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Abstract: The developing world has been faced with high rates of unemployment, exasperated by
extended enforced lockdowns due to the Pandemic. Pressure is mounting for drastic intervention
to accelerate economic growth and to provide employment opportunities. Most of these countries
are faced with inadequate road transport facilities in support of economic growth. The construction
of high-order roads in support of economic growth, require high degrees of compliance with limited
opportunities for increased the labour content. However, many of the existing surfaced roads are
notoriously lacking periodic preventative maintenance operations needed to preserve the integrity
of road surfaces to protect pavement structures against water ingress and resultant rapid deteriora-
tion. This article demonstrates the ability of available, proven nanotechnologies to restore the water-
resistant properties of already compromised road surfacings. It is shown that traditionally used road
products can substantially be improved (in terms of strength properties and resistance to environ-
mental factors) through the addition of applicable nanotechnology modifiers. These modified prod-
ucts can be applied at ambient temperatures, ideally suited for labour intensive applications as
demonstrated, showing several examples of actual applications. A combination of modified existing
technologies is recommended to partially restore severely compromised road surfacings, especially
applicable to secondary, tertiary and urban road networks. The implementation of the recom-
mended restoration programmes can go a long way towards road asset preservation, while simul-
taneously, addressing the urgent need for rapid employment generation.

Keywords: Nanotechnology applications in road maintenance; preventative road surface mainte-
nance; nanotechnology clear-seals; New-age (Nano) Modified Emulsions (NME); pothole repairs;
modified bitumen emulsion slurry seals; hydrophobic modified binder slurries; hydrophobic road
surface sealants; labour intensive periodic maintenance; rapid employment for preventative road
maintenance.

1. Introduction

The developing world is faced with high unemployment statistics, exasperated by
extended lockdown of economies enforced by the world-wide Pandemic. Governments
are under increasing pressure from the electorate to create job opportunities with in-
creased expenditure on infrastructure projects and to create an environment for economic
growth. A prerequisite for economic growth is a transportation infrastructure supporting
economic actives, giving access to markets, etc. Hence, Road Authorities are also under
increasing pressure to increase the labour component of road infrastructure projects. The
construction of high-order primary roads in support of economic growth, require high
degrees of compliance with engineering specifications and it is often difficult to increase
the labour content on these projects.
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The increase in the labour component of lower-order roads is more easily achieved,
where the expected level of service, in line with the number of vehicles to accommodate,
are of lesser importance as a component to economic growth. However, an often-over-
looked component for increased labour-intensive operations on road networks, are the
periodic maintenance of the existing surfaced roads. Periodic maintenance (also known
as preventative maintenance), are notoriously lacking in numerous countries, often lead-
ing to premature distress and the destruction of valuable road infrastructure assets. In the
absence of Maintenance Management Systems (MMS’s) the integrity of road surfacings
are relatively soon compromised (compared to the original road structure design period)
due to the ageing effect (environmental impact) of the surfacing binder, leading to crack-
ing, water ingress into the road pavement structure resulting in accelerated premature
distress in the form of cracking, surface disintegration and potholes. In effect, the absence
of MMS’s, can directly be associated with the destruction of valuable state assets (roads)
which directly supports economic growth.

The introduction of any new disruptive technology [1] in a traditionally well-estab-
lished industry such as the road industry, is usually associated with considerable re-
sistance. This is especially relevant when the new technology is based on the use of rela-
tively new concepts not traditionally associated with the road infrastructure industry such
as nano-silanes, hydrophobicity, nano-polymers and New-age (Nano) Modified Emul-
sions (NME). These concepts are all relatively new in the road industry, although most (if
not all) of these concepts and products have been used successfully in the built-environ-
ment decades, some since the 1800s [2,3,4], to protect stone buildings from the destructive
effect of adverse weather (water) conditions. The applicability of proven nanotechnolo-
gies had been identified [5] for use in roads more than a decade ago and proven in labor-
atories [6,7,8,9] beyond reasonable doubt over the last two decades.

Over the last decade the use of material compatible NME technologies for the stabi-
lisation of marginal granular materials have been proven through Accelerated Pavement
Testing (APT) [10,11,12] and in practice [7,13]. Simultaneously, the fundamental require-
ments [14] for NME products and scientifically based design concepts have been devel-
oped and published in international peer-reviewed reputable journals [15,16] to ensure
that these technologies can be universally applied without risk to life and the environ-
ment. Risks to pavement design engineers are also minimised in terms of future pavement
materials behaviour, durability and cost implications using life-cycle cost analysis incor-
poration probabilistic theories [17]. In fact, the adoption of design concepts incorporating
material compatible NME nanotechnology solutions have been shown to reduce the pro-
vision of sustainable road transportation infrastructure by more than 50 per cent [11,12].
Data also shows a considerable reduced damage caused by overloading (of high im-
portance in the absence of law-enforcement in terms of heavy-vehicle overloading), com-
pared to traditional pavement structural design approaches [11,12].

These same applicable nanotechnologies proven for the construction of road pave-
ment layers are just as suitable for the periodic, preventative maintenance and protection
of existing roads. Road surface maintenance is a well-documented problem, especially in
the developing world, where little capacity in terms of sustainable periodic, preventative
maintenance programmes exists. The expected distress-free durability of bituminous sur-
facing materials on roads under harsh environmental conditions (exposure to high ultra-
violet radiation and high temperature variations normally experienced between the trop-
ics and in the desert areas of the world) are normally much less than the design period of
road pavement structures of 20 years or more. If left unattended, in the absence of good
MMS'’s, these roads surfaces will develop environmental-related cracking that will soon
deteriorate into surface disintegration and roads inundated with potholes in the presence
of water and vehicle loading. It follows that any breach in the integrity of the road surface
will result in considerable premature structural damage and the effective destruction of
considerable investments in road infrastructure. This scenario is all too familiar and com-
mon in many parts of the world in dire need of economic development and associated
employment opportunities.
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Traditionally used preventative maintenance actions are usually associated with the
placement of new surfacings (e.g. chip-seals), applying high-temperature bituminous
products. In the same vein, traditionally used mixes for pothole repairs, or the re-instate-
ment of surface damage, comes at considerable cost. These “cold-mix” products are noto-
riously expensive and difficult to use under low-temperature conditions (below 20°C),
resulting in relatively low compacted densities and highly porous surfacings. Hence, wa-
ter penetration into these reinstated surfacings is relatively easy with a resultant quick
deterioration in condition and the re-appearance of the potholes, usually with increased
extent and dimensions.

