Hong et aI:Jlnfrastruct Preserv Resil (2021) 2:27 JOU rnal of Infrastructure
https://doi.org/10.1186/543065-021-00039-w Preservation and Resilience

REVIEW Open Access

: . ®
Gene-editable materials for future i

transportation infrastructure: a review
for polyurethane-based pavement

Bin Hong', Guoyang Lu?’, Tianshuai Li', Jiao Lin', Dawei Wang'*", Dong Liang* and Markus Oeser®

Abstract

With the rapid development of society and industry, novel technologies and materials related to pavement engineer-
ing are constantly emerging. However, with the continuous improvement of people’'s demands, pavement engineer-
ing also faces more and more enormous challenges that the pavement materials must have excellent engineering
properties and environmental benefits. Meanwhile, the intelligence is the mainstream development direction of mod-
ern society, and the development trend of future transportation infrastructure. Materials Genome Initiative, a program
for the development of new materials that materials design is conducted by up-front simulations and predictions,
followed by key validation experiments, the rapid development of science and technology and Al toolset (big data
and machine learning) provide new opportunities and strong technical supports for pavement materials develop-
ment that shorten the development-application cycle of new material, reduce cost and promote the application of
new carriers such as intelligent sensing components in transportation engineering, to achieve the intelligence of
transportation engineering. However, traditional pavement materials possess several unavoidable shortcomings, indi-
cating that it is exceedingly difficult for them to meet the above requirements for future pavement materials. There-
fore, the development of future new pavement materials, which can be designed on-demand as well as possessing
enough mechanical properties, high durability, practical functionality, and high environmental protection, is urgent.
In recent years, as a “‘designable” polymer material with various excellent engineering performances, polyurethane
(PU) has been widely applied in pavement practices by changing the chemical structures of raw materials and their
mix proportions, for instance pavement repairing material, permeable pavement material, tunnel paving material and
bridge deck paving materials, etc. Although PU material has been widely applied in practices, a systematically sum-
marization is still quite necessary for further understanding the working mechanism of PU materials and optimization
it's engineering applications. To fill the gap, this article puts forward the special requirements for future transportation
infrastructure materials, and introduces the basic properties and working mechanism of PU materials in order to make
up for the defects of conventional road materials. Based on this, this article also summarizes the engineering perfor-
mances and environmental benefits of applying PU as the binder for different road infrastructure materials in recent
years. Considering the gene-editable nature of polyurethane, further research of the on-demand design principles

of PU pavement materials is recommended. The establishment of raw material gene database, material terminal
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performance database and their structure-activity relationship are highlighted. The current research is essential to the
practice guidance and further optimization of the PU materials for road infrastructures, which in line with the future

Carbon neutral policy.

Keywords: Polyurethane, Green House Gas (GHG), Gene-editable Materials, Future Pavement materials, Carbon

Neutral

Introduction

To ensure that the highways and urban roads meet the
requirements of vehicle operation to the maximum
extent, maintain the designed speed, enhance safety and
comfort, reduce transportation costs and extend the
road service life, the pavement should have the following
series of basic performance [1]: 1) Adequate structural
load-bearing capacity; 2) Sufficient structural stability
under a series of severe conditions, such as rainfall high
temperature, low temperature, freeze-thawing, etc.; 3)
Adequate durability under the above severe conditions
and even vehicle loads; 4) Good surface smoothness; 5)
Good road skid resistance.

With the rapid development of society and industry,
novel technologies and materials related to pavement
engineering are constantly emerging. Asphalt, concrete,
and novel polymer materials play dominant roles in the
field of pavement materials.

Asphalt pavement materials

Asphalt binder is a kind of organic cementitious mate-
rial with complex composition, which can be divided
into artificial asphalt and natural asphalt [2]. Artificial
asphalt also can be divided into tar asphalt and petro-
leum asphalt, which are the by-products of coal tar refin-
ing and petroleum distillation, respectively [2].

Asphalt material occupies an especially important posi-
tion in pavement engineering. In recent decades, most
flexible pavements have used asphalt binder as the basic
paving material [3, 4]. As a road paving material, asphalt
has a high binding force and can provide sufficient sur-
face properties, such as flatness, sufficient roughness,
rolling resistance, and macrotexture [2]. These surface
characteristics make the pavement have sufficient fric-
tion, help improve skid resistance to ensure driving safety
and driving comfort, and reduce noise levels [5-8].

