula. The formed specimens were cured for 24 h in molds and
then stored under laboratory conditions at 20 &+ 2 °C and 55 & 10% relative humidity until
testing at 28 days.

The bulk densities of the granite aggregates used in the tests are presented in Table 1.
To produce a suitable jointing compound for filling the joints between the pavers, with
sufficient water permeability and meeting other target properties, four different composi-
tions were designed. The first three compositions were produced using a mixture of 0/1
and 2/5 granite aggregate and a PU binder of 3%, 2.5%, and 2%. The fourth composition
contained coarse granite aggregate fr. 2/5 only. To improve readability, descriptive mixture
labels were introduced: M1-FC-3.0PU (Mixture I), M2-FC-2.5PU (Mixture II), M3-FC-2.0PU
(Mixture III), and M4-C-3.0PU (Mixture IV), where FC denotes fine-plus-coarse aggregate
gradation and C denotes coarse-only aggregate gradation. The compositions of all water-
permeable mixtures used for forming joints between pavers and for forming the pavers
themselves are presented in Table 2.
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Table 1. Bulk density of granite aggregate, size 0/1 and 2/5. Average values are presented as
mean & SD.

Parameter, Unit of Measurement, Test Method Code Fraction Average
Bulk density, kg/m3 0/1 1295 £ 4
(LST EN 1097-3:2002) [28] 2/5 1488 + 2

Table 2. Compositions of water-permeable PU mixtures designed for joints between pavers and
for pavers themselves, in kilograms per cubic meter (kg/m?). Descriptive labels indicate aggregate
gradation and PU binder content.

Components

Mixtures
M1-FC-3.0PU (I) M2-FC-2.5PU (II) M3-FC-2.0PU (III) M4-C-3.0PU (IV)

Total amount of PU binder

(A +B) 441 36.8 29.4 443
Granite aggregate
fr.0/1 735 735 735 -
Granite aggregate
fr.2/5 735 735 735 1475
Percentage of PU binder by
weight of fillers, % 3 25 2 3
Component A * 17.4 14.5 11.6 17.4
Component B * 26.7 22.3 17.8 26.8

Note: * The PU binder was produced by maintaining a ratio of hardener A to resin B of 65:100.

2.3. Air Void Content Testing

The air void content (T, %) of the PU-bound mixtures was determined from the
maximum density and the bulk density of the specimens. The maximum density pp
(mg/m3) was determined in accordance with LST EN 12697-5:2019 [29] using a hydrostatic
(pycnometer) approach. Prior to weighing, entrapped air was removed by mechanical
agitation and ultrasonic conditioning in a water bath for 30 min at 22 £+ 1 °C to ensure
stable readings. Water density was corrected according to the bath temperature, and pp,p,
was calculated using the hydrostatic principle.

The bulk density p, (mg/ m?) of the cured specimens was determined by hydrostatic
weighing (Archimedes” method), based on the mass of the dry specimen in air and its
apparent mass in water. For each mixture, replicate measurements were used to calculate
the mean with the corresponding standard deviation value.

2.4. Determination of Compressive and Flexural Strength

Compressive strength tests of the PU mortar (mastic), intended for filling joints be-
tween paving stones, were performed in accordance with the LST EN 1015-11:2020 stan-
dard [30]. The prepared PU mortar was poured into two 40 x 40 x 160 mm molds. After
24 h, the hardened specimens were removed from the molds and left for 27 days in a
climatic chamber at a temperature of 20 & 2 °C and a water vapor transmission rate of
45 + 15 g/(m?-h). After 28 days of curing, the flexural and compressive strengths were
determined. The flexural strength was determined using a “Toni Technik” press with
appropriate piston tips (Figure 1).
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Figure 1. Determination of the flexural strength.

The compressive strength of the specimens was determined by placing the separated
halves of the specimen between two support plates made of steel with a hardness of at least
600 HV (measured according to the Vickers hardness scale), with the following dimensions:
width 40.0 mm =+ 0.1 mm, length 40.0 mm =+ 0.1 mm, and thickness 10.0 mm =+ 0.1 mm.