The adoption of proven nanotechnologies for the stabilisation of granular pavement
layers [16], also applicable to road surface maintenance, could be key to the reversal of
scenario of road pavement pre-mature distress due to compromised road surfaces. The
objectives of this article are to:

e Demonstrate the advantages that can be achieved using applicable, safe nanotechnol-
ogy solutions for periodic/preventative maintenance, specifically with regard to the
quantification of the water-repellent (hydrophobic) ability of these technologies;

e Recommend applicable modified binder products suitable to address road surface dis-
tress when the integrity of the road surface has already been compromised, allowing
water ingress into the pavement structure and associate development of distress, and

e Demonstrate the suitability of nanotechnology solutions to road preventative and rou-
tine road surface restoration activities, for labour-intensive applications, creating rapid
employment opportunities.

The considerable benefits in terms of depth of penetration (due to small particle sizes)
of nano-based products, ease of application (little training required) and the proven high
degree of hydrophobicity (water-repellent characteristics) [14] are ideally suited to cost-
effective labour-intensive maintenance actions, exceeding the performance of tradition-
ally used preventative maintenance products. The nanotechnology solutions are also to
present the ability to partially restore roads (especially applicable to secondary, tertiary
and urban roads) where the surface integrity has already been compromised, exhibiting
continuously increasing surface cracking, disintegration and pothole formation, at a frac-
tion of the costs of partial reconstruction so often required.

2. Applicable Nanotechnology Solutions to Road Maintenance

The applicable use of safe nanotechnology solutions for the labour-intensive mainte-
nance of existing roads are shown in terms of the:

e Protection of and restoring of the surface integrity of existing road surfaces through the
application of applicable hydrophobic Nano-Polymer Nano-Silane (NPNS) “clear-seal”
nanotechnology solutions, the effect of which is demonstrated (under extreme condi-
tions), on an:

o Unsurfaced unprotected compacted laterite soil (common weathered material
found between the tropics) [16];

o Unprotected compacted high-quality crushed stone pavement base-layer with no
prime or any other surfacing, and

o Existing surfaced road with the integrity of the road surface already severely com-
promised, exhibiting severe crocodile cracking (also known in some parts of the
world as alligator cracking);

e Effective repair of roads containing multiple potholes using pre-packed anionic NME
repair pothole kits to create a hydrophobic restored road surface, which are easy to use,
requiring the minimum of effort and training, and

e The resealing of the road using a hydrophobic anionic NME modified binder slurry
seal to restore some deformities in the wheel-tracks and produce a labour-intensive,
hydrophobic, cost-effective, water resistant and durable surfacing.

All of these road surface periodic maintenance and restoration actions can easily be
performed using labour-intensive operations, requiring the minimum training. In light of
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high unemployment rates in many parts of the world, there is a heightened need to create
employment through infrastructure investments. The introduction of nanotechnology so-
lutions for the effective maintenance and restoration of road networks can result in the
creation of rapid employment opportunities with considerable advantages in terms of
road asset protection.

3. Fundamental Principles Applicable to the Selection of Nanotechnology Solutions
Suitable for Road Surface Maintenance

3.1. General

The understanding of the benefits to be gained and the principles associated with the
use of new-age nanotechnologies are crucial to the successful introduction thereof in the
roads industry. General concerns in terms of issues such as health and safety obviously
need to be addressed. The general adoption of new technologies is closely linked to the
ease of application, not requiring complicated procedures (e.g., similar to the successful
introduction of new telecom (cellular phones) and IT devices (laptops)).

The same principles will apply to the introduction of new technologies in the roads
industry. Of considerable importance in the era following the devastating impact of the
Covid 19 Pandemic, is the ability to provide more employment opportunities without
considerable investments in advanced training. These elements could prove critical in the
fast-tracking of new nano-technologies in a top-down policy approach, especially if ad-
vantages in the use of the new technologies can be shown to be superior in performance
compared to traditionally used methods and products (even in a conservative environ-
ment such as the roads construction and maintenance industry).

It follows that the basic criteria to ensure that nanotechnology solutions are success-
fully implemented, must be clearly identified and assessed in the line of intended appli-
cation, i.e. in this case, sustainable and improved road maintenance actions (products to-
gether with application methods), resulting in cost-effective road-asset preservation.

The following fundamental basic characteristics associated with available, proven
and/or new nanotechnologies, will ensure that risks are minimised through the introduc-
tion of these technologies in the road maintenance environment [14]:

e Toxicology, health and safety of the use of various nano-scale products;

e Environmental aspects, leaching and affecting ground-water;

¢ Nanotechnology products as a binder and/or sealer;

e  Stability of the nano-modified stabilising agent in a carrier fluid, e.g., water for dilu-
tion and ease of application, suitable for labour-intensive applications;

¢ Quantity (volume) of the nano-silane to be added, as influenced by the relative sur-
face area or coverage needed to achieve the required characteristics of surface integ-
rity - this aspect could be closely related to the condition of the existing surface that
could be worse in the wheel-tracks than outside the wheel-tracks;

e Hydrophobic characteristics as required with the addition of the nano-silane to the
nano-polymer for road surface maintenance;

e  Compatibility aspects of nano-silanes and nano-polymers to provide a stable product
resistant to degeneration;

e Engineering evaluation of the effect of Nano-Silane Nano-Polymer (NPNS) hydro-
phobic (water-proofing) qualities and the required stability, quick drying and engi-
neering strength criteria of durable NME pothole repair mixes (i.e.,, compressive
strengths, tensile strengths and durability), and

e Cost—aspects associated with the use of new nanotechnology-based products for pe-
riodic preventative and restoration maintenance of existing roads.