However, ordinary asphalt mixture pavement has some
performance defects, such as non-prominent high and
low-temperature performance and poor aging resistance.
For coping with the requirements of pavement materi-
als caused by the rapid increase of traffic load and vari-
able environmental factors, various modifiers, including
polymers (Styrene-Butadiene-Styrene (SBS), PE, EVA,
SBR, PET, etc.) [9-12], crumb rubber (CR) [13, 14],
nanomaterials, etc., were achieving continuous attention

and widely used in the field of asphalt modification. At
the same time, functional asphalt mixtures, including
the self-cleaning pavement, de-icing pavement, self-
powered pavement, and permeable pavement, have been
rapidly developed. Meanwhile, the potential of applying
advanced materials to asphalt pavement has been gradu-
ally developed, such as self-healing materials, polyure-
thane, polyphosphoric acid, basalt fibers, carbon fibers,
etc.

In recent years, fuel consumption, greenhouse gas
emissions and VOCs pollution during asphalt mixing
have received increasing attention from society [15-18].
Asphalt binder is a non-renewable energy source, so
asphalt becomes an environmentally unfriendly material
[19]. In addition, due to the global shortage of energy in
recent years, the cost of fossil fuels has increased dramat-
ically, and the cost of asphalt has also increased. There-
fore, the continued use of traditional asphalt materials
will not be compatible with the concepts and principles
of sustainability in the future. The use of environmentally
friendly materials instead of asphalt materials can not
only contribute to the sustainable environment but also
improve the economy [9, 20, 21].

In fact, there are limited ecological alternatives that
can completely replace asphalt materials. In terms of the
innovative asphalt mixture technology, there are already
many innovative options to reduce the use of bitumen,
although some of the alternative materials require the
modification of mixture design, and the cost of modifi-
cation may be high, such as the application of polymer
materials. However, the environmental pollution caused
by asphalt production has been reduced by using these
innovative methods, and the durability of road materials
has also been greatly enhanced [22, 23].

Conventional cementitious pavement materials

Cement is made up of limestone, clay, iron ore by cal-
cining at high temperature and mixed with gypsum.
Cement concrete pavement is characterized by signifi-
cant mechanical advantages (strength, durability, fatigue
resistance, etc.), low cost, noninflammability, etc., [24].
These excellent properties make cement has been mainly
used in rural road pavements, heavy-duty traffic road
pavements, airports and tunnels. Cement is mainly used
for paving concrete roads, and colleagues can also be
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used as stabilizers for the base layer and the bottom layer
[25, 26].

In recent years, great progress has been made in the
design theory, material and construction technology,
detection and maintenance technology in the field of
cement pavement construction. However, the devel-
opment and application of cement concrete pavement
still are prevented due to its poor anti-skid and noise
reduction performance, difficult maintenance and large
temperature stress, which has always been the focus in
cement concrete pavement research. Besides, there is a
lot of engineering practice and research on the asphalt
overlay on old cement concrete pavement [27, 28]. The
rapid non-destructive testing of the service condition
and structural diseases of cement concrete pavement has
been paid attention to by road workers all over the world
[29]. Concerning the pavement forms, the continuous
reinforced concrete pavement (CRCP) got wide attention
[30, 31]. Moreover, the prefabricated assembly technol-
ogy based on cement materials has been developed and
received more attentions.

However, the negative impact of cement production
on the environment and economy cannot be ignored.
Cement production accounts for about 8% of global
greenhouse gas emissions [32]. About half of these emis-
sions are related to industrial cement production, while
the other half are related to fuel combustion during the
entire process [33]. This percentage value does not seem
to be mathematically significant, but the total amount
of this percentage is not ignored or underestimated on
a global scale. Therefore, reducing cement consumption
and productivity will promote sustainable development,
benefit the environment, economy, and indirectly benefit
society [34]. To alleviate these negative effects, it is nec-
essary to develop new environmentally friendly materials
that can replace traditional cement pavements [35].

Requirements for future pavement materials

With the continuous improvement of people’s demands,
pavement engineering also faces more and more enor-
mous challenges that the pavement materials must have
excellent properties, including high- and low-tempera-
ture performance, toughness, rutting resistance, long life
cycle, etc., to meet the pavement requirements due to the
rapid growth of traffic volumes and loads, and worsen-
ing extreme environment. Meanwhile, environmental
friendliness is the unswerving development direction
of road materials for both resource-saving and environ-
mental protection. As mentioned above, the traditional
pavement materials possess several unavoidable short-
comings, indicating that it is very difficult for them to
meet the above requirements for future pavement mate-
rials. Especially, for the most commonly used asphalt
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pavement material, the specific chemical composition
of bitumen is still unknown which cannot achieve the
requirements of design on demand. Therefore, the devel-
opment of future new pavement materials, which can
be designed on-demand as well as possessing enough
mechanical properties, high durability, practical func-
tionality and high environmental protection, is urgent.