2.5. Resistance to the Freeze—Thaw Cycles

Freeze—thaw resistance tests of the mortar (mastic) intended for filling joints between
paving blocks under de-icing salt exposure were conducted in accordance with the CF/CDF
test method, as referenced in Paragraph 197 of Chapter IX of the methodological guide-
line MN TRINKELES 14 [31] and described in CEN/TS 12390-9:2016 [32]. A 3% NaCl
aqueous solution was used as the de-icing salt medium. The specimens were prepared,
measuring 40 x 40 x 160 mm in accordance with the requirements of LST EN 1015-11:2020
standard [30]. After 24 h, the hardened PU mortar specimens were removed from the
molds and left for 27 days in a climatic chamber, where the temperature was maintained
at 20 & 2 °C and the water vapor transmission rate at 45 & 15 g/(m?-h). After 28 days,
the specimens were dried at 110 £ 10 °C for 24 h in a ventilated convection oven until a
constant mass (M1) was achieved. After cooling to a temperature of 20 & 2 °C, the samples
were weighed to an accuracy of 0.1 g and placed in a temperature-controlled chamber. In
the chamber, the specimens were immersed at 5 &= 0.1 mm into a 3% aqueous NaCl solution.
Since the specimen rested on 5 mm high supports, the total height of the cooling fluid
layer in the cells during the test was 10 &= 1 mm. The specimens were cooled and thawed
according to the temperature and time curve (Figure 2). After4 £1;6 +1;14 + 1, and
28 stages of the freeze-thaw cycle, with the chamber temperature above 15 °C, the speci-
mens were removed from the chamber, and the debris that has fallen off the samples was
collected from the bottom, washed with the tap water, and dried in a ventilated convection
dryer for 24 h at a temperature of 110 &= 10 °C. The residues were cooled for 60 + 5 min
at 20 £ 2 °C and 65 £ 5% relative humidity and then weighed to the nearest 0.1 g. The
remaining specimens were returned to the cells for subsequent freeze-thaw cycles. The 3%
NaCl test solution was replaced with a fresh solution after each measurement interval.
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Figure 2. Temperature curve in the chamber. Legend: 1—12 h freeze-thaw cycle; 2—permissible
temperature deviations from the set value.

2.6. Determination of the Adhesion Strength

Tests of the adhesion strength of the PU mortar intended for filling joints between
paving stones were conducted in accordance with the requirements of LST EN 1015-12:2016
standard [33].

Tensile adhesion strength was evaluated by applying a layer of PU mortar, intended
for filling joints between paving stones, onto different substrates, including concrete and
PU surfaces representative of paving elements. In addition, the cohesive strength of the
mortar mixtures was assessed. Based on common pavement practice, the target tensile
adhesion strength for the investigated application was >1.5 MPa. Testing was carried out
using a concrete slab as the base substrate. The surface was coated with a layer of the mortar
mixture with a thickness ranging from 10 to 60 mm. During testing, the tensile strength
was required to exceed the expected adhesion strength of the applied material. After curing
for 28 days, test specimens were prepared by drilling annular grooves with a diameter of
50 mm and a depth of approximately 10 mm. The test area was cleaned thoroughly prior
to bonding. Circular steel discs (50 + 0.5 mm in diameter and 25 mm in thickness) were
bonded to the surface using “Bison Epoxy 5 Minutes” adhesive. Adhesion strength was
measured using a “DYNA Z16” device (Proceq, Schwerzenbach, Switzerland) (maximum
load 16 kN, accuracy 0.01 MPa). During testing, the tensile loading rate was selected
according to Table 2 of LST EN 1015-12:2016 [33], considering the expected strength.

