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ABSTRACT
Introduction. Over the period from 2015 to 2025, the global market for self-healing materials grew from USD 0.5 billion to USD 
2.5 billion – an almost fivefold increase – with forecasts projecting further growth to USD 14.6 billion by 2033 (CAGR 21.1%). The 
number of scientific publications on self-healing and programmable materials in international citation databases demonstrates 
exponential growth. Nevertheless, no unified concept has yet been proposed that integrates adaptability, programmability, self-
healing, property control, and trigger activation within a single technological framework, which significantly complicates the 
implementation of innovative materials and solutions in real-world practice. Materials and methods. Within the framework of the 
present study, a series of tests was carried out on fine sand and a soil-lime mixture based on it using a SoyuzDorNII standard com-
paction apparatus, with determination of the optimum moisture content and the holding time at the optimum moisture content. 
The role of nanoscale effects was analyzed, including the wedging pressure according to B.V. Derjaguin, nanocapsulation, and the 
catalytic activity of Ca(OH)2 particles. Results. The holding time of fine sand at the optimum moisture content was 6 h, while that 
of the soil-lime mixture was 2 h, representing a threefold reduction. The threefold acceleration of the hydration trigger is caused by 
catalytic ion-exchange reactions initiated by nanoscale Ca(OH)2 crystallites in the near-surface layer of mineral particles. Discussion. 
An analysis of global research shows that the existing terminology does not cover systems combining metastable storage, trigger 
activation, and controlled variability of properties. A new term, adapten, is proposed as a meta-term for resources, materials, and 
systems with controlled variability of properties and the possibility of programming at the nanoscale. Conclusion. The concept 
of adaptens integrates programmable materials science, colloid chemistry, and processing technology into a unified approach.

KEYWORDS: adapten, processing stage, nanotechnologies, nanoscale effects, nanocapsulation, colloid chemistry, wedging pres-
sure, road-building materials, asphalt concrete, secondary resources, self-healing materials
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AННОТАЦИЯ
Введение. За период с 2015 по 2025 г. мировой рынок самовосстанавливающихся материалов вырос с 0,5 млрд долл. до 
2,5 млрд долл., увеличившись почти в пять раз, а прогноз до 2033 г. предполагает дальнейший рост до 14,6 млрд долл. (CAGR 
21,1%). Число научных публикаций по теме самовосстановления и программируемых материалов в международных базах 
цитирования демонстрирует экспоненциальный прирост. Вместе с тем единой концепции, объединяющей адаптивность, 
программируемость, самовосстановление, управление свойствами, триггерную активацию в рамках одного технологиче-
ского подхода, до настоящего времени не предложено, что значительно усложняет внедрение инновационных материалов 
и решений в реальную практику. Методы и материалы. В рамках проводимого исследования проведена серия испытаний 
песка мелкого и грунтоизвестковой смеси на его основе на приборе стандартного уплотнения СоюзДорНИИ с определением 
оптимальной влажности и времени выдерживания при оптимальной влажности. Проанализирована роль наноразмерных 
эффектов в виде расклинивающего давления по Б.В. Дерягину, нанокапсулированию и каталитической активности частиц 
Ca(OH)2. Результаты. Время выдерживания мелкого песка при оптимальной влажности – 6 ч; грунтоизвестковой смеси – 
2 ч (трехкратное сокращение). Трехкратное ускорение гидратационного триггера обусловлено каталитическими ионооб-
менными реакциями, инициируемыми наноразмерными кристаллитами Ca(OH)2 в приповерхностном слое минеральных 
частиц. Обсуждение. Анализ мировых исследований показывает, что существующая терминология не охватывает системы 
с сочетанием метастабильного хранения, триггерной активации и контролируемой изменчивости свойств. Авторами пред-
ложен новый термин «адаптен» – метатермин для ресурсов, материалов и систем с контролируемой изменчивостью свойств 
и возможностью программирования на наноуровне. Заключение. Концепция адаптенов объединяет программируемое 
материаловедение, коллоидную химию и технологию переделов в едином подходе.