Moreover, intelligence is the mainstream development
direction of modern society, and the development trend
of future transportation engineering. Materials Genome
Initiative, showing in Fig. 1 [36], a program for the devel-
opment of new materials that materials design is con-
ducted by up-front simulations and predictions, followed
by key validation experiments [37], the rapid develop-
ment of science and technology and Al toolset (big data
and machine learning) provide new opportunities and
strong technical supports for pavement materials devel-
opment that shorten the development-application cycle
of new material, reduce cost and promote the application
of new carriers such as intelligent sensing components in
transportation engineering, to achieve the intelligence of
transportation engineering [38].

Novel polyurethane pavement material

In view of the above requirements for future pavement
materials, a novel polyurethane (PU)-based pavement
material was proposed and applied to heavy duty pave-
ment by RWTH Aachen University and BASF GmbH
since 2010 and is considered as one of the most likely
materials to replace the conventional asphalt pavement
materials. Due to PU binder exhibits high mechanical

Computational
Tools

Experimental

Digital

Tools Data

Materials Innovation
Infrastructure

Fig. 1 Overview of the Material Genome Initiative (MGI) in the
United States [36]




Hong et al. J Infrastruct Preserv Resil (2021) 2:27

property [39, 40], good chemical durability [41, 42], high
elasticity [43], designable performance [44], low energy
[39], environmental conservation [39], etc., PU binder
was further applied in porous pavement to overcome
the challenges of conventional porous asphalt mixtures
since 2014 [45, 46]. The novel PU bound pervious mix-
tures provide a favorable combination of functionality
and mechanical properties [20, 47, 48], and it was further
applied for full-scall pavement test and actual construc-
tion for pavement infrastructures since 2018 [22, 49,
50]. Recent years, a high resistance to deformation and
fatigue of PU pavement materials were also proven based
on laboratory research, in which case PU binder was fur-
ther studied as ultra-thin layer for tunnel pavement [39,
51] and bridge deck pavement [52—-54].

Similar to the conventional asphalt pavement mate-
rial, the polyurethane pavement material is composed of
a certain amount of polyurethane binder and a certain
gradation of aggregates. However, contrary to the con-
ventional asphalt pavement material, the polyurethane
pavement material is mixed and cured at ambient tem-
perature [39]. In contrast to the asphalt pavement mate-
rial, it is worth noting that although the polyurethane
pavement material has many above mentioned advan-
tages, its disadvantages mainly include three points: 1) a
bit higher brittleness, however, its low-temperature per-
formance is still meet the requirement of the standard; 2)
poor water stability, however, its residual performance is
still much higher than the former [39]; 3) high cost, for
example, for the two-way and 3-lane highway with thick-
ness of 0.04 m and width of 3.75 for each lane, the cost of
the base asphalt pavement material is about 517,000 yuan
while the cost of the polyurethane pavement material is
about 1,757,700 yuan, which is mainly because polyure-
thane is almost 10 times more expensive than base bitu-
men. Therefore, the polyurethane pavement material is
primarily considered for use in road surface layer that
do not care about cost, such as bridge deck pavement,
airfield pavement and tunnel pavement. Fortunately,
the polyurethane pavement material has been proved
to have a long serice performance, for example, 8 times
the fatigue life of Asphalt mace aggregate (SMA) mixture
[53]. In addition, the polyurethane pavement material is
not only used as a repair pavement [55], but also as an
overlay or a new pavement layer.

Polyurethane materials

Polyurethane (PU) discovered by Otto. Bayer in 1937 [44,
56] is a general name for a polymer whose backbone con-
tains a repeating carbamate group (-NHCOO-) which
forms from the addition polymerization between organic
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diisocyanates or polyisocyanates and dihydroxy or poly-
hydroxy compounds (polyols) [56].

Overview

The reaction mechanism of PU is shown in Eq. (1) [39]. As
shown, the molecular structure of PU is classified into hard
segments and soft segments which provide the strength and
toughness of PU [44], respectively. PU material is a multi-
purpose synthetic resin with various forms, which has been
applied to transportation, architecture, mechanical engi-
neering, electron industry, furniture, food processing, textile
industry, metallurgic industry, chemical industry, hydraulic
engineering, sports, medical industry, etc., [56].

Hard segment

9 i O Softisegment

| v e I =
L T S
(1)

N OCN——R——NCO+ nHOYW\VOH

Carbamate group

Genetic characteristics of PU materials

PU is a “designable” polymer material between plastic
and rubber, which can produce products with various
performance by changing the chemical structures of raw
materials and their mix proportion. Therefore, the PU
materials can be designed as needed in accordance with
the Materials Genome Initiative (MGI), showing in Fig. 1,
proposed by the United States [36].