2.7. Determination of the Splitting Tensile Strength

Splitting tensile strength tests were conducted on PU-bound paving blocks (pavers)
manufactured from mixtures I-IV in accordance with the methodological guidelines and
conformity testing of LST EN 1338:2003—Annex F [34]. Paving stones for testing were made
of a PU mixture (compositions I-IV) and manufactured at 200 x 100 x 60 mm dimensions.
The test procedure involved soaking specimens in water at a temperature of 20 + 5 °C for
24 £ 3 h before testing. The soaked specimen block was placed in the testing apparatus
with load distribution bars on the upper and lower surfaces to contact the supports. It was
verified that the axes of the load distributing strips and the supports were in line with the
splitting plane of the paving stone. The apparatus consisted of two rigid supports with
a contact surface radius of 75 & 5 mm. The two rigid supports were set to be in the same
vertical plane with a tolerance of £1 mm at the edges. The upper support was mounted
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so that it could rotate about its transverse axis. This apparatus, together with the concrete
block, was placed between the plates of a hydraulic press (Figure 3).

Figure 3. The testing process of a physical sample in the device.

The two load distribution strips were set to be 15 £ 1 mm wide (b), (4 £ 1) mm thick
(a), and at least 10 mm longer than the expected failure plane. During the test, the load
was increased at a constant rate corresponding to a stress increase of 0.05 + 0.01 MPa/s.
According to the requirements of LST EN 1338:2003 [34], when the test sample consists of
eight pavers or fewer, the splitting tensile strength (T) of each paver shall be not less than
3.6 MPa.

2.8. Water Absorption

The water absorption of pavers produced using mixtures I-IV (Table 2) was deter-
mined in accordance with Annex E of LST EN 1338:2003 [34]. The pavers were placed on a
grid and immersed in water at a temperature of 20 & 5 °C, ensuring a minimum spacing of
15 cm between specimens. The water level was maintained at least 2 cm above the surface
of the pavers. At 24 h intervals, the specimens were removed, surface-dried, and weighed
to determine the saturated mass M1 (g). The final value of M1 was recorded when the
difference between two consecutive measurements was less than 0.1%. Subsequently, the
specimens were dried in a forced—circulation oven at 105 & 5 °C, maintaining a minimum
spacing of 15 cm between them. The dry mass M2 (g) was determined at 24 h intervals. The
final value of M2 was recorded when the difference between two consecutive measurements
was less than 0.1%.

2.9. Water Permeability Test

Water permeability was determined in accordance with LST EN 12697-19:2020 stan-
dard [35]. Two testing configurations were used to evaluate flow through the specimens:
vertical flow (standard method) and horizontal flow. For each mixture, three specimens
were tested. The permeability coefficient was determined separately for each flow direc-
tion, and the reported value represents the average of the test results obtained from all
specimens. The specimens were formed as cylindrical rings with a diameter of 101.1 mm
and a height of 42.1 mm. Three specimens were prepared for each mixture type under the
same conditions as those used for compressive strength testing.

https://doi.org/10.3390/su18115499
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3. Results and Discussion
3.1. Air Void Content Testing

The air void content and density related parameters of the PU-bound mixtures are
summarized in Table 3, providing the basis for interpreting permeability and durabil-
ity performance. The results show a clear trend of increasing maximum density from
Mixture I to Mixture IV. The highest average maximum density was observed in Mix-
ture IV (2.607 + 0.032 mg/m?), while the lowest was in Mixture II (2.426 4 0.090 mg/m?3).
Mixtures III and IV exhibited higher densities compared to Mixtures I and II, indicating
improved packing characteristics of the aggregate structure.

Table 3. Average maximum density, bulk density, and air void content of mixtures. Values are
presented as mean =+ SD.

Maximum Density Bulk Density

Mixture Air Void Content T, %
Pmh, mg/m3 pp, mg/m® °
I 2.436 £ 0.043 1.511 + 0.058 37.94 £ 3.20
1I 2.426 4+ 0.090 1.516 £+ 0.017 37.40 4+ 2.93
III 2.525 + 0.028 1.538 4 0.042 39.06 +1.71
v 2.607 + 0.032 1.528 4+ 0.015 41.04 £1.19

