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Abstract - Concrete structures face durability issues due to
water ingress, chemical exposure, and cracking, leading to
corrosion, permeability, and reduced service life. Crystalline
self-healing waterproofing offers an advanced solution by
reacting with moisture and unhydrated cement to form
insoluble crystals that block pores and seal cracks internally.
This process enhances durability, reduces permeability, and
enables autonomous crack healing over time. Studies show
significant reductions in water penetration and up to 70%
crack closure, with improved resistance to chlorides and
sulphates. Field applications, including tunnels and treatment
plants, demonstrate long-term sealing performance, though
effectiveness depends on moisture availability and crack size.
Case studies reveal reduced construction time and cost
compared to traditional systems, while surveys highlight
growing industry acceptance despite challenges like higher
initial costs and limited awareness. Overall, crystalline
waterproofing provides a durable, cost-effective, and
sustainable solution for modern construction.
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1. INTRODUCTION

Concrete is one of the most widely used construction
materials due to its strength, versatility, and cost-
effectiveness. However, it is inherently prone to cracking
caused by shrinkage, thermal variations, and external loads,
which creates pathways for water ingress and aggressive
chemicals. This leads to reinforcement corrosion, reduced
durability, and increased maintenance costs. Conventional
waterproofing systems such as membranes and coatings act
as external barriers, butthey are often susceptible to damage,
poor adhesion, and long-term deterioration.

To overcome these limitations, crystalline-based self-
healing waterproofing has emerged as an advanced solution.

These materials react with moisture and hydrated cement
particles toforminsoluble crystals that block pores and seal
micro-cracks within the concrete matrix. This internal
mechanism provides continuous protection and enhances
durability. As a result, crystalline waterproofing offers a
more reliable, long-term, and sustainable alternative for
modern construction, especially in structures exposed to
water and harsh environmental conditions.

2. METHODOLOGY

This study adopts a structured, multi-layered methodology
to evaluate the performance and applicability of crystalline-
based self-healing waterproofing in concrete structures. The
research primarily relies on secondary data supported by
practical insights from real-world applications.

The first stage involves an extensive literature review to
understand the fundamental mechanisms, material
behavior, and performance characteristics of crystalline
waterproofing. This is followed by a detailed analysis of
more than forty peer-reviewed research papers to assess
crack-healing efficiency, permeability reduction, and
durability under various conditions.

The next stage includes net-based studies of global projects
to examine field performance and long-term effectiveness.
Case studies from real construction projects are then
analyzed to evaluate cost efficiency, construction time, and
practical implementation.

Finally, questionnaire surveys and expert interviews are
conducted to capture industry perspectives. The collected
data is comparatively analyzed to draw conclusions on
performance, limitations, and overall feasibility.

3. WHATY IS WATERPROOFING

Waterproofing is a critical process in construction that
prevents the ingress of water and moisture into structures,
thereby protecting concrete from deterioration and
enhancing its durability. Concrete, despite its strength and
versatility, is inherently porous and susceptible to micro-
cracking. These characteristics allow water, chlorides,
sulphates, and other aggressive agents to penetrate the
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structure, leading to reinforcement corrosion, chemical
attack, and progressive degradation.

Effective waterproofing ensures the longevity, safety, and
functionality of structures, especially in water-retaining and
below-grade applications such as basements, tunnels,
reservoirs, and foundations. Without proper waterproofing,
structures may experience leakage, reduced service life, and
increased maintenance costs. Traditional waterproofing
methods typically involve surface treatments such as
membranes, coatings, and sealants, which act as external
barriers to water penetration. However, these systems often
fail over time due to mechanical damage, poor workmanship,
or environmental exposure.

4. EVOLUTION OF WATERPROOFING

The evolution of waterproofing reflects the growing demand
for more durable and reliable construction solutions. Early
waterproofing techniques relied on natural materials such as
clay, tar, and bitumen to create protective barriers. With
advancements in construction technology, bituminous
membranes, polymer coatings, and synthetic materials such
as PVCand EPDM became widely used due to their improved
flexibility and water resistance.

Despite these improvements, conventional aterproofing
systemsremained limited because they function primarily as
external barriers. Over time, these barriers are prone to
puncture, delamination, aging, and failure due to
environmental exposure or poor installation practices.
Additionally, they do not address internal micro-cracks that
develop within concrete due to shrinkage, thermal stresses,
and loading conditions.