The genetic characteristics of PU are mainly classi-
fied into raw material composition, geometric structure,
void structure and forming process parameters. The
raw materials of PU consist of isocyanates, polyols and
additives, among which the auxiliaries consist of cata-
lysts, solvents, plasticizers, chain extenders, crosslinking
agents, durability additives, fillers, flame retardant, col-
orant and other additives. Each material genome for PU
corresponds to performance. Therefore, there are tens of
millions of variations in PU due to the selection of differ-
ent genetic characteristics. According to the design idea
of the material genome, the material genome design for
PU consists of three steps: 1) create a material genome
database; 2) establish the corresponding relation between
the material genome and the macro performance of PU
based on the high throughput characterization and a
small number of tests; 3) determine the genomic charac-
teristic parameters of PU according to the needs.

Up to now, the PU mixtures have been successfully
applied to kinds of light-load pavements, such as park
roads, sidewalks, sports grounds, runways, etc. In recent
years, PU has gradually been considered as a binder for
pavement materials [57] due to its some excellent proper-
ties, such as high adhesive property with aggregates, high
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elasticity, chemical corrosion resistance, light resistance,
abrasion resistance, strong shock absorption, tear resist-
ance, designable hardness and softness.

For the polyurethane binder, the thermo-mechanical
properties, rheological property, and durability includ-
ing corrosion resistance and UV aging resistance are the
crucial evaluation index for pavement materials. B. Hong
et al. [42] has given the investigation in thermo-mechan-
ical properties, rheological property and their durability
under UV aging. The results showed that the PU binder
used has excellent anti-ultraviolet aging ability as well
as good thermo-mechanical properties and rheological
property, and the anti-aging ability can be improved to
a certain extent with the appropriate increase of isocy-
anate content. In addition, the PU binder also possesses
excellent corrosion resistance in water, seawater and even
alkaline solution immersion [41, 58, 59].

Design of the PU binder as pavement material

Like the definition of asphalt mixtures, polyurethane mix-
tures (PUMs) are those formed by mixing a certain grade
of mineral materials and a certain proportion of road-
used polyurethane binder at outdoor ambient tempera-
ture. It is noted that the polyurethane mixture (PUM) is
also inevitably subjected to the combined effects between
some severe environments and vehicle loads. The above
severe environments mainly include high temperature,
low temperature, rainfall, freeze thawing, ultraviolet irra-
diation, etc. Therefore, it is necessary to design the polyu-
rethane pavement material according to its requirements.

The PUM consists of aggregates, voids and PU binder,
respectively, seeing in Fig. 2.

As shown in Fig. 1, the basic three elements of MGI are
computational tools, experimental tools and digital data,
respectively. The computational tools are mainly to estab-
lish an accurate prediction model of the performance of
the material, which can be modified by relevant theories
and empirical data. The experimental tools are mainly to:
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1) make connections between computations at different
scales; 2) supplement some basic data, including physi-
cal, chemical, electronic, mechanical, optical and other
properties, which serves to build the internal relations
between the composition, organization and forming pro-
cess, and further establish a large database; 3) modify the
above theoretical calculation prediction model by using
experimental data, and accelerate the screening and effi-
cient determination of new materials. The Digital data
are mainly related to the establishment, standardization
and sharing of digital data of different materials. Accord-
ing to the above description, similar to the asphalt mix-
ture [60], the genetic characteristics of PUM include the
material characteristic gene, meso-structural characteris-
tic gene, microstructural characteristic gene and prepa-
ration process characteristic gene. According to the MGI
[36], PUM can be designed according to its requirements,
seeing in Fig. 3.

The material characteristic gene consists of the mate-
rial composition and proportion of polyurethane binder,
the mineral composition, size and morphology of aggre-
gates, and the gradation of PUM. Aggregate is an impor-
tant part of asphalt mixture, accounting for about 95%
of the total mass of asphalt mixture, whose chemical
composition and mechanical characteristics directly
affect the mechanical properties of the asphalt mixture.
According to mineral lithology, aggregate can be divided
into basalt, limestone, granite, sandstone, etc. Accord-
ing to the material source, aggregate can be divided into
gravel, pebble, natural gravel, etc. According to the parti-
cle size, aggregate can be divided into coarse aggregate,
fine aggregate, and ore powder [60].

The meso-structural characteristic gene consists of the
mesoscopic void distribution and mesoscopic aggregate
distribution. The microstructural characteristic gene
mainly refers to the interfacial structure between the
polyurethane binder and aggregates. The preparation

PU mixtures

Fig. 2 The composition of PU mixtures

Aggregates

Voids PU binder
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Multi-scale calculations on PU-based pavement materials
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Fig. 3 Design idea of the polyurethane mixture (PUM) based on MGl

process characteristic gene is related to various process
parameters.

Application of PU as the binder for road
infrastructure

As is well-known, the conventional asphalt binder is a
complex black-brown mixture that consists of hydrocar-
bons with different molecular weights and their nonme-
tallic derivatives. The asphalt binder is a high viscosity
organic liquid that is often in the form of liquid or semi-
solid petroleum. However, the cured PU binder is a pol-
ymer in the form of solid plastic, rubber or elastomer,
whose road performance cannot be characterized like the
asphalt binder.