However, despite the higher density, Mixture IV also showed the highest air void
content (41.04% =+ 1.19), demonstrating that increased density does not directly correspond
to lower void content. The simultaneous occurrence of the highest maximum density
and highest air void content in Mixture IV can be explained by distinguishing between
solid-phase density and compacted skeleton structure. Maximum density represents the
theoretical density of the mixture without air voids and is influenced by the mineral
density of the aggregate and binder content. In contrast, air void content is calculated
from the difference between maximum density and bulk density and is strongly affected
by aggregate packing characteristics. The coarse-only 2/5 mm fraction used in Mixture IV
likely formed an open aggregate skeleton with larger interparticle voids, while the solid
constituents themselves had a relatively high maximum density. Therefore, high maximum
density and high air void content can coexist in this type of permeable composite. Since
direct pore-structure imaging was not performed, pore connectivity in the present study is
discussed only as an indirect interpretation based on the combined air void, permeability,
and water absorption results. This approach is consistent with previous studies showing
that aggregate gradation, void content, permeability, and water absorption are closely
related to the pore structure and hydraulic behavior of pervious materials [9,10,36,37].

3.2. Determination of the Compressive and Flexural Strength

After conducting flexural and compressive strength tests on specimens prepared from
mixtures I-IV of PU mortar intended for joint filling, it was found that Mixture IV exceeded
the target compressive strength of 5 MPa, which was used in this experimental programme
as an application-specific performance target for PU mortar intended for paver joint filling
rather than as a universal standard requirement for all permeable pavement materials
(Figure 4).

Based on these results, Mixture IV would be recommended for filling the joints be-
tween pavers. Despite the intentionally high porosity, Mixture IV achieved the target
compressive strength (>5 MPa) and exhibited the best overall mechanical performance
among the investigated formulations. This indicates that the coarse aggregate skeleton,
combined with 3% PU binder, formed an efficient load—transfer framework, in which
binder bridges between coarse particles contribute to the stiffness and resistance to crack
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initiation [25]. Since direct pore-structure imaging was not performed, the interpretation of
pore connectivity was based on air void content, water permeability, water absorption, and
mechanical performance results. Similar studies on pervious materials have shown that
aggregate structure and drainage-path connectivity can strongly influence mechanical and
hydraulic properties [9,36].

6 Il Bending strength
[ Compressive strength I

4 l l T

MPa

0 - T T T T
Mixture | Mixture Il Mixture Il Mixture IV

Figure 4. Results of bending and compressive strength tests on specimens. Data is presented as mean
(n = 6) £ SD, indicated as error bars.

3.3. Resistance to the Freeze—Thaw Cycles

After testing the freeze—thaw resistance of specimens prepared from PU mortar mix-
tures I-1V intended for joint filling in a 3% NaCl solution (de-icing salt exposure), Mix-
ture III, with the lowest binder content (2%), exhibited the poorest performance. The
average mass loss after 28 cycles was the highest (528 = 0.513 kg/m?). In contrast, Mix-
ture IV showed the best performance, with an average mass loss value (S28 = 0.109 kg/m?).
Meanwhile, Mixtures I and II exhibited mass losses approximately 2.5 times higher than
those of Mixture IV (Table 4).

Table 4. The mass of loose material from 1 m? of the pavement surface after 28 freeze-thaw cycles
(S28). Values are presented as mean + SD, and determined to the nearest 0.1 g.

Mixture Msp, g Mg beforesr § (mg,f — myg), g Sas, kg/ 'm?
I 1.60 £+ 0.92 0.80 4+ 0.46 0.80 + 0.46 0.248 + 0.145
II 1.60 £ 0.95 0.80 + 0.40 0.80 + 0.56 0.247 £+ 0.147
I 3.30 +£1.91 1.63 £ 1.01 1.67 £ 0.90 0.513 £ 0.300
v 0.70 £ 0.00 0.30 + 0.00 0.40 £ 0.00 0.109 +£ 0.000

Notes: ms,—mass of scaled material from the specimen after n freeze-thaw cycles. mg pefore—mass of scaled
material from the specimen recorded during the previous inspection. mg,(—mass of the scaled material together
with the filter after n freeze-thaw cycles. m¢—mass of the filter. Sys—mass of scaled material from 1 m? of
pavement surface after 28 freeze—thaw cycles, kg/m?.