Every one of these aspects are of importance in the evaluation of new nanotechnol-
ogy-based products and discussed in detail in the References 14. However, some aspects
of high importance to the road industry and labour-intensive applications (with specific
reference to toxicology, health and safety) and environmental impact of the use of various
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nano-scale products are expanded upon in short. Only aspects of importance to road sur-
face maintenance (complimentary to the above) are illustrated for clarity of understanding
of the various concepts.

3.2. Toxicology, health safety and environmental impact

It should be noted that many of these NPNS based products are generally available
and used in the built environment and form the basis of numerous of the latest Do-It-Your-
self (DIY) products generally available and sold to the public. These products include seal-
ants (water-repellent agents that are strayed onto walls of houses to avoid and prevent
water-ingress and damage to houses), adhesives and paints, etc. utilising the “excellent
mechanical, optical, thermal and electrical properties” of these organofunctional nano-
silanes. Generally these products show typical conditions for safe applications an example
of which is shown in Figure 1. These protective recommendations are usually also appli-
cable to routine road maintenance activities (e.g. grass cutting), and road construction ac-
tivities using bituminous products.

Figure 1: Normal recommendations found on DIY products generally available in hard-
ware stores for the water-proofing of houses; (a) Overalls; (b) Mask; (c) Eye-protection; (d)
Gloves.

However, it should be noted that these products for the protection of stone buildings
originated in Europe [2,3,4] and good-quality products will meet the health and safety and
environmental regulations in-place in the European Union (EU). Many silane couplings,
which are freely available commercially, will form siloxane bonds. However, of these, only
a few known nano-silanes will have the “correct balance of volatility and reactivity without
being harmful to society” or to the materials being treated [4]. Hene, it is of importance to
take cognicance of the the “ Safety Sheets” when selecting an appropriate safe product —
similar to the selction of any “safe” house-hold cleaning agent.

Two chemical processes are usually applicable with the addition and use of nano-
scale products in the built environment. The first occurs during the mixing thereof with a
carrying fluid during any construction/maintenance activity, (referred to as a process of
hydrolysis) (e.g., mixing with water) and secondly, during condensation (when the prod-
uct attaches to the material during treatment or stabilisation). During any of these two
processes by-products can be formed. It must be ensured that any nano-scale product
used, does not generate any by-product (liquid or gas) that may be toxic in any way. The
by-product formed during the hydrolysis process of the nano-silane when in contact with
water, is of fundamental importance in the selection of an appropriate and applicable
nano-silane to be used in general engineering projects [4]. The most appropriate and de-
signed alkoxy-silanes will form water as a by-product or at the worst, a non-corrosive
alcohol [4].

Alkoxy-silanes (also referred to as organo-functional silanes due to the water-repel-
lent molecule attached to the silicon element) generally available for water-proofing of
buildings, have low vapour pressures and do not form toxic gasses or acids during hy-
drolysis. Similarity, the approved products used for the treatment of buildings/houses, etc
(e.g. DIY products) forms water as a by-product during consolidation (attachment onto
the surfacing, forming a three-dimensional matrix covering all exposed surfacings it has
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been chemically designed to attach to [15] —it will, for example, not attach to exposed skin,
as will be demonstrated.

From an environmental point of view, the alkoxy-silane is bound to the sub-strata
through chemical bonds (e.g. Si-O-5i bonds - one of the strongest in nature) (in the case of
silicon rich materials — the 274 most abundant element in the crust of the earth after oxy-
gen). Using naturally available materials containing few or no free silicon elements to ef-
fect silicon bonds (e.g., calcretes or severely weathered laterites), an applicable Hydroxy
Conversion Treatment (HCT) [15] nano-product should be added to the compatible nano-
silane, ensuring that chemical bonds of similar or stronger strengths are achieved [15].

It follows that recommended nano-silanes based products must be scientifically de-
signed to strongly attach chemically to the generic fingerprint of the minerals contained
in the materials that are being treated, resulting in no risk of leaching and/or contamina-
tion. In fact, the alkoxy-silane modification of traditionally used binders, such as bitumen
(as contained in, e.g., bitumen emulsions to form anionic NME products), will firmly at-
tach the bitumen to the stone/aggregate/soil, preventing any bitumen from detaching
from the soil and cause any contamination. The same principle also applies to the modifi-
cation of bitumen for use in asphalt manufacturing. The modification of the binder sing a
material compatible nano-silane product (EU compliant), will assist greatly to prevent or
at least minimise any possible future leaching and contamination cause by the binder in
the asphalt surfacing of roads.

3.2. Particle size and the effect on road surface maintenance

The main objective of road periodic (preventative) surface maintenance is to protect
and/or restore the integrity of the surfacing to prevent secondary distress. The larger the
particle sizes of the products used for road surface maintenance, the less would be the
depth of influence on the road surface. This aspect is visually demonstrated in Figure 2.