As mentioned above, PU has a lot of excellent prop-
erties when it is considered as a binder for pavement
materials. Besides the benefits mentioned above, another
environmental benefit is found in potential energy sav-
ings and the reduction in greenhouse gas (GHG) emis-
sions by using PU binder [39]. During conventional
asphalt mixture production, temperatures of the aggre-
gate and the bitumen must be raised sufficiently high
to facilitate the coating of aggregate with bitumen. This
temperature has to be maintained during construction to
ensure the workability of the asphalt. As a result, conven-
tional asphalt production is an energy intensive process.
The PU pavement materials, however, can be produced

and constructed at room temperature and only a com-
mon compactor is requested during construction.

Polyurethane repair material

As mentioned above, the two most conventional pav-
ing materials, cement concrete and asphalt mixture, are
inevitably damaged in service. As an excellent repre-
sentative of novel polymer material, when the polyure-
thane is designed as rigid form, it has the characteristics
of lightweight, high specific strength, strong adhesion to
other substances, rapid curing at room temperature and
excellent durability [61-63]. It is an excellent structural
material and was firstly developed as a pavement repair
material in 1990s [64, 65].

In recent years, polyurethane is often used for the rapid
repair of important roads, such as i) highway pavement:
In the service life cycle of asphalt pavement, due to the
coupling effect of environmental factors and traffic load,
aging and cracking often occur on asphalt pavement [66].
If it is not maintained or repaired in time, water will enter
the cracks, which will accelerate the water damage of
the pavement materials and affect the adhesion between
the upper and lower layers of the asphalt pavement [67].
In addition, under the action of vehicles, potholes will
appear on the road, which will eventually hinder the traf-
fic on the road. Polyurethane is often used in the preven-
tive maintenance of asphalt pavement and pothole repair.
On the one hand, polyurethane has the characteristics



Hong et al. J Infrastruct Preserv Resil (2021) 2:27

of high strength, water resistance, and aging resistance.
Researchers proposed to use polyurethane materials
to modify emulsified asphalt to meet the maintenance
requirements of asphalt pavements [68, 69]. On the other
hand, polyurethane is used to manufacture the memory
material of asphalt pavement to solve the problems of
existing asphalt materials that are difficult to adapt to
temperature deformation, UV aging, elastic recovery and
poor mechanical properties [70]; ii) airport cement pave-
ment concrete: The conventional repair materials and
techniques cannot meet the strict requirement of airport
pavement in quality and time of repair. Due to the novel
polyurethane repair materials being equipped with excel-
lent mechanical properties and low shrinkage deforma-
tion, these were proved to be suitable for use as a repair
material for airport pavement of asphalt and cement
[71]. Furthermore, Huang et al. investigated the fabrica-
tion and improvement of the polyurethane (PU)-based
polymer concrete (PC) for rapid cementitious runway
repair [55]; and iii) tunnel paving: As a closed space, the
functional requirements of the tunnel pavement are dis-
tinct from the ordinary pavement. In recent years, with
the increasing requirements for the safety, comfort and
environmental friendliness of tunnel pavement, asphalt
pavement has been questioned for using as pavement
materials in the tunnel in terms of meeting the goal of
sustainability and environment friendly. Because polyu-
rethane to pavement does not need to be heated during
paving and forming strength, it emits less greenhouse
gas, which is very suitable for paving and rapid repair of
tunnel pavement. Innovative thin polyurethane overlay
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(PTO) has been developed to maintain existing roads and
construct new ones [51].

Polyurethane permeable pavement material

Compared to conventional pavement structures, porous
pavements are not only designed to bear traffic loads
but also play an important role in noise reduction and
water management [72-74]. To achieve a high perme-
ability, a void-rich pavement structure such as PA and
PC with open-graded aggregate are currently the most
feasible and effective approach to ensure sufficiently high
void contents. However, the open porous design results
in a significantly weakened pavement structure as stated
before; adhesion failure and the limited durability of
porous pavement mixtures has been the most prominent
obstacle, limiting the widespread application of perme-
able pavements [74—83].

PU binder is exhibiting a high mechanical and chemi-
cal durability to overcome the challenges of conventional
porous asphalt mixtures [46, 47, 49, 84, 85]. The excellent
performance of PU indicates that the material provides a
favourable combination of functionality and mechanical
properties [22, 50, 86]. A comparison of the mechani-
cal properties between PUPM and conventional porous
pavement materials can be shown in Table 1. High resist-
ance to deformation and fatigue of PUPM pavements are
proven in previous research. During the reaction pro-
cess, the two liquid components cure and become solid
polyurethane, thereby proving the mechanical strength
between the aggregates. The manufacturing process of
PUPM is illustrated in Fig. 4.