КЛЮЧЕВЫЕ СЛОВА: адаптен, технологический передел, нанотехнологии, наноразмерные эффекты, нанокапсулирование, 
коллоидная химия, расклинивающее давление, дорожно-строительные материалы, асфальтобетон, вторичные ресурсы, 
самовосстанавливающиеся материалы

ИСТОЧНИКИ ФИНАНСИРОВАНИЯ НАУЧНОЙ РАБОТЫ, РЕЗУЛЬТАТОМ КОТОРОЙ СТАЛА ПУБЛИКАЦИЯ: Работа проведена 
в рамках выполнения Госзадания № FSFM-2024-0025 Инновационные технические решения и модифицирующая технология 
повышения работоспособности и долговечности автомобильных дорог. Разработка нового научно обоснованного и экс-
периментально подтверждённого метода расчета накопленных деформаций и мгновенной потери несущей способности 
усиленного земляного полотна и его основания при многоциклических динамических нагрузок.

ДЛЯ ЦИТИРОВАНИЯ: 
Игнатьев А.А., Васильев Ю.Э., Коптев А.А., Чижиков И.А., Слепнев П.А. Адаптены: концепция программируемых дорожно-
строительных материалов с триггерной активацией. Нанотехнологии в строительстве. 2026;18(4):457–468. https://doi.
org/10.15828/2075-8545-2026-18-4-457-468. – EDN: OPFJDR.

INTRODUCTION

Construction materials science is on the threshold of a 
qualitative shift, that is, a paradigm shift: materials with 
fixed properties are gradually giving way to adaptive sys-
tems whose parameters are pre-programmed with due 
regard to forthcoming service conditions. The global 

market for self-healing materials increased from USD 
1.1 billion in 2020 to USD 2.49 billion in 2024 and is 
expected to reach USD 14.6 billion by 2033 (CAGR 
21.1%) [1, 2]; the number of publications on this topic in 
the Scopus database, reflecting exponential growth since 
2015, exceeded 217 papers by 2018 in the field of asphalt 
self-healing alone. This trend has persisted to the present 
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and production of construction and road construction 
materials. A cross-cutting concept is needed that will 
integrate achievements in the field of adaptive, program-
mable, and self-healing materials.

An analysis of global experience over the last decade 
made it possible to identify several areas directly related 
to the subject of this work. Let us focus on self-healing 
materials for road pavements.

The self-healing of asphalt-concrete pavements is one 
of the most intensively developing applied areas directly 
related to the subject of this study. Seman A. et al. [15] 
systematized approaches to crack self-healing in asphalt 
concrete–molecular diffusion, encapsulation of heal-
ing agents, and induction heating–and emphasized that 
self-healing is a complex physicochemical process. Liu Z. 
et al. [16], using neutron computed tomography, estab-
lished that a filler content of 20 wt.% provides the best 
healing rate, while the process rate decreases exponen-
tially over time. Li P. et al. [17] showed that epoxy-based 
self-healing microcapsules at a content of 4% provide a 
healing degree of 67.8%, which is 149.2% higher than 
that of conventional asphalt concrete. Wang H. et al. [18] 
found that calcium alginate capsules with waste cooking 
oil provide a recovery degree of over 90%. Anupam et al. 
[19] presented a methodological review of three self-heal-
ing mechanisms in asphalt concrete: microencapsulation, 
induction heating, and bitumen rejuvenation. Khan K. 
et al. [20] identified exponential growth in publications 
on this topic after 2018. Researchers from NRU MGSU 
are also actively working in this area. Thus, a number of 
publications [21–23] have demonstrated how the intro-
duction of appropriate additives made it possible to obtain 
a self-healing effect.

In parallel, the field of nanomodification of asphalt-
concrete mixtures is developing actively. Jexembayeva A. 
et al. [24] showed that nanodispersed additives are more 
effective than conventional modifiers such as elastomers, 
plastics, and crumb rubber. Rossi C. et al. [25] estab-
lished that nanoadditives in warm-mix asphalt reduce 
production temperatures by 20–40 °C while maintain-
ing or improving performance characteristics. Sarsam S. 
and Mashaan N. [26] experimentally confirmed that the 
introduction of 2% silica dust and 4% fly ash increases 
the fatigue durability of asphalt concrete. García A. et 
al. [27] optimized induction heating for self-healing as-
phalt mixtures, ensuring rapid crack repair. Tabaković A. 
and other authors [28–30] considered three directions of 
asphalt-concrete self-healing–nano-rejuvenation, induc-
tion heating, and the introduction of healing agents–and 
noted that induction heating is the most technologically 
feasible.