The results indicate that Mixture IV was the most suitable formulation for joint filling
under freeze-thaw conditions with de-icing salt exposure. Its mass loss per unit surface
area was approximately two times lower than that of Mixtures I and II and almost five times
lower than that of Mixture III. These differences are important for cold-climate applications,
where repeated freezing, thawing, and salt exposure can accelerate surface scaling and
particle loss.

The inferior performance of Mixture III is most likely related to its lower PU binder
content (2%), which may have reduced cohesion between aggregate particles and increased
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susceptibility to salt-frost damage, as reported for porous and cementitious materials ex-
posed to scaling conditions [38]. In contrast, the superior performance of Mixture IV can be
attributed to the combined effect of higher cohesive strength, lower water absorption, and
high permeability. Higher cohesion may reduce raveling under ice crystallization pressure,
lower water absorption limits the uptake of water-salt solution, and high permeability
may support more effective drainage during freeze-thaw cycling [39-41]. From a life-cycle
perspective, reduced scaling implies longer service life and lower maintenance require-
ments, supporting the use of PU-bound coarse-aggregate systems in sustainable pavement
applications exposed to cold climates and de-icing salts [42,43].

3.4. Cohesive and Adhesive Strength Determination

The weakest internal cohesion was obtained for mixtures I and III, with the average
values of 0.47 and 0.72 MPa, respectively. The highest cohesive strength was obtained
for mixtures II and IV, with the average values of cohesive strength of 1.00 and 1.59 MPa,
respectively. The distribution of the measured values is presented in Figure 5.

1.8

16 T

1.4 1

1.2 A

1.0 L

0.8

fuzg, MPa

0.6

0.4 A

0.2

00 T T T 1
Mixture | Mixture Il Mixture lll Mixture IV

Figure 5. Cohesive bond strength of different PU mixtures (I-IV). Data is presented as
mean (n = 15) + SD, indicated as error bars.

As shown in Figure 5, Mixture IV exhibited the highest internal cohesive strength
and would, therefore, be recommended for filling joints between concrete or PU
paving elements.

Based on the test standard, failure modes can be classified according to the fracture
location: (i) cohesive failure within the PU-bound layer, (ii) failure within the adhesive
layer, and (iii) failure within the substrate.

The average adhesion strength to the concrete substrate was 0.38, 0.82, 0.58, and
1.24 MPa for Mixtures I-1V, respectively, while slightly lower values were obtained for
the PU substrate: 0.31, 0.71, 0.51, and 1.08 MPa, respectively. A consistent trend was
observed for both substrates, with Mixture IV showing the highest adhesion and Mixture
I the lowest, resulting in the overall ranking: IV > II > III > I. Adhesion to concrete was
consistently higher than to PU, which can be attributed to the rougher and more porous
surface of concrete, promoting mechanical interlocking [22,25]. In contrast, PU substrates
are smoother and less absorbent, resulting in reduced mechanical bonding. For all mixtures,
adhesion strength was lower than the corresponding cohesive strength, indicating that
failure is more likely to initiate at the interface rather than within the bulk material. This
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highlights the importance of the interfacial zone for durability under thermal, moisture,
and mechanical loading.

Accordingly, the adhesion of the investigated PU-bound mixtures, intended for filling
joints between paving elements with different surface types, was evaluated on a concrete
substrate and, separately, on a PU substrate representative of PU paving stones/tiles or
continuous PU pavement. The average adhesion strength values (MPa) obtained from the
tests are presented in Figure 6.

1.4
I Adhesion to the concrete substrate
12 - 1 Adblacine dn dlan DI on b cde st -
AUNESSIVIN W Ui MU Suusudle
1.0 4
& 08
=
)
S 06
=)
0.4 -
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oL TR | | |

Mixture | Mixture Il Mixture Il Mixture IV

Figure 6. Adhesion strength of different pavement mixtures (I-IV) to concrete and PU substrates.