From Figure 2 it is seen that surface rejuvenators (e.g. diluted bitumen emulsions),
comprise of particle sizes between 2 and 5 um (similar to most of the available polymers),
will seal some micro-cracking with little in-depth penetration and protection of the surfac-
ing and with hence, a limited effect on the restoring of the integrity of the road surface. It
is well-known that the use of rejuvenators as a road surface maintenance action, will in-
crease the durability of the road surfacing for a year or two only. In the case of the use of
a diluted bitumen emulsion, road markings will be affected and will have to be re-instated
as a road-safety measure. In contrast, the use of a clear-seals (diluted NPNS), will show
much deeper penetration with a longer-lasting effect.

3.3. Water-repellent (hydrophobic effect) of nano-silanes

In terms of road surface maintenance, resistant to water damage is of cardinal im-
portance. Any penetration of water into micro-cracks will, under the action of traffic load-
ing, develop large pore-pressures able to quickly destroy the integrity of the road surfac-
ing. The result is an accelerated deterioration and the development of pumping of fines
from the supporting base-layer. If not addressed immediately, potholes will develop with
severe safety and cost implications. A major advantage of the use of material compatible
nano-silanes, is that the surface of the material it attaches to is changed to become hydro-
phobic and it will repel water. This water-repellent nature is demonstrated in Figure 3.
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Figure 2: Effective penetration using rejuvenators (diluted bitumen emulsions) in comparison to
“clear-seals”, i.e. Nano-Silanes modified Nano-Polymers (NPNS) of different particle sizes for the
treatment of old road surfacings (same surface condition).
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Figure 3: “Beading” of water droplets showing the hydrophobic (water-repellent) nature of a nano-
silane treated surfacing of a material.
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The practical effect of the treatment of a material with a material compatible nano-
silane is shown in Figure 4, with the treatment of black-cotton soil. The treated material
has been broken into small pieces and although gaps exist between the separate material
(treated black-cotton clay) pieces, the water drops do not penetrate the material or gaps
and form beading on the top of the nano-silane treated material. The same effect is
achieved with the treatment of other materials such as fine-grained sands, where water
drops will remain suspended on top of the sand as shown in the inset (b) in Figure 4. In
this case the “glue” in the NPNS, i.e. the nano-polymer, is not present to bind the particles
together and create the strength as part of a material compatible NPNS treatment.

Water-droplets showing
“beading” on top of the treated

crushed black-cotton clay

Figure 4: (a) Practical demonstration of the hydrophobic (water-repellent) surfacing created using
black-cotton soil treated with a material compatible nano-silane. The hydrophobic nature of the sur-
face of the broken clay particles prevents the water droplets shown on top of the broken treated clay
particles from penetrating the material or the gaps between the broken pieces of the treated clay
sample; (b) Similarly, a water-drop remains suspended on fine-grained sands treated with a material
compatible nano-silane.

3.4. Ease of use — labour-intensive friendly application of NPNS

The NPNS is diluted into water to contain about 5 per cent NPNS as a “clear-seal” to
be applied to road surfaces. Application can be done by water-truck (at a uniform rate) but
is user-friendly for easy application by hand-sprayer as demonstrated in Figure 5. Due to
the small particles of the clear-seal the particles penetrate the surface quickly and is dry
within a maximum of 30 minutes as shown on the right, with a Marvil apparatus to meas-
ure the rate of water penetration into the surfacing. The clear-seal (NPNS diluted in water
(5 per cent concentration)) is normally applied at about 1 to 2 I/m? — the application rate
depends on the condition of the road surface and is applied at a rate that will not result in
run-off from the road surface. Clear-seals applied as a preventative measure, will require
no new road markings and will not result in any pick-up and contamination.
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Figure 5: (a) Application of a clear-seal by hand-sprayer at a rate of approximately 1 to 2 1/m? (about 5 to 10 ml of NPNS
/m? at a material cost of about US$ 0.10 to US 0.20 /m?) — note the close proximity of the sprayer head to the road surface
to prevent loss during windy conditions; (b) the dried surfacing 30 minutes after application of the clear-seal with a
Marvil apparatus placed on top of the surfacing to measure the rate of water penetration into the treated surface.

The Marvil apparatus is sealed onto the surfacing using putty to prevent the water
from seeping between the surfacing and the bottom of the Marvil apparatus. The fact that
the rate of application of the clear-seal should be a function of the condition of the road
surface makes application by hand-sprayer the preferred method of application. With
hand-application the rate of application can be adjusted based on visual observations. With
more distress in certain areas of the road surface (e.g. the wheel-tracks), the rate can be
controlled to prevent run-off and wastage. Application by water-bowser will, in the case
of a varying in the surface condition, result in over- or under-application along a length of
road.

The Marvil apparatus will be used (as shown) to measure and quantify the effect of a
clear-seal application on various surfacings. Measurements were taken before the clear-
seal application and after the clear-seal has dried and at some time after the treated surfac-
ing has been exposed to traffic. Worst-case scenarios have been selected to show the water-
repellent nature of a clear-seal in practice under a variation of conditions. The clear-seal
product [18] (refer Acknowledgements) used, was applied by hand sprayer (refer Figure
5) to a very poor quality untreated compacted (laterite) material, a compacted high-quality
untreated crushed-stone base-layer (granular materials without any surfacing or protec-
tive prime) and a surfacing which have been severely compromised (in terms of its protec-
tive qualities to prevent water-ingress into the base-layer), full of crocodile cracking (alli-
gator cracking) to quantify, in practice, the impact of the clear-seal application. In cases
such as that shown in Figure 5(b), where the clear-seal is applied as a preventative meas-
ure, no water penetration were measured over at set time intervals lasting in excess of 3
hours.
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4. Nanotechnology Solutions to Road Maintenance: Protecting and/or Restoring the
Integrity of Road Surfaces

4.1. Clear-seal applications

As discussed, various compacted materials were treated and tested to measure and
quantify the impact of the clear-seal application. In all examples, the clear-seal was ap-
plied by hand-sprayer to saturation of the material as shown in Figure 5, at a rate adjusted
by eye to limit (prevent) run-off of the clear-seal and to optimise application rates.