To overcome these limitations, the focus shifted toward
integral waterproofing systems that provide internal
protection. Among these, crystalline-based waterproofing
has emerged as a significant advancement. Unlike traditional
systems, it works within the concrete matrix itself, offering
long-term protection and self-healing capabilities. This
evolution marks a transition from passive external
protection to active internal durability enhancement.

5. MECHANISM OF CRYSTALLINE
WATERPROOFING

Crystalline waterproofing operates through a chemical
reaction that occurs within the concrete matrix. The
materials consist of reactive compounds that interact with
moisture and by-products of cement hydration, particularly
calcium hydroxide. When water enters the concrete, these
chemicals dissolve and migrate through the -capillary
network. Upon reacting with available moisture and
unhydrated cement particles, they form insoluble, needle-like
crystals that grow within pores, capillaries, and micro-cracks.

These crystals effectively block pathways for water
ingress, reducing permeability and enhancing the overall

density of the concrete microstructure. One of the most
significant features of crystalline waterproofing is its self-
healing capability. The chemical reaction remains dormant
until the presence of water reactivates it. This allows the
material to seal newly formed cracks over time, typically up
to 0.3 mm under standard conditions, and sometimes larger
in field environments with continuous moisture exposure.
This mechanism not only prevents water penetration but
also improves resistance to chemical attacks, chloride
ingress, and sulphate exposure. As a result, crystalline
waterproofing contributes to long-term durability and
reduced maintenance requirements.

6. ADVANTAGES OF CRYSTALLINE
WATERPROOFING

Crystalline waterproofing offers several advantages over
conventional waterproofing systems, making it a preferred
choicein modern construction. One of its primary benefits is
its ability to become an integral part of the concrete matrix.
Unlike surface coatings, it does not rely on adhesion and is
not prone to mechanical damage or delamination. The self-
healing capability is another significant advantage. The
material can automatically seal micro-cracks when exposed
to moisture, reducing the need for external repair and
maintenance. This contributes to enhanced durability and
extended service life of structures.

Crystalline waterproofing also reduces permeability
significantly, improving resistance to water ingress,
chlorides, sulphates, and other aggressive chemicals. It is
particularly effective in structures exposed to hydrostatic
pressure and harsh environmental conditions. From a
construction perspective, integral admixtures simplify the
waterproofing process by eliminating the need for multiple
layers of external membranes. This reduces labour
requirements, construction time, and potential errors during
application. Additionally, the long-term reduction in
maintenance costs makes it an economically viable solution
despite higher initial material costs.

7. LIMITATIONS OF CRYSTALLINE
WATERPROOFING

Despite its advantages, crystalline waterproofing has
certain limitations that must be considered. The
effectiveness of the system depends on the presence of
moisture, as water is essential to activate the chemical
reaction. In dry conditions, the self-healing process may be
delayed or limited. The crack-sealing capability is generally
effective for cracks up to approximately 0.3-0.4 mm. larger
cracks may require additional repair methods or
supplementary waterproofing systems. Performance can
also vary depending on factors such as concrete
quality, dosage, curing conditions, and environmental
exposure.

Proper mixing and dosage are critical to ensure uniform
distribution of the admixture. Inadequate dispersion can
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lead to inconsistent performance. Similarly, surface-applied
coatings require careful preparation and curing to achieve
optimal results. Another limitation is the relatively higher
initial cost compared to traditional waterproofing systems.
However, this cost is often offset by long-term savings in
maintenance and repair. Additionally, limited awareness and
lack of standardized guidelines in some regions can hinder
widespread adoption.

8. Review of Literature

The thematic review consolidates findings from forty- five
research papers to provide a comprehensive understanding
of crystalline-based waterproofing in concrete structures.
The literature consistently identifies crystalline
waterproofing as a chemically driven, moisture-activated
process that enhances durability through pore blocking and
crack sealing. The mechanism involves the formation of
insoluble crystalline structures within the concrete matrix,
which reduce permeability and restrict the ingress of water
and aggressive ions. Studies confirm that this process
enables progressive self-healing, particularly under
sustained moisture exposure, and performs effectively in
aggressive environments such as saline conditions, freeze-
thaw cycles, and chloride-rich settings.