Table 1 Mechanical properties between PUPM and conventional porous pavement materials

Type of mixture Compressive strength (MPa)

Tensile strength (MPa) Young’s modulus (GPa)

PUPM [47] 18.63 +1.39
PA[87] 2.00£0.25
PC[88] 19.00 & 2.50

3364038 6.64 +0.08
0.75£0.25 040 £0.10
169 +0.25 2000+ 0.73

Fig.4 Samples of PUPM [50]
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Based on the excellent properties of the PU binder, sev-
eral functional and sustainable pavement materials have
been developed. Among those materials, the most widely
known is Poroelastic Road Surface (PERS). PERS is a
novel type of pavement surface, which includes recycled
tire rubber into low-noise pavements as aggregate [43].
Based on the PU binder applied in the previous research,
the tensile strength was improved significantly in cold
temperature [89, 90]. The sound absorption coefficients
of PERS have higher and wider peaks compared with
conventional PA. It proved the suitability of PERS for
urban roads in cold regions and outlined the significant
economic and social benefits.

Another sustainable application is to develop a new
pervious pavement material by replacing natural aggre-
gate with recycled ceramic aggregate and replacing
bitumen with a PU binder, so-called PU-bound Ceram-
ics Recycled (Porous) Pavement (PCRP) material [22].
The PCRP material exhibits high compressive strength
and low permanent deformation. The high proportion
of ceramic aggregate and the strong cohesive strength of
PU result in a large elastic modulus. An extremely high
hydraulic conductivity was achieved with a high void
content and improved void connectivity. Thus, PCRP
is suitable to be widely adopted for the construction of
permeable pavement systems for improving stormwater
drainage. Furthermore, PCRP shows superior acoustic
properties in comparison with conventional PA 8.

In contrast to conventional hot-mix asphalt, PCRP
production does not need any heating and there-
fore results in a significant reduction in energy use
and greenhouse gas emissions. PCRP uses environ-
mentally friendly raw materials, and the whole pro-
duction process is “cleaner” compared to that of
conventional asphalt mixtures. With potential envi-
ronmental and economic benefits, further studies are
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needed to investigate the fatigue behavior and durabil-
ity of the material and optimize the material design.

The difference in energy use and GHG emission for
producing and placing the two materials was analyzed
in detail.

As discussed above, the differences in energy use
and GHG emissions between PA and PU pavement
materials are mainly attributed to different mixture
production and construction conditions. Based on the
previous research, producing one ton of the PU mix-
ture only requires 0.16 KWh, equivalent to 0.58 MJ. The
energy consumptions and GHG emissions in terms of
CO,-equivalent (CO,-e) for one tone of the respective
mixtures are shown in Table 2. PU pavement material
consumes much less energy and generates less GHG
emissions since it does not need to be heated for mix-
ing and pavement manufacturing.

In a special situation, the construction of one lane-
kilometer of pavement (thickness is assumed to be 40
mm and the lane width is assumed to be 3.8 m), the
production and construction of PU pavement requires
much less energy and generates much less GHG emis-
sions (less than 10 percent in comparison to conven-
tional porous asphalt pavements). However, the price
estimate suggests that the use of PU mixture is still an
expensive choice mainly due to the price of PU (PU
binder currently is about 5 times more expensive than
polymer-modified bitumen). However, due to the
excellent durability and functionality of noise absorp-
tion and stormwater management, the monetary
value of PU materials should still be considered in the
future.

Polyurethane tunnel pavement material
The increase of requirements for pavements in tun-
nels including safety, comfort and environmental

Table 2 Energy consumptions and GHG emissions in producing one ton of mixtures [22]

Energy consumption (MJ)

GHG (CO,-€) (kg)

Material Fuel consumption
Type Rate Fuel
Diabase + bitumen Diesel (kg) 574 191.07
Heavy oil (kg) 5.66 191.07
Natural gas (m?) 6.97 191.07
Granite + bitumen Diesel (kg) 7.54 271.29
Heavy oil (kg) 743 271.29
Natural gas (m?) 9.16 271.29
Limestone 4 bitumen Diesel (kg) 6.51 22545
Heavy oil (kg) 642 22545
Natural gas (m?) 7.91 22545

Ceremic+PU

Electricity Total Fuel Electricity® Total
521 196.28 15.02 4.56 19.58
521 196.28 18.17 4.56 22.74
521 196.28 1341 4.56 17.97
521 276.50 19.73 4.56 24.29
521 276.50 23.86 4.56 2842
521 276.50 17.62 4.56 22.18
521 230.66 17.04 4.56 21.60
521 230.66 20.61 4.56 2518
521 230.66 15.22 4.56 19.78
0.58 0.58 0.50 0.50

2 Note: GHG emissions from electricity are highly dependent on the energy source to generate electricity. In this study, the average data of different regions in China is

used [22]
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friendliness, asphalt pavement has gained popularity
in long tunnels due to its low noise and dust emissions,
easy maintenance and good comfort. However, conven-
tional tunnel asphalt pavements also have safety and
environmental shortcomings [91-93]. The innovative
polyurethane-based paving material [39, 51] has been
developed to be a substitute.