42.1. Treatment of a very poor material containing more than 20 per cent Kaolinite clay
at the University of Pretoria, Engineering 4 facility

A small section of this compacted material was treated to test the hydrophobic nature
that can be achieved with the clear-seal [18] (refer Acknowledgement) treatment. The ma-
terial consisted of a very poor quality G10 [19] clay-based material compacted to 93 % mod
AASHTO [20,21] as shown in Figure 6(a). The treated section is shown as an inset in Figure
6(a). After drying, water was poured onto the treated surface, the effect of which is shown
in Figure 6(b). The beading of the water shows the high degree of hydrophobicity achieved
through the treatment of the very poor material (compare Figure 3). No water-penetration
tests were done on this very poor material.

Figure 6: (a) Very poor-quality clay material (G10 quality material [19]) compacted to 93% mod AASHTO [20,21] and
hand-sprayed with a clear-seal [18] (refer Acknowledgements) until saturation; (b) After drying of the clear-seal, water
was poured onto the treated section — the shape of the water drops show the level of hydrophobicity achieved on the
surface of the red-clay material (refer Figure 3).

42.2. Treatment of a very good G1 quality [19] crushed stone base-layer that has not
been primed at the University of Pretoria, Engineering 4 facility

A section of a newly constructed very good G1 quality [19] base-layer compacted to
88% of ARD [22] was not previously treated with any surfacing or prime. Consequently,
the same clear-seal [18] (refer Acknowledgments), as applied on the red-clay material
shown in Figure 6, was applied by hand-spay to saturation on the expose base-layer. The
clear-seal [18] (refer Acknowledgements) was applied at a materials cost of approximately
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US$ 0.08 to US$ 0.12 /m? to visually assess and to test and quantify the effect of the clear-
seal application using the Marvil apparatus. Shortly after application of the protective
clear-seal, 5 mm of rain fell at the site and the protective impact wat tested through the
turning of a truck over the treated and untreated Glquality [19] base-layer, the effect of
which is shown in Figure 7.

Nine months after application, the Marvil apparatus was used on the G1 quality [19]
layer to test the rate of penetration of the water into the G1 [19] layer. Tests were performed
on an untreated section of the G1 [19] base, on a section of the G1 [19] base that was treated
with the clear-seal [18], but not subjected to any traffic and on a section treated with the
clear-seal [18], subjected to light vehicle traffic over the nine-month period. The conditions
of the G1 quality [19] crushed-stone base-layer test sections after a period of 9 months are
shown in Figure 8. The penetration rates of the G1 layer after being exposed to elements
for more than 9 months with some vehicle movement on some sections are summarized in
Table 1. It should be noted that the period covered spanned the 2020/21 summer rain-fall
season — an unusually good season in terms of the rain recorded. The water damage from
the rain on the exposed G1 [19] base layer with no application of the clear-seal, can be
seen if Figure 8 (aa). The corresponding conditions of the G1 [19] test sections (where the
Marvil tests were done) after cleaning the surfacing from any loose material through light
brushing with a hand brush, are shown in Figure 9.

Treated section — undisturbed
by truck turning movement

- —— -
e G S |

Figure 7: NPNS clear-seal application on an unprotected G1 quality [19] base-layer at the Engineering 4 facility at the
University of Pretoria, showing the effect of truck turning movements on sections treated with the clear seal [18] (left)
versus untreated section (right) — the application was done by hand-sprayer to saturation.
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Figure 8: Condition of the G1 quality[19] base-layer at the University of Pretoria, Engineering 4 facility after being open
for 9 months from 21/8/2020 to 20/5/2021: (aa) Un-treated G1 layer subjected to rain; (ab) Clear-seal [18] treated subjected
to rain; (ba) Clear-seal [18] treated subjected to rain; (bb) Clear-seal treated subjected to rain and light traffic.

Table 1: Penetration rates tested using Marvil apparatus of the application of a NPNS clear-seal [18]* on an exposed G1
quality [19] base-layer at the Engineering 4 facility at the University of Pretoria (date applied — 21-08-2020; date tested
—20-05-2021) — test duration on each section = 1 hour.

Permeability measured on G1 quality [19] G1[19] layer - G1 [19] layer - Treated with a NPNS

the G1 quality [19] base- base- layer - Un- Treated with a NPNS  clear-seal [18] applied at £ 1 |/m? -

layer per volume of water treated clear-seal [18] ap- with 9 months of light vehicle trav-

(Figure 8(a)) pliedat+11/m?>-no elling and some surface damage

traffic (Figure 8(b) (Figure 8(c))

@ 50 ml 0.370 I/hour 0.035 I/hour 0.059 I/hour

@ 100 ml 0.260 I/hour - -

@ 150 ml 0.207 I/hour - -

Permeability at different

intervals

20 ml - 0.030 I/hour -

25 ml - - 0.061 I/hour

75 ml 0.279 I/hour -

Average Permeability 0.279 1/ hour 0.030 I/hour 0.061 I/hour

*(refer Acknowledgements)
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Figure 9: (a) Condition of G1 [19] unprotected surfacing subjected to 9 months of rain in 2020/21 Pretoria South Africa
(loosened material brushed clean); (b) G1[19] base-layer with clear-seal [18] applied after 9 months of rain in 2020/21
and no traffic; (c) Cleanly brushed surfacing of G1 [19] base-layer treated with a clear-seal [18] subjected to 9 months of
rain and light traffic.