Adhesion results indicate that interface performance may govern the long—term func-
tionality of PU jointing and overlays. Mixture IV achieved the highest cohesive strength
(1.59 MPa) (Figure 5) and the highest adhesion to both concrete (1.24 MPa) and PU sub-
strates (1.08 MPa). Adhesion was consistently higher to concrete than to PU, which can
be explained by the rougher and more porous concrete surface, enabling mechanical in-
terlocking. Importantly, adhesion values remained below the cohesive strength (Figure 5),
implying that failure is more likely to initiate at the interface zone rather than within the
bulk mixture. For practical applications, this suggests that surface preparation and sub-
strate texture will be critical, particularly for monolithic PU paving or PU to PU bonding,
where the interface is smoother and less absorbent.

3.5. Determination of Splitting Tensile Strength

The results of the tensile strength at break tests conducted on different mixture compo-
sitions (I-1V) are presented in Table 5.

The results show that Mixture IV exhibited the highest splitting tensile strength
(1.22 £ 0.01 MPa), while Mixture III showed the lowest value (0.85 & 0.01 MPa). The
superior performance of Mixture IV can be attributed to the use of coarse granite aggregate
(fraction 2/5) combined with sufficient binder content, which promotes the formation of
a stable load-bearing skeleton. Splitting tensile strength followed the same performance
ranking observed for compressive strength and durability indicators. This supports the
interpretation that adequate binder content and a stable coarse aggregate structure enhance
crack resistance in porous composites, as also reported in studies on pervious materials [18].
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Table 5. Results of the tensile strength at the break test. Values are presented as mean + SD; the
correction factor for all mixtures (I-IV) was k = 0.87.

Fracture Thickness of the Fracture Area Fracture Fracture Load Splitting
Mixture Length Fracture Plane S mm? Load per Unit Length  Tensile Strength
1, mm t, mm ! P, kN F, N/mm Tyiq, MPa
I 194.8 0.0 573 £0.1 11,150.26 + 6.82 203 £ 0.2 104.0 £ 1.0 1.01 +£0.01
I 194.5 + 0.0 56.5 £ 0.0 10,985.21 £2.11 21.6+0.1 111.3 £ 0.6 1.09 +£0.01
I 194.6 £ 0.1 50.6 £ 0.1 9853.25+ 1833  152+0.2 780+ 1.0 0.85 £ 0.01
v 195.6 £0.1 57.0=x=0.0 11,144.85 £ 1.93 246 +0.2 126.0 £ 1.0 1.22 £0.01
For permeable pavers and monolithic applications, higher splitting tensile strength
is particularly important, as it is associated with improved resistance to cracking under
localized loads, thermal stresses, and freeze—-thaw-induced microcracking.
3.6. Water Absorption
The results of water absorption tests on finished pavers made with I-IV are presented
in Table 6. In all cases, the average water absorption values were notably lower than
the target limit of 6% by mass and can be classified as Class B according to LST EN
1338:2003 [34].
Table 6. Water absorption of pavers made with mixtures I-IV. Values are presented as mean =+ SD.
Mixture Mass of the Wet Sample My, g Dry Weight M, g Water Absorption W,
I 2178.0 £ 8.4 2169.0 £ 4.2 0.41 +0.19
I 2176.6 £ 8.6 21675 £ 3.7 042 £0.23
I 21895+ 1.6 2170.8 £ 7.5 0.86 + 0.39
v 21953 £ 4.4 21913 + 4.8 0.18 + 0.03

Values for all mixtures ranged from 0.18 to 0.86%, far below typical limits for concrete
paving units. Mixture IV exhibited the lowest water absorption, which is consistent with
the improved resistance to salt and frost-induced scaling observed in CF/CDF testing. The
low absorption suggests that the PU binder effectively limits capillary suction within the
composite, even when the overall void content is high. This highlights an important dis-
tinction for permeable systems: high interconnected macroporosity can support infiltration,
while low capillary porosity and reduced sorptivity can improve durability in freeze—thaw
environments, as reported in other studies on pervious materials [12,17,44].