Special attention should be paid to studies devoted to 
the incorporation of various secondary resources and in-
dustrial and household wastes. Over the past decade, this 
direction has become one of the key areas in the global 

day [3]. At the same time, the volume of recycled and 
secondary aggregates used in construction has reached 
74.3 million tons per year in the United Kingdom alone 
[4], while the volume of construction waste in the EU 
exceeds 840 million tons per year, a significant propor-
tion of which is returned to secondary circulation [5]. To 
date, no unified concept has been proposed that integrates 
adaptability, programmability, self-healing, and trigger 
activation within a single technological approach, which 
significantly complicates the systematization and imple-
mentation of innovative solutions in real practice.

A number of leading international research centers 
have already made substantial contributions to the devel-
opment of these areas related to programmable materials, 
adaptive structures, and robotic systems. The Tangible 
Media Group at the MIT Media Lab established the 
conceptual foundation for dynamic objects with con-
trollable physical shape through the implementation of 
the `inFORM` project. At present, these ideas continue 
to evolve in related studies [6, 7]. The Wyss Institute at 
Harvard University, together with Jennifer Lewis’s group, 
is conducting research in the field of 4D printing. Tech-
nologies have been developed for the continuous shaping 
of fibers from liquid-crystal elastomers with thermally 
programmable properties, as well as methods of spatially 
controlled orientation and actuation in printed struc-
tures [8–10]. The Hyperbody group at Delft University 
of Technology, which worked on adaptive architectural 
components with embedded sensors, ceased to exist in 
the late 2010s, but related research teams at the university 
continue to develop adaptive and automated faсade sys-
tems [11]. The NASA Ames Research Center has made a 
significant contribution to the creation of tensegrity-based 
robotic systems, where the concepts of the soft planetary 
rovers of the `SUPERball` series were developed, followed 
by controllable jumping tensegrity robots for planetary 
exploration [12, 13]. DARPA’s `Programmable Matter` 
program, implemented from 2007 to 2012, was officially 
completed. Nevertheless, its ideological continuation 
can be traced in contemporary studies on programmable 
metamaterials capable of performing mechanical com-
putation and robotic functions [14].

In general, it can be stated that the field of program-
mable and adaptive materials is actively developing 
worldwide, from fundamental research to applied devel-
opments. The question is how to implement these prin-
ciples in relation to construction and road construction 
materials, where the key constraints are production scale, 
seasonality, and life-cycle economics.

Given the breadth of the topic, the discussion below 
focuses on practical results in the construction industry 
and the road sector. At the same time, the approaches 
described in this paper can also be effectively used in other 
branches of industry. The trends outlined above require 
a reconsideration of established approaches to the design 
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scientific space. Hoy M. et al. [31], within the framework 
of a ten-year program, confirmed the improved mechani-
cal properties, enhanced durability, and environmental 
safety of geopolymer-stabilized secondary aggregates. 
Salehi S. et al. [32] carried out a systematic review of the 
environmental and economic assessment of secondary 
materials. Yaro N. et al. [33] noted that the use of biofuels 
reduces CO2 emissions by 36–90% and greenhouse-gas 
emissions by 67–95%. Chineche E.B. et al. [34] con-
firmed the economic and environmental efficiency of re-
claimed asphalt pavement (RAP) and recycled automobile 
tires in pavement rehabilitation. Kallayil A. et al. [29] 
found that smart adaptive materials increase the thermal 
efficiency of structures by more than 30%, while addi-
tive manufacturing makes it possible to incorporate up to 
50% waste with a 40–60% reduction in carbon footprint. 
Liu C. et al. [16] systematized strategies for programming 
mechanical metamaterials–geometric, structural, and 
externally actuated.

An analysis of global research from 2015 to 2025 in 
three areas–self-healing materials, nanomodified road 
mixtures, and the use of secondary resources–shows 
that all existing approaches solve only individual local 
problems. These involve either post-damage recovery, 
improvement of a single property through additives, or 
cost reduction through recycling. None of them covers 
the entire life cycle of a material–from production and 
long-term storage to controlled activation under specified 
conditions and operation in a structure with predeter-
mined properties. After analyzing more than 500 scientific 
publications on various additives [35] and components 
of asphalt-concrete mixtures (Fig. 1), it was established 
that, despite the enormous volume of research, virtually 
no qualitative change has been achieved in the principles 