The effect of the clear seal [18] as measured in Table 1 and the corresponding photo-
graphs in Figure 9 are conclusive. The clear-seal application [18] protected the G1 quality
[19] crushed stone base-layer over a period of 9 months without any surface damage and
reduced the water-ingress by a factor of 10. Although the surfacing experienced some
damage under the action of light traffic over a period of 9 months (Figure 9(c)), the base-
layer still retained considerable resistance to water-ingress, which is still one-fifth of that
of the untreated G1 [19] base-layer section. This G1 [19] base-layer subjected to light traffic
over a period of 9 months clearly shows the depth of protection provided by the clear-seal
[18] application.

4.2.3. Treatment of road section with some severe crocodile cracking (alligator crack-
ing) in the wheel-tracks

Similar to the measurements on the G1 quality [19] base-layer, the effect of an appli-
cation on a clear-seal [18] (diluted NPNS) was shown on a severely compromised surfacing
exhibiting severe crocodile cracks (alligator cracks). The condition of the surface with the
Marvil apparatus is shown in Figure 10(a) before any treatment. Water is clearly seeing
seeping out underneath the Marvil apparatus trough the extensive network of crocodile
cracking (alligator racking). After application of a clear-seal [18] to a rate to saturation and
the drying thereof, another Marvil test was done close to the original test site (refer com-
parative test sections clearly visible in Figure 10(b)). After the clear-seal [18] application no
water could be observed in the cracks leaving from the Marvil apparatus.

Water penetration using the Marvil apparatus was measured both before and after
the application as recorded at different time intervals as given in Table 2. Table 2 also con-
tains comparative measurement taken after a period of 14 days during which time the road
was opened to normal traffic. The reduction in water-penetration into the severely cracked
surface is clearly evident. After application of the clear-seal the water ingress into the pave-
ment structure was reduced by 97 per cent. After 14 days of the road being opened to
traffic, the water-ingress was still reduced by 81 per cent. These results are significant and
in combination with as hydrophobic cost-effective slurry mix, could restore the integrity
of the surfacing for a number of years.
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Figure 10: (a) Water-penetration before application of a clear-seal, showing water seeping out along the extensive net-
work of cracks; (b) Marvil test after application of a clear-seal showing the sealing effect of the clear-seal [18] (refer
Acknowledgements).

Table 2: Penetration rates tested using the Marvil apparatus of the application of a clear-seal [18] on a severely cracked
surfacing exhibiting closely spaced crocodile cracking (refer Acknowledgements).

Pre-treated After application of 14 days after application of
(Figure 8(a)) a clear-seal clear-seal and opened to
(Figure 8(b) traffic

Permeability at different intervals

7 minutes 0.214 I/hour 0.000 I/hour 0.017 I/hour

15 minutes 0.200 I/hour 0.008 I/hour 0.020 I/hour

20 minutes 0.150 I/hour 0.009 I/hour 0.018 I/hour

Average Permeability 0.188 1/ hour 0.006 I/hour 0.036 I/hour

In order to address any concerns about a possible decrease of the skid-resistance of
the surfacing caused by the application of the clear-seal, skid resistance testing was done
using the British Pendulum Tester (Figure 11), both before and after the application of the
clear-seal. The results of the skid-resistant tests are given in Table 3. No statistical differ-
ence between the test done before and after the application of the clear-seal was measured.


https://doi.org/10.20944/preprints202201.0093.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2022 d0i:10.20944/preprints202201.0093.v2

Figure 11: Skid resistance testing done before and after application of a clear-seal [18] (refer Acknowledgements).

Table 3: Skid-resistance measurements busing the British Pendulum testing device before
and after the application of the clear-seal [23] (refer Acknowledgements).

Pendulum Test Results Control (No Seal) With clear-seal application
Test Point 1 100 110

Test Point 2 110 100

Test Point 3 110 95

Test Point 4 90 100

Test Point 5 95 90

Total (Average) 101 99

4.2. Repair of potholes using pre-prepared NME pothole kits

In cases where damaged in terms of potholes have already occurred, the surfacing
can quickly be fixed with an anionic NME [23] (refer Acknowledgements) gravel mix
(Figure 12). Due to the organofunctional modification of the anionic NME mix, the pothole
mix will dry within an hour. The use of an anionic NME pot-hole mix [23] is done at a
fraction of the costs of traditional cold-mix, providing a hydrophobic (water-repellent)
restored surfacing. The tested Unconfined Compressive Strengths (UCS) and the Indirect
Tensile Strengths (ITS) done according to the recommended rapid curing process in a dry
and wet state [16], are shown in Table 4. Before the repair of potholes, the hole should first
be cleaned of any loose material as per normal procedure. The pothole must be dry and
for potholes requiring more than one bag to fill, the exposed material within the pothole
should be treated with the application of a clear seal (diluted NPNS) or by “painting” the
cleaned pothole with some spare anionic NME binder.
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Figure 12: (a) Cleaning of pothole; (b) filling pothole with a water-resistant anionic NME gravel [23] (refer Acknowl-
edgements); (c) hot-hole filled and partially compacted by hand, and (d) vehicles driving over filled pothole and in-
crease compaction.
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Table 4: Unconfined Compressive Strength (UCS) and Indirect Tensile Strength (ITS) tests
performed on a NME binder prepared pothole repair kit [23] (refer Acknowledgements)
—evaluated against the criteria used to evaluate the stabilisation of material using a mate-
rial compatible NME stabilising agent [16].

d0i:10.20944/preprints202201.0093.v2

UCS (MPa) Material ITS (kPa) Material
Classification [16] Classification [16]

UCS (dry) 44 NME1 ITS (dry) 350 NME1

UCS (wet) 4.3 NME1 ITS (wet) 320 NME1

RCS* 98% NME1 RTS** 91% NME1

*RCS = Retained Compressive Strength [16]; **RTS = Retained Tensile Strength [16]

The formation of potholes is usually an indication of a severely compromised surfac-
ing in terms of its ability to prevent water from entering the pavement structure. It follows,
that the fixing of individual potholes will not be a solution to restore the integrity of the
surfacing and pot-holes will continue to develop along the length and width of the road.
In order to restore the integrity of a road surface, the filling of potholes should be done as
one element in a process to repair and restore the integrity of the surfacing and prevent
water ingress into the base-later and the continued formation of potholes.