3.7. Water Permeability Test

The water permeability results measured in vertical and horizontal directions are
presented in Tables 7 and 8, respectively, to assess infiltration capacity and directional flow
behavior. The test results show that all samples tested meet the requirements specified in
the assignment and are substantially more permeable to water (water permeability must
be >2 x 107> m/s). Therefore, PU products made from all four types of studied mixtures
could be used for both filling joints between pavers, the production of pavers, and the
installation of continuous paving, from the perspective of water permeability.

The highest water permeability was recorded for Mixture IV, with Kv = 4.37 4= 0.21 x
1073 m/s and Kh =3.87 £ 0.04 x 103 m/s. The lowest water permeability was determined
for Mixture III, with Kv = 2.27 4 0.06 x 10~®> m/s and Kh = 1.87 4 0.07 x 10> m/s.
The test data indicate that vertical water permeability is slightly higher than horizontal
permeability, which may reflect directional differences in the open flow paths formed
during specimen preparation, as commonly observed in permeable materials [45-49].
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However, since direct pore-structure imaging was not performed, this interpretation should
be treated as indirect and based on the measured hydraulic response. These findings are
relevant for further development related not only to the use of PU mortar for filling joints
between pavers but also to the use of PU for the production of pavers or the installation of
a monolithic pavement. To improve the physical and mechanical properties of the products,
the latter can be formed with a higher density. To achieve this goal, it is advisable to model
both the composition of the PU mortar and the amount of binder, as well as to apply a
compression/pressing forming method as suggested in recent studies on the optimization
of pervious materials [50,51].

Table 7. Results of the water permeability test conducted in the vertical direction. Permeability rate
and coefficient values are presented as mean =+ SD.

‘ Ambient Fllt.ratlon Water Permeability Rate Water Per.m’eablhty
Mixture Temperature Time, Q, m3/s Coefficient
TI °C ts ! KV, m/s
I 21.5 40.0 (2.07 £0.04) x 1074 (3.60 £ 0.10) x 1073
| 22.0 35.0 (2.40 £ 0.00) x 10~* (4.10 £ 0.00) x 1073
I 21.0 60.0 (1.30 £0.02) x 10~* (227 £0.06) x 1073
I\Y% 22.0 35.0 (2.49 +0.12) x 1074 (437 +£0.21) x 1073
Table 8. Results of the water permeability test conducted in the horizontal direction. Permeability
rate and coefficient values are presented as mean + SD.
- Ambient Fllt.ratlon Water Permeability Rate Water Per.m.eablllty
Mixture Temperature Time, Q, m¥/s Coefficient
TI °C ts ! Kh, m/s
I 21.0 30.0 (3.22 +0.03) x 1074 (3.16 £ 0.03) x 1073
I 21.5 30.0 (3.51 +0.07) x 10~* (3.45 + 0.07) x 1073
I 20.0 40.0 (1.90 £ 0.07) x 1074 (1.87 +0.07) x 1073
v 22.0 20.0 (3.94 + 0.04) x 1074 (3.87 £0.04) x 1073

All mixtures exceeded the required permeability threshold (>2 x 107> m/s), confirm-
ing suitability for stormwater infiltration applications. Mixture IV showed the highest
permeability, whereas Mixture Il had the lowest. Vertical permeability was slightly higher
than horizontal, which may reflect directional differences in pore alignment during spec-
imen preparation. When combined with the durability outcomes, Mixture IV offers the
most favorable multi—criteria profile: high infiltration capacity together with low scaling
and low water absorption, which is essential for sustainable pavements exposed to in-
creasingly variable precipitation patterns and de-icing salt applications. Compared with
traditional permeable pavement systems such as porous asphalt and pervious concrete,
the investigated PU-bound composites provide very high hydraulic conductivity and low
water absorption [8,10,23,46,51]. However, their compressive strength remains relatively
low compared with conventional structural pavement materials, which may limit their
application under heavy traffic loading [18,44,51]. Therefore, the main advantage of the
proposed mixtures is not high load-bearing capacity for heavy traffic, but the combination
of permeability, low capillary water uptake, salt-freeze resistance, adhesion, and binder
stability for joint filling and light-traffic permeable pavement applications.