In contrast to the conventional tunnel pavement
materials, the innovative polyurethane-based ultra-thin
friction course (UTFC) has significant improvements
in the mechanical and functional properties as well as
the environmental performance [39, 51]. The excellent
mechanical properties were verified in the Marshall
stability and splitting strength, lised in Tables 3 and 4
[39], repectively. As lised, although the PUM exhib-
its relatively poor water stability, its residual mechani-
cal properties are still much higher than that of the
asphalt mixture. The excellent functional properties
mainly include the wear resistance, noise absorption
performance and flame resistance, showin in Fig. 5 [39],
Fig. 6 [51] and Table 5 [39], respectively. The excel-
lent environmental performance showed in the lower
global warming potential (GWP) and energy consump-
tion, lised in Table 6 [39]. Therefore, the above two
PU/UTECs will resolve significant problems in asphalt
pavement in the tunnel and possess a broader applica-
tion prospect.
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Polyurethane bridge deck paving material

The polyurethane mixture (PUM) was gradually designed
as the bridge deck paving material [52—54]. In contrast
to the conventional asphalt bridge deck paving material,
the polyurethane bridge deck paving material showed
excellent dynamic stability, toughness, water stability,
low-temperature sensitivity, fatigue performance as well
as the full waterproof function, which fully meets the
requirements of bridge deck paving material [53, 54],
listed in Table 7. In addition, compared to the SBS modi-
fied asphalt mixture, the polyurethane bridge deck paving
material was verified to have an excellent long-term ser-
vice under the photothermal coupling aging and thermo-
oxidative aging [52]. However, polyurethane bridge deck
paving material is in the development stage and has not
been applied successfully.

Other applications

The PU resin is often used as the sealant for the expan-
sion joints or maintenance of bridge decks [101] and
concrete pavements [70]. In the process of using, the
PU sealant is inevitably subjected to the effects of vehi-
cle loads, ambient temperature, moisture or water,
creep, etc., [102]. Moreover, the failure of sealant in
the expansion joints will lead to further damage to con-
crete pavement [102]. Fortunately, the PU sealant [103,
104] is well suited to the above task due to its excellent

Table 3 The Marshall stability of the polyurethane mixture used for tunnel pavement, compared to the conventional asphalt mixture

Type of mixture Gradation type  Marshall stability Technical Test method
requirements
Before water After water Residual  (Residual value, %)
immersion (kN) immersion value (%)
(kN)
Polyurethane mixture  AC-10 [39] 110.2 86.8 78.8 - T 0709 in JTG E20-2011, China
OGFC-10 [39] 80.3 66.8 83.2
Asphalt mixture SMA-16 [94] 1.8 105 89.0 >750
AC-161[95] 8.5 7.3 85.9
AC-131[95] 84 7.5 89.3

Table 4 The splitting strength of the polyurethane mixture used for tunnel pavement, compared to the conventional asphalt mixture

Type of mixture Gradation type Splitting stregth

Technical Test method

requirements

Before the first After the first Residual (Residual value, %)
freeze-thaw cycle freeze-thaw cycle  value (%)
(MPa) (MPa)
Polyurethane mixture  AC-10[39] 58 25 431 - T0729in JTG E20-2011,
OGFC-10[39] 37 20 541 China
Asphalt mixture AC-161[95] 0.825 0.670 81.2 >70.0
AC-131[95] 0.825 0.587 71.2
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Fig. 6 The comparison of acoustic absorption coefficient between the polyurethane mixture and asphalt mixture [51]

toughness or even good shape memory characteristic
[70], strong adhesive, good strength, abrasion resist-
ance, fatigue resistance, corrosion resistance, UV aging
resistance, etc. In addition, in the early stage, the pol-
yurethane was mainly used as the light-load pavement
materials [45, 48], such as park roads, sidewalks, sports
grounds, runways, etc.