Dosage optimization emerges as a critical parameter
influencing performance. Most studies suggest an optimal
range between 0.5% and 1.5% of cement weight, where
improved hydration, reduced permeability, and enhanced
microstructural densification are observed. However,
excessive dosage may lead to adverse effects such as
increased porosity or reduced workability, highlighting the
need for controlled mix design and standardization.

The application of crystalline waterproofing is widely
documented across diverse structures, including tunnels,
basements, reservoirs, and marine environments. Research
indicates that integral admixtures provide uniform
distribution and long- term protection, while surface-
applied coatings are effective for repair and retrofitting
works. Comparative studies reveal that crystalline systems
often outperform conventional waterproofing methods in
terms of durability, permeability reduction, and maintenance
efficiency.

Despite these advantages, the literature also highlights
certain limitations. Performance is highly dependent on
moisture availability, and crack-sealing efficiency is generally
limited to widths of approximately 0.3-0.4 mm. Variability in
material formulations, testing methods, and environmental
conditions further contributes to inconsistent results across
studies, emphasizing the need for standardized evaluation
procedures. From a sustainability perspective, crystalline
waterproofing demonstrates significant lifecycle advantages.
It reduces maintenance requirements, minimizes repair
interventions, and extends structural service life, thereby

lowering environmental impact and resource consumption.
Overall, the thematic synthesis confirms that crystalline
waterproofing is a reliable and sustainable solution for
enhancing concrete durability, though its effectiveness
depends on proper dosage, application practices, and
environmental conditions.

9. Net Case Study

The net study expands the understanding of crystalline-
based self-healing waterproofing by examining real-world
applications, technical documentation, and case studies
from industry practice. While earlier discussions focused on
theoretical mechanisms and laboratory validation, this
section shifts attention to field performance, where
variables such as workmanship, environmental exposure,
crack variability, and construction constraints significantly
influence results. By bridging theory with practice, the
chapter provides a more comprehensive view of how
crystalline waterproofing behaves under actual service
conditions. The study compiles data from infrastructure
projects such as water treatment plants and tunnels to
evaluate the effectiveness of crystalline admixtures under
hydrostatic pressure, long-term seepage, and varying
environmental conditions. It also considers execution time,
curing requirements, and cost implications in comparison
with traditional waterproofing systems like membranes and
coatings. Overall, the findings reinforce that crystalline
waterproofing can serve as a durable and efficient solution,
though its success is strongly dependent on application
quality and environmental factors.

The first case study, conducted at the Richland Creek Water
Treatment Plant in the United States, focused on evaluating
crack-sealing efficiency under continuous leakage
conditions. The structure consisted of a reinforced concrete
reservoir, and leakage was observed during initial filling.
Crystalline admixtures had been incorporated into the
concrete mix, designed to react with water and form
insoluble crystals within pores and cracks. These crystals
gradually block water pathways, reducing permeability and
enabling self-healing. At the initial stage, widespread
leakage was observed across the reservoir, particularly
through cracks exceeding 2.5 mm in width. This was
significantly larger than the manufacturer’s recommended
sealing limit of 0.4 mm, raising concerns about the system’s
effectiveness. However, subsequent inspections revealed
progressive improvement. After 38 days, a noticeable
reduction in water flow was observed, with several cracks
showing complete or partial sealing. Crystal formation was
visible in many areas, indicating that the chemical reaction
had begun to take effect. By the third inspection, conducted
approximately 52 days after filling, most leakage areas had
dried significantly, and even previously severe seepage
zones showed substantial reduction.
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The observations from this study revealed that the
crystallization process is strongly influenced by water
availability. Areas with higher water flow experienced faster
crystal growth and quicker sealing, while low-flow regions
required more time. Notably, cracks wider than 2.5 mm
were successfully sealed, demonstrating that under
continuous exposure, the material can exceed its expected
performance limits. However, the results also showed that
performance varies depending on environmental conditions
and crack characteristics, and that severely damaged areas
may still require additional repair measures. Overall, the
study confirmed that crystalline waterproofing is highly
effective as a secondary system that enhances long-term
durability.

Figure 1-Day 1 observation, 38" day observation, 52nd
day observation

The second case study, carried out in the Karahnjtukar
headrace tunnel in Iceland, examined the performance of
crystalline waterproofing in sprayed concrete under cold
environmental conditions. In this project, XYPEX crystalline
admixture was added to shotcrete at varying dosages, and
its effectiveness was evaluated over time. The methodology
involved applying the material in areas with active seepage
and conducting visual inspections at intervals of one, three,
and eighteen months. Early observations in this study
revealed that leakage did not decrease immediately after
application. Instead, wet areas expanded during the first
three months, indicating that the crystalline reaction had
not yet progressed sufficiently to block water pathways.
This behavior was consistent across all test areas and
highlighted the absence of short-term waterproofing
performance, particularly in cold conditions where chemical
reactions proceed more slowly. However, long-term
observations told a different story. After approximately 14
to 18 months, many of the previously active leakage areas
had dried out completely. The surfaces displayed white
mineral deposits, which are indicative of crystalline or
carbonate formation resulting from the reaction process.
These deposits provided visible evidence that the internal
pore structure had been progressively sealed. Among the
tested dosages, the 1.5% concentration showed the most
consistent and effective results, demonstrating the
importance of adequate material dosage in achieving
optimal performance.

The findings from this study emphasize that crystalline
waterproofing is inherently time-dependent. While it does
not provide immediate sealing, it becomes increasingly
effective over extended periods, especially when sufficient
moisture is present to sustain the reaction. The cold tunnel
environment further slowed the process, reinforcing the
role of temperature as a critical factor influencing
performance.

Figure 2--1 month old - 1.5 % XYPEX, 14-18 month old -
1.5 % XYPEX
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The third case study, conducted in the Hédinsfjordur road
tunnel in Iceland, further explored the behavior of
crystalline waterproofing in sprayed concrete under similar
cold conditions. In this project, XYPEX admixture was
incorporated into shotcrete at a dosage of 1.35%, and the
material was applied in varying thicknesses to assess its
effectiveness. The monitoring process involved repeated
visual inspections of designated test areas over time. During
the early months, observations showed that leakage areas
generally increased in size rather than decreasing. New
seepage zones also appeared, indicating that the
waterproofing effect had not yet developed. A notable
phenomenon observed during this stage was the movement
of leakage. As certain pathways began to seal, water was
redirected through alternative capillary networks, resulting
in the emergence of new leakage points nearby. This
behavior reflects a gradual and localized sealing process
rather than an immediate and uniform effect.

Over a longer period of approximately one year, the results
improved significantly. All minor leakage areas eventually
dried out, indicating that the crystalline reaction had
progressed sufficiently to block the flow of water. The study
also suggested that thicker shotcrete layers contributed to
better performance, as they provided a greater volume of
material for crystal growth. Additionally, the application of a
supplementary shotcrete layer further enhanced the overall
sealing effect. The observations from this study reinforce the
understanding that crystalline waterproofing operates
through a progressive mechanism. It does not act as an
instant barrier but instead gradually reduces permeability
by forming crystals within the concrete matrix. The
redistribution of leakage during early stages highlights the
dynamic nature of the process, where water seeks
alternative paths until all accessible channels are eventually
sealed.

Figure 3-Area with 7 to 9 cm thick layer of sprayed
concrete. The figure on the left was take 3 months and the
figure on the right 5 months from the initial application of

the sprayed concrete

10.

Figure 4-Area with 10 to 12 cm thick layer of sprayed
concrete. The Figure on the left was take 3 months and
the Figure on the right 5 months from the initial
application of the sprayed concrete.

Across all three case studies, several consistent conclusions
can be drawn. Crystalline waterproofing is a time-
dependent system that requires sustained exposure to
moisture for activation and effectiveness. Its performance is
strongly influenced by environmental conditions,
particularly temperature and water availability. While it
may not provide immediate watertightness, it offers
significant long-term benefits by reducing permeability and
enhancing structural durability.

The studies also demonstrate that crystalline admixtures
can exceed their expected crack-sealing limits under
favorable conditions, particularly when continuous
moisture is present. However, the effectiveness of the
system is not absolute, and severely damaged areas may
still require conventional repair techniques. Factors such as
dosage, concrete thickness, and crack characteristics play a
critical role in determining the overall outcome.

In conclusion, crystalline waterproofing can be understood
as a gradual self-healing process that transforms concrete
into a more resilient and watertight material over time.
Rather than acting as a quick solution, it functions as along-
term protective system that improves performance through
continuous internal reactions. When integrated with proper
construction  practices and, where necessary,
complementary waterproofing methods, it offers a reliable
and durable approach to managing water ingress in
concrete structures.