3.8. Durability-Related Performance and Practical Implications

The improved durability-related performance of Mixture IV can be attributed to the
combined effects of several measured properties. First, the coarse aggregate skeleton
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provided high permeability, allowing water and a salt solution to drain through the com-
posite rather than remain trapped within capillary pores, consistent with previous findings
that pore connectivity and permeability strongly affect the durability of pervious materi-
als [9,10,17]. Second, the 3.0% PU binder content provided sufficient cohesion between
aggregate particles, reducing particle loss during freeze-thaw cycling. Third, the very
low water absorption indicates limited capillary uptake, reducing the amount of freezable
water retained in the composite, which is important for resistance to frost and salt scal-
ing [17,38,44]. Fourth, the relatively high adhesion values to concrete and PU substrates
suggest improved interfacial integrity, which is important for joint filling and overlay
applications. Finally, additional binder drainage tests indicated no measurable binder
drainage at 5-50 °C, supporting the practical stability of the mixtures during handling and
placement. Therefore, the durability improvement should be interpreted as a combined
effect of drainage capacity, low water retention, higher cohesive strength of the PU-bound
aggregate skeleton, and binder stability rather than as a result of porosity alone.

3.9. Limitations and Future Work

Several limitations should be noted. First, the compressive strength values obtained
in this study are lower than those typically required for conventional heavily trafficked
concrete or asphalt pavement layers. Therefore, the investigated PU-bound permeable
composites should be considered primarily for joint filling, pedestrian areas, bicycle paths,
light-traffic permeable surfaces, parking areas, landscape pavements, or monolithic per-
meable layers where hydraulic performance and salt-freeze durability are critical. Second,
fatigue performance under cyclic traffic loading was not evaluated and should be addressed
in future research. Third, this study was designed as a performance-based evaluation of
cured PU-bound granite aggregate composites; therefore, detailed chemical characteriza-
tion of the commercial PU binder and direct pore-structure imaging were outside the scope
of the present work. Future studies could include FTIR, SEM, XRD, or optical microscopy
to better relate binder chemistry and pore structure to long-term performance. Finally,
long-term field validation under real traffic, clogging, maintenance, and environmental
exposure conditions is required before full-scale application.

4. Conclusions

The study demonstrated that PU-bound granite aggregate mixtures can be tailored for
permeable pavement applications where hydraulic capacity and durability under de-icing
salt exposure must be balanced. The integrated evaluation showed that aggregate grada-
tion and PU binder content strongly affected permeability, water absorption, mechanical
performance, adhesion/cohesion, and salt-freeze scaling resistance.

Among the investigated mixtures, M4-C-3.0PU (coarse 2/5 mm aggregate with 3.0%
PU binder) provided the most favorable multi-criteria performance. It achieved the highest
hydraulic conductivity, the highest compressive and splitting tensile strength among
the tested mixtures, the lowest water absorption, and the lowest surface scaling after
28 CF/CDF cycles in 3% NaCl solution.

The results indicate that improved durability was not governed by total porosity alone.
Instead, it was associated with the combined effect of an open drainage skeleton, limited
capillary water uptake, higher cohesive strength of the PU-bound mixture, and improved
adhesion to concrete and PU substrates. Additional binder-level and binder-drainage
information supports the interpretation that PU ratio and binder stability are important for
the practical performance of these composites.

The proposed mixtures should not be considered direct substitutes for conventional
heavy-traffic structural pavement materials. Their most suitable potential applications
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include joint filling, pedestrian and bicycle areas, parking areas, light-traffic permeable sur-
faces, and monolithic permeable layers in cold-climate regions. Furthermore, future work
should ideally include fatigue testing, field validation, clogging and maintenance assess-
ment, as well as direct chemical, mineralogical, and/or microstructural characterization.
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