As per the standard in the industry, anionic NME binder pothole kits [23] (refer
Acknowledgements) used in this demonstration and tests are prepared in 25 kg bags for
ease of use on site. Due to the low viscosity of the binder, no problems of application at
temperatures above freezing is experienced. These anionic NME binder pothole kits can
be produced at a cost of about US$ 3.00/25 kg (including packaging) at an established
place of manufacturing.

The material must be compacted using normal hand compactors, or alternatively,
vehicles can be used to effectively compact the material and fill the pothole to the level of
the original surface. The road can be opened to traffic immediately following the filling
and compaction of the pothole, as shown in Figure 12(d). The anionic NME pothole bind-
ers are designed to bind firmly with the exposed granular materials and handling by hand
will cause minimum contamination with little or no bitumen sticking to exposed skin as
demonstrated in Figure 13 - showing a hand (clean from any bitumen sticking to the skin
and a little bit of dirt which can be cleaned with ordinary soap and water) that was pur-
posely used to handle some material from the pothole kit to demonstrate the effect of the
organofunctional modification of the bitumen emulsion used to prepare the pothole kits
(as discussed in Section 3.1).

4.3. Resurfacing using a labour-intensive slurry-seal prepared using a hydrophobic ani-
onic NME binder

It is unfortunately the experience that numerous roads in various municipalities and
regions all over the world have deteriorated due to a lack of maintenance to a condition
requiring at least some improvement within the wheel-tracks. A cracked surface similar
to that shown in Figure 10(a), is at a point where severe pumping of fines under the action
of water and traffic will develop, with associated increase in deformation, reduced riding
quality and the development of potholes. In the presence of extensive existing crocodile
cracking (alligator racking) and/or pothole filling, the application of a clear-seal (diluted
NPNS) and anionic NME binder pothole filling, should be followed by the application of
a labour-intensive anionic medium NME slurry. Such a reseal can provide some restora-
tion of riding quality, providing a hydrophobic, maintenance free flexible, ultra-violet
(UV) resistant, new surfacing with an expected surfacing life in the order off at least 5 to
10 years, (or longer) depending on traffic and climatic conditions.
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Figure 13: Demonstration of the effect of the organofunctional modification of the anionic
bitumen emulsion used in the NME pothole kits that is designed to adhere to granular
material, resulting in a minimum contamination when in contact with bare skin. No bitu-
men is sticking to the hand and the dirt can easily be washed using normal soap and wa-
ter.

Slurry resealing using anionic NME binders can be done fully trough labour-inten-
sive methods as shown in Figure 14. The anionic NME slurry mix can be prepared at a
central plant in close proximity to the site in a large concrete mixer and delivered to site
as shown in Figure 15. Alternatively, the anionic NME slurry can be prepared using la-
bour-intensively methods, with small concrete mixers next to the road as shown in Figure
16, for application shown in Figure 14 and Figure 17. Figure 17 also shows the labour-
intensive application of an anionic NME slurry mix to a single seal to construct an anionic
modified binder Cape seal [12]. In all cases, final spreading and completion of the anionic
NME slurry is done by hand using squeegees for dissipating the slurry and a drag hessian-
mat for final texture. In cases where some substantial repairs are required in the wheel
tracks, the final seal can be preceded by rut-depth deformation filling as shown in Figure
18.

With little layout, numerous employment opportunities can be created which will
provide effective protection to existing surfaced roads from the detrimental effect of wa-
ter-ingress and the resultant formation of potholes. These activities can effectively con-
tribute to the protection of existing surfaced roads and positively address some of the
well-documented, existing back-logs, in the maintenance of surfaced road networks.
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Figure 14: Application of a labour-intensive anionic NME slurry seal to effectively provide a water-repellent new sur-
facing, preventing water-ingress into the pavement structure on a severely cracked surfacing without disturbing the
existing surfacing and restoring some riding quality — this surfacing will dry within 6 hours due to the water-repellent
addition of the nano-silane — the anionic NME modified binder slurry seal is mixed to provide a six hour working
envelope, found to be practical on actual projects, while creating a permanent bonding to the old surfacing and a water-
resistant surfacing.

Figure 15: Slurry NME mix supplied to site using a large concrete mixer - spread using hand operated squeegees and
obtaining the required texture with a hessian-mat dragged by hand.
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Flow-bit with andionic NME binder Concrete mixer with sand, crusher
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tor easy access via gravity

Pouring of shurry with NME binder Transporting of shurry mix with

into wheelbarrow anionic NME binder onto surfacing

Figure 16: Labour-intensive road-side manufacturing of the slurry mix for an anionic NME binder slurry seal or for a
modified Cape seal using an anionic NME binder.
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slurry mix
Figure 17: Labour-intensive construction of a modified Cape seal using an anionic NME binder slurry mixed on site
next to the road

surtacing is achieved
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Figure 18: Filling of deformed areas on the road surface using a medium NME slurry mix as a pre-treatment to address
severe deformation before applying a NME slurry across the whole width of the lane and road as shown in Figures 14
and 15.