Primary Data -Case Study & Survey Method
10.1 Case Study Findings

The primary data from two large-scale infrastructure case
studies provides strong evidence of the practical
performance, economic implications, and execution
efficiency of crystalline waterproofing systems. The first
case study, conducted at Kempegowda International
Airport, Bengaluru, demonstrated the effectiveness of
integral crystalline waterproofing using Penetron Admixin
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a high-demand construction environment. By incorporating
the admixture directly into the concrete ata dosage of 0.8%
by cement weight, the project eliminated the need for
external membrane systems. This integration significantly
streamlined the construction process, reducing the project
timeline from 24 months to 18 months. Although the
admixture increased the concrete cost by approximately 7-
8%, the overall project cost impact remained limited to
around 1.5-2%. The reduction in labour, elimination of
multi-stage waterproofing processes, and long-term
durability benefits outweighed the initial cost increase,
highlighting the efficiency of integral systems in fast-track
projects.

The second case study, conducted at Meenakshi Energy
Power Plant, evaluated a surface-applied crystalline system
(FOSROC Brushbond TGP) for a reinforced concrete water
tank. While this method provided effective waterproofing
through internal crystallization, it required extensive
surface preparation, multiple coating stages, and curing
periods, thereby increasing execution time and labour
dependency. A comparative analysis with an integral
admixture alternative (Conplast Crystalline) revealed that
the latter could have reduced the construction duration by
approximately two weeks and lowered material costs by
nearly 25%. However, concerns regarding dosage accuracy
and quality control led to the selection of the surface system.
Collectively, these case studies indicate that while both
integral and surface crystalline systems are effective,
integral admixtures offer superior advantages in time
efficiency and cost optimization, whereas surface treatments
provide greater control in  execution-sensitive
environments.

10.2 Professional Survey Findings

The professional survey, targeting engineers, architects,
contractors, and industry stakeholders, revealed a high level
of awareness and growing adoption of -crystalline
waterproofing systems within the construction sector. Most
respondents indicated familiarity —with multiple
waterproofing methods, including membranes, coatings, and
crystalline systems, with a significant proportion having
direct experience using crystalline admixtures in basements,
water tanks, and foundations. A key finding was the strong
preference for durability and long-term performance as the
primary criteria for selecting waterproofing systems,
followed by cost and ease of application.

Respondents generally rated crystalline waterproofing
favorably in terms of long-term performance and reduced
maintenance requirements. Many participants confirmed
that the self-healing mechanism reactivates in the presence
of moisture, contributing to improved durability and
reduced leakage over time. Additionally, a majority observed
a decrease in maintenance needs compared to conventional
systems, supporting the claim of lifecycle cost benefits.

However, the survey also highlighted certain challenges,
particularly related to dosage control, workmanship quality,
and variability in performance depending on site conditions.
These factors were identified as critical risks that could
influence the reliability of crystalline systems.

In terms of project impact, many professionals reported that
crystalline waterproofing can reduce construction time
when used as an integral admixture, as it eliminates the
need for separate waterproofing stages. Despite a slightly
higher initial cost, most respondents agreed that the long-
term savings justify the investment. Overall, the survey
findings suggest that crystalline waterproofing is widely
recognized as a durable and efficient solution, though its
success depends heavily on proper application practices
and quality control measures.

10.3 End-User Survey Findings

The end-user survey provided valuable insights into the
practical performance and user perception of crystalline
waterproofing systems in residential and small commercial
settings. Unlike the professional survey, which focused on
technical evaluation, this survey captured experience-based
feedback related to leakage control, maintenance, and
overall satisfaction. The results indicated that while
awareness of crystalline waterproofing among end users is
moderate, those who have experienced it generally report
positive outcomes.

A significant proportion of respondents emphasized the
importance of waterproofing in maintaining building
durability, with most rating it as a critical factor in
construction quality. Among users who had implemented
crystalline systems, many reported noticeable reductions in
leakage, dampness, and related issues such as mold and
surface deterioration. Satisfaction levels were generally
high, particularly in cases where the system effectively
minimized recurring maintenance problems. This highlights
the practical advantage of crystalline waterproofing as a
long-term solution.

However, cost perception emerged as a key concern. Some
respondents expressed hesitation in adopting crystalline
systems due to their higher initial cost compared to
traditional methods. Nevertheless, when informed about
long-term maintenance savings, many indicated a
willingness to consider or recommend the technology. The
survey also revealed that user satisfaction is closely linked
to the quality of application and contractor reliability,
rather than the material alone.