governing the production and functioning of road mate-
rials. For the past three years, the research group led by 
A.A. Ignatyev, Doctor of Technical Sciences, has been 
developing a new research direction in the field of pro-
cessing-stage products, namely long-term storage semi-
finished road construction materials based on secondary 
dispersed resources. Within this direction, the theoretical 
foundations and practical methods have been developed 
for producing granulated mixtures with programmable 
performance properties activated by temperature, hydra-
tion, and mechanical triggers. The research results are 
reflected in a doctoral dissertation and a series of publica-
tions [35–38], which substantiate the nanoscale mecha-
nisms of structure formation in processing-stage products, 
quantitatively assess the technological and economic ef-
fects of their use, and identify prospects for scaling this 
approach in related industries. A processing-stage product 
is an intermediate product that has undergone partial 
treatment, is capable of long-term storage (up to several 
years) in a metastable state, and, upon exposure to an 
external or internal trigger–thermal, hydration, or me-
chanical–acquires the required performance properties. 
The key difference between a processing-stage product 
and a traditional material lies in the separation of the 
“production” and “activation” stages in time and space. 
Thus, the processing-stage product is manufactured cen-
trally and delivered to the site, whereas its properties are 
realized on site or in the finished material (product) under 
the action of an external trigger.

 
MATERIALS AND METHODS

The theoretical basis of the proposed concept was 
formulated during the development of the theoretical 

Fig. 1. Diagram of the component composition of asphalt concrete

Crushed 
aggregate
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premises of the physiochemistry of surfaces and colloi-
dal systems established by Academicians B.V. Derjaguin 
and P.A. Rebinder [39, 40]. In the nanogap between the 
solid surfaces of mineral particles, when the thickness 
of the interfacial layer is on the order of units to tens of 
nanometers, disjoining pressure is formed, and the sur-
face energy of interfacial interactions becomes dominant 
over bulk mechanical properties. This explains why, for 
example, mineral fines, as a major component of asphalt 
concrete, at a content of 6–10% by mixture mass, pro-
vides about 90% of the interaction surface with the binder. 
Thus, the nanoscale specific surface creates a much larger 
number of nanogaps with wedging pressure, resulting in 
significant strengthening of the finished composite. The 
developed rolling granulation technology made it possible 
to implement the principle of nanocapsulation, in which a 
shell consisting of mineral fines and a binder in the form 
of polyethylene-terephthalate-modified bitumen func-
tions as a nanobarrier, preventing contact of the active 
components with the external environment during storage 
and ensuring their controlled release under the action of 
a specific trigger (external factor) [38]. This is analogous 
to the principle of nanocapsules in self-healing asphalt 
concrete [41–43], but the effect is achieved without ex-
pensive synthetic polymer shells and instead through the 
structuring of mineral components according to a “brick 
masonry” pattern (Fig. 2). Such a structure is realized 
when a pan granulator is used.

To verify the concept of the processing-stage product, 
in addition to granulated mixtures, a series of tests was 
carried out on soils and stabilized soils. Specifically, two 
types of materials were tested: fine sand and a soil-lime 
mixture based on fine sand. The tests were conducted to 
determine the holding time of the soil at optimum mois-
ture content, with an assessment of the technological 
features of placement and compaction. The tests were 
performed in the following sequence:

1. Determination of particle-size distribution by the 
sieve method.

2. Determination of the content of silt and clay par-
ticles.

3. Determination of the optimum moisture content 
and the maximum standard density using a SoyuzDorNII 
standard compaction apparatus.

4. Determination of the holding time of the soil at 
optimum moisture content required to achieve increased 
standard density.

The samples were placed in sealed bags and held at 
optimum moisture content for a specified time interval 
(from 1 h to 24 h). Thereafter, a specimen was taken every 
hour to determine density. The physicochemical scheme 
of processes during soil soaking (Fig. 3) included the fol-
lowing stages: sorption of water clusters on the autogenous 
film → surface diffusion of the water film → increase in 
the number of colloidal products → complete filling of 
pores with swelling of grain shells and manifestation of 
a damping effect. Each stage corresponded to nanoscale 
interfacial processes described by B.V. Derjaguin. The 
properties of the soil under study are given in Table 1.

The composition of the soil-lime mixture was select-
ed taking into account recommendations from different 
countries (Table 2), and 5% lime was chosen as the ad-
ditive. The lime content was assigned based on soil type.