Conclusions and outlook

The above studies have provided a lot of experimental
and theoretical basis for material genome design of pol-
yurethane pavement materials. The results have shown
that the polyurethane mixture has excellent mechanical
properties, corrosion resistance, ultraviolet aging resist-
ance and wear resistance, as well as good anti-blocking,
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Table 5 The comparison of ignition time (TTl) between the
polyurethane mixture and asphalt mixture

Type of mixture Gradation type TTI(s)

Polyurethane mixture AC-10 [39] 313
OGFC-10[39] 299
PUB[51] 142

Asphalt mixture AC-10[39] 34
OGFC-10[39] 35
OGFC [51] 90
SMA [51] 108

Table 6 The comparison of environmental impact analysis
between the polyurethane mixture and asphalt mixture [39]

Type of mixture  Gradation type Global warming Energy

potential (GWP) consumption

(MJ)
Polyurethane OGFC 72.7 177.8
mixture
Asphalt mixture OGFC 110.1 640.3

anti-peeling and noise reduction properties. However,
due to the lack of supporting construction technol-
ogy and the lack of corresponding specifications, the
polyurethane mixture is still in the initial research and
development stage. Some studies have carried out the
verification of the test track, but the application of the
actual project is still to be improved. In addition, polyu-
rethane mixture should have a good long-term service
performance, but the current study does not for polyu-
rethane comprehensive evaluation of the durability of
the concrete, such as have been found under the action
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of freeze-thaw cycle polyurethane road gravel mixture is
the evolution of the reports, also did not find a variety
of service environments polyurethane concrete splitting
properties, permeability resistance, uniaxial compres-
sion performance, Marshall stability, bending properties,
shear strength and resistance to chloride-ion permeabil-
ity, etc. Therefore, the future research direction of pol-
yurethane mixture mainly including pavement material
preparation technology, long-term service performance
evaluation and control, construction technology and
standard, its main application in the permeable pave-
ment (such as sponge city), the surfacing layer, even can
also be applied in polyurethane mixture as a new carrier
of intelligent road.

In general, facing the diversity and unpredictabil-
ity of future climate and traffic load, the gene-editable
characteristics of PU materials have laid a solid foun-
dation for the on-demand design of paving materials in
the future. It can effectively combine the advantages of
both asphalt and cement pavement while avoiding the
disadvantages of traditional materials. In addition, the
construction process of PU materials is more environ-
mental-friendly, which in line with the future Carbon
neutral policy.

Considering the gene-editable nature of polyurethane,
further research on the polyurethane-based pavement is
believed to implement its on-demand design based on
the material genome design theory. For this purpose, the
raw material gene database, material terminal perfor-
mance database and their structure-activity relationship
will be established by a certain amount of experimental
research and theoretical calculations for high through-
put. In addition, the verification of demonstration engi-
neering applications is also essential.

Table 7 The comparison of the road performance between the polyurethane- and asphalt-based bridge deck pavement materials

Technical index Type of mixture Testresult Technical Test method
requirements
Dynamic stability (70°C, 0.7 MPa) / (passes/mm) Polyurethane mixture [53] 69750 >6000 T0719in JTG E20-2011, China
Dynamic stability (60°C, 0.7 MPa) / (passes/mm) Base asphalt mixture [96] 1691 >1000
SBS modified asphalt mixture [96] 6503 >2800
Residual splitting strength after freeze-thawing /%  Polyurethane mixture [53] 80 - T07291in JTGE20-2011, China
Base asphalt mixture [96] 776 >70
SBS modified asphalt mixture [96]  90.0 >75
Fatigue life (15°C, 1200 ue) / 10* Polyurethane mixture [53] 168 T0739in JTG E20-2011, China
Fatigue life (15°C, 0.6 stress ratio) / 10* Asphalt mixture [97] 207 -
Fatigue life (20°C, 1000 pe) / 10* Asphalt mixture [98] 0.2856 -
Low-temperature flexural tensile strain (-<10°C) /ue ~ Polyurethane mixture [53] 48762 - T 0728 in JTG E20-2011, China
Asphalt mixture [99] 2322 >2000
Water permeability coefficient / (ml-min™) Polyurethane mixture [53] No seepage <200 T0730in JTG E20-2011, China
Asphalt mixture [100] No seepage <200
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PU: Polyurethane; GHG: Green House Gas; SBS: Styrene-Butadiene-Styrene; PE:
Polyethylene; EVA: Ethylene-vinyl acetate copolymer; SBR: Styrene-butadiene
rubber; PET: Polyester; CR: Crumb rubber; VOCs: Volatile organic compounds; CRCP:
Continuous reinforced concrete pavement; MGl: Materials Genome Initiative; UV:
Ultraviolet; PUMs: Polyurethane mixtures; PUM: Polyurethane mixture; FEM: Finite
Element Method; DFT: Density Functional Theory; PC: Polymer concrete; PTO: Poly-
urethane overlay; PA: Porous asphalt; PPM: Polyurethane pavement material; PUPM:
Polyurethane porous mixture; PERS: Poroelastic Road Surface; PCRP: PU-bound
Ceramics Recycled (Porous) Pavement; UTFC: Ultra-thin friction course; GWP: Global
warming potential; PU/UTFCs: Polyurethane-based ultra-thin friction course; AC:
Asphalt concrete; OGFC: Open graded friction course; SMA: Stone matrix asphalt;
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