Overall, the findings suggest that crystalline waterproofing
delivers strong performance from a user perspective,
particularly in reducing maintenance and improving
durability. Increasing awareness and better communication
of long-term benefits could further enhance its acceptance
among end users.
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10.4 Interview Insights

The structured interview with construction professionals
and waterproofing experts provided deeper qualitative
insights into the practical implementation, advantages, and
limitations of crystalline waterproofing systems. Experts
consistently emphasized that crystalline technology is highly
effective in enhancing concrete durability and reducing
water ingress, particularly in structures exposed to
hydrostatic pressure such as basements, tunnels, and water-
retaining structures. The self-healing capability, driven by
moisture-activated crystal growth, was identified as a key
advantage that distinguishes crystalline systems from
conventional waterproofing methods.

From an application perspective, professionals noted that
integral crystalline admixtures are easier to implement in
large-scale projects, as they eliminate the need for separate
waterproofing stages. However, they also highlighted that
the success of these systems depends heavily on accurate
dosage control, proper mixing, and adherence to quality
standards. In contrast, surface-applied systems offer greater
control during execution but require skilled labour, careful
surface preparation, and extended curing time.

A critical observation from experts was the time-dependent
nature of crystalline waterproofing. Unlike membranes that
provide immediate protection, crystalline systems require
time for the chemical reaction to develop and seal cracks.
This makes them more suitable for long-term durability
rather than instant waterproofing. Experts also pointed out
that while crystalline materials can seal microcracks
effectively, larger structural defects may still require
conventional repair methods.

In terms of cost, most professionals agreed that although
crystalline waterproofing may involve higher initial
investment, it is more economical over the lifecycle due to
reduced maintenance and repair needs. Overall, the
interview findings reinforce that crystalline waterproofing is
a reliable and sustainable solution when applied correctly,
but its performance is highly dependent on workmanship,
environmental conditions, and project-specific
requirements.

FINDINGS

Crystalline waterproofing demonstrates strong technical
performance, particularly in reducing permeability and
enabling self-healing of cracks under moisture exposure.
Field data shows crack-sealing capacity exceeding
theoretical limits, with effective sealing observed beyond 2.5
mm. The system performs best in structures exposed to
hydrostatic pressure, such as basements and water tanks.
However, performance is highly dependent on dosage
accuracy, workmanship, and curing conditions.
Professionals show high awareness and confidence, while
end-user awareness remains low. Failures are primarily

linked to execution errors rather than material limitations,
indicating the need for better quality control and training.
Results

Survey results indicate that crystalline admixtures are
widely used, with 50% of professionals reporting
application in projects. Durability and lifecycle performance
are the primary selection factors. Around 40% observed
reduced construction time, and over 50% agreed that
higher initial cost is justified by long-term savings.
Maintenance reduction was reported by 42.4% of
respondents. End-user data showed zero awareness of
crystalline systems but high acceptance when informed,
with 70% willing to adopt despite higher costs and 83.3%
willing to recommend it. Satisfaction levels were generally
positive, highlighting strong performance but limited public
awareness

CONCLUSIONS

Crystalline waterproofing is a reliable and durable solution
that enhances concrete performance through internal
sealing and self-healing mechanisms. It offers long-term
advantages over conventional systems, including reduced
maintenance and improved resistance to water ingress.
However, it is time-dependent and does not provide
immediate waterproofing. Its effectiveness relies heavily on
proper application, dosage, and curing. The study confirms
that most limitations arise from execution issues rather
than material deficiencies. Bridging the gap between
professional expertise and end-user awareness is essential
forimproving adoption and ensuring consistent real-world
performance.

RECOMMENDATIONS

Strict adherence to optimal dosage (0.8-1%) and proper
mixing practices is essential for effective performance.
Improved training and supervision are required to
minimize workmanship-related failures. Awareness among
end users should be increased through better
communication, documentation, and post-application
testing. Crystalline waterproofing should be incorporated
into design standards and used in combination with surface
treatments for critical structures. Additionally, further
research is needed to evaluate performance under extreme
conditions and refine guidelines. Strengthening QA/QC
practices and promoting hybrid systems will enhance
reliability and support wider industry adoption.
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