RESULTS

First, the optimum moisture content was assessed, 
followed by determination of the holding time of the ini-
tial soil and the soil-lime mixture at optimum moisture 
content. The optimum moisture content of fine sand, 
determined by the standard compaction method, was 
9.9% at a maximum density of 1.679 g/cm³ (Fig. 4). For 
the soil-lime mixture, the optimum moisture content was 
11.2% at a density of 1.702 g/cm³ (Fig. 5). The increase 
in optimum moisture content by 1.3 percentage points, 
together with the simultaneous increase in attainable den-
sity, is explained by the water absorption of nanoscale 
Ca(OH)2 particles and by their hydration reactions, dur-
ing which additional hydrosilicate and hydroaluminate 
compounds are formed in the mixture structure.

Next, the kinetics of structure formation during hold-
ing at optimum moisture content were assessed. The re-
sults of soaking fine-sand samples (Fig. 6) showed that 
the optimum holding time for the unstabilized soil was 
6 h. The kinetics showed intensive density growth in the 
first hours, followed by a transition to a plateau, which 
indicates the completion of moisture redistribution and 
the formation of an optimal nanostructure of grain con-

Fig. 2. Role of mineral fines in the formation of the asphalt-binder structure
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Fig. 3. Physicochemical diagram of processes during soil soaking 

Table 1. Properties of the soil under study (fine sand)

Residues
Residues by mass on sieves, % Content of 

silt and clay 
particles, %

Fineness 
modulus

Particles 
larger than, %

2mm 1mm 0.5 mm 0.25 mm 0.125 mm <0.125 mm 4 mm 8 mm

Total 0.1 3.5 19.1 76.9 91.2 100
6.7 1.9 0 0

Partial 0.1 2.4 16.6 57.8 14.3 8.8

Table 2. Recommendations for lime content in a soil-lime mixture

Road structural element
Lime content in soil-lime mixture, % by soil mass

USA Sweden Canada

Road layers made of noncohesive soils 2–8 – 4 ± 0,5
5 ± 1

Road layers made of cohesive soils 5–8 6–8 for loams
8–10 for clays

4 ± 0,5
5 ± 1

Roadbed 3–6 – 4 ± 0,5
5 ± 1

tacts. Summary data on the integrated effect of soaking 
duration on soil properties and on the increase in work 
efficiency are presented in Fig. 7.

For the soil-lime mixture (the processing-stage prod-
uct (semi-finished product)) (Fig. 7), the optimum hold-
ing time was 2 h, which is three times shorter than that 
for fine sand. The reason lies in the catalytic action of 
nanoscale Ca(OH)2 particles with crystallite sizes in the 
range of several tens of nanometers and a highly developed 
specific surface. These particles initiate ion-exchange re-
actions and pozzolanic processes directly in the near-
surface nanometer-thick layer of mineral particles. Physi-
cally, this means that the hydration trigger is activated 
three times faster than in the lime-free system, while the 
achievable density and bearing capacity are higher. The 

practical implication of the tests performed is a reduc-
tion in the technological pause from 6 h to 2 h, which 
significantly increases the productivity of road-base con-
struction while preserving and improving the quality of 
the finished base.

DISCUSSION

The results obtained, together with the analysis of 
global research, make it possible to raise a broader ques-
tion: how exactly is the behavior of the systems studied 
related to the general logic of modern materials science 
development?

For all classical construction materials–concrete, 
asphalt concrete, and steel–the industry has approached 

а b c
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Fig. 4. Determination of the optimum moisture content of fine sand

Fig. 5. Determination of the optimum moisture content of soil-lime mixture

the limit of traditional development. Functionality is 
now ensured not so much by modifying the material 
matrix itself as by the increasingly evident role of intro-
duced additives, whose list is growing at a tremendous 
rate. In the road sector, this is particularly noticeable. 

Figure 8 shows the stages in the development of asphalt 
concrete, demonstrating that, despite the enormous 
volume of research on additives and components (Fig. 
1), virtually no qualitative change has been achieved in 
the principles of material production. The analysis of 

15%
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Fig. 6. Soaking of fine-sand samples

Fig. 7. Soaking of soil-lime mixture samples

scientific publications showed that “structureless terms” 
are widely used in the literature–classifications by waste 
origin, by function, or by field of application. Mean-
while, none of the existing terms (“secondary resource,” 
“hybrid,” “smart,” “programmable,” “self-healing”) 
covers the full range