5. Recommendation for the Labour-Intensive Restoration of Compromised Existing
Road Surfacings

The preceding sections demonstrate the labour-intensive preventative and surface
restoration practice that can be implemented immediately by road authorities using appli-
cable and proven nanotechnology solutions with enhanced performance characteristics on
existing surfaced road networks. The fact is that in the absence of well managed MMS’s,
road networks all over the world has deteriorated to a state where preventative mainte-
nance is no longer a viable option on its own. Many roads have deteriorated to a stage
where potholes are a common phenomenon, requiring a combination of the actions as dis-
cussed to restore the integrity of the pavement surfacing in a cost-effective alternative to
partial reconstruction.
A combination of the labour-intensive options may be a viable to safeguard and re-
store numerous roads while presenting opportunities for rapid employment as a relief to
social problems experienced all over the world. In order to restore the integrity of damaged
roads, the process as illustrated in Figure 19 is recommended, following the instructions:
e Step 1: Restore the hydrophobicity of the road surface through the application of an
anionic clear seal (diluted NPNS) by hand application to a point of saturation;

e Step 2: Clean and repair existing potholes using an anionic NME Pothole kit to provide
a hydrophobic fill, and

e Step 3: Fill all cracked areas and restore some localised deformation by applying an
anionic NME slurry mix before restoring the surfacing with an anionic NME slurry mix.
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e

Road surface integrity
compromised beyond Periodic
Maintenance stage with cracking,

patches, surface disintegration
and new potholes - requiring
intensive restoration

Step 1: Restore hydrophobicity of surfacing
through a NPNS clear-seal

Step 2: Repair existing potholes with an
anionic NME mix Pothole repair with a
proven strength and hydrophobicity

Step 3: Restore localised deformation and
crack-filling with a uniformly anionic NME
slurry mix, providing a hydrophobic seal

Figure 19: Recommended restoration of compromised road surfacings using available proven nanotechnology solutions
suitable for labour-intensive application for rapid job creation providing valuable asset protection.
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6. Conclusions

Unemployment statistics are at record levels following the severe economic impact
of lockdown all over the world as a result of the Pandemic. Governments, especially in
developing regions of the world, are under increasing pressure by the electorate to pro-
vide employment opportunities and conditions favourable to economic growth. Infra-
structure spending is seen as a major instrument available to Governments with the em-
phasis on high labour contents. Good transportation networks are crucial to economic
growth and Road Authorities are under immense pressure to create more employment
opportunities through road infrastructure development projects. However, specifications
for primary roads in support of economic growth, require a high degree of mechanised
equipment with little additional opportunities for labour-enhanced work.

However, many of the surfaced road networks in the developing world are lacking
preventative maintenance, essential for the protection of the integrity of the surfacing of
roads to preserve the structure below the surfacing. Consequently, numerous premature
failures are too often the reality, rather than the exception, all over the world. The lack of
preventative maintenance and the deterioration of existing surfaced roads, present Road
Authorities with unique opportunities to create rapid employment and effective asset pro-
tection, utilising the enhanced water-repellent properties offered by available proven nan-
otechnology solutions. These solutions have been used in the built environment for the
protection of buildings since the 1800’s and are just as applicable to road infrastructure
projects.

The same technologies developed for the protection of buildings houses can also be
utilised to protect and repair roads. The unique characteristics of these nanotechnology
solutions can provide enhanced resistance against the damaging effect of water, the main,
well-documented cause of premature distress on roads. These nanotechnology solutions
not only provide improved protection to road surfacings but are also ideally suited for
labour-intensive applications. This article has measured and quantified the effect of the
application of Nano-Polymer Nano-Silane (NSNP) clear-seals under challenging situa-
tions on unsurfaced compacted materials as well as severely cracked road surfaces. An
immediate effect of a more than 10 times reduction in water-penetration was measured
under these conditions. There is little doubt that the water-repellent effect of nano-silanes
can be beneficiary to road maintenance activities. In combination with pothole kits,
providing hydrophobic repairs to existing failures and nano-silane modified binders for
slurry seals, Road Authorities could contribute not only to rapid employment opportuni-
ties, but at the same time address asset protection in support of sustainable economic de-
velopment.

It follows that the applicable and proven nanotechnologies can effectively play a con-
siderable role in the protection of the existing surfaced road infrastructure due to the in-
herent properties of the organofunctional silanes in terms of e.g.:

e  Water-repellent (hydrophobic) characteristics that will render surfacings to repel wa-
ter and prevent the ingress thereof;

e Nano-scale particle sizes that enable deep penetration into the existing surfacing and
restore the water-resistant characteristics of existing surfacings;

e Adhesive and strength properties that can contribute considerably to the restoration
of surfacings already requiring pothole repairs, and

e Applications suitable to be applied at ambient temperatures above freezing without
application of pre-heating.

The application of maintenance activities incorporating suitable nanotechnology so-
lutions can be highly effective towards labour-intensive operations. These actions could
include the manufacturing and hand application of the following actions:

e Application of a deep-penetrating clear-seal (diluted NPNS) to restore the hydropho-
bic integrity of road surfacings. The rate of application depends on the condition of
the surfacing and hence, is best observed and applied by hand-sprayer to prevent
over- or under-application. Tests done on granular materials (as a worst-case
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scenario) have shown a 90 per cent (or more) reduction in water-ingress in a severely
cracked surfacing;

e Repair of existing potholes using preprepared pothole kits using an anionic NME
binder (with a shelf life of approximately 4 months), providing hydrophobic high
strength protection which, in combination with a clear-seal and hydrophobic re-seal
will give extended distress-free protection to the under-laying pavement layers, and

e Application on an NME modified binder medium slurry seal. These seals can be used
to restore some existing uneven deformation caused by extensive cracking within
wheel-tracks without removing the existing cracked areas, before applying a final
NME slurry mix across the whole width of the road. The NME modified binder will
provide a hydrophobic surfacing not achieved using traditional products.

The implementation of these maintenance activities can be done with little training,
requiring no sophisticated equipment and incorporate the water-resistant characteristics
of the organofunctional silanes. These actions can all be applied at ambient temperatures,
requiring no extensive dangerous heating processes and creating numerous employment
opportunities while protecting one of the most precious existing assets (transport infra-
structure) of a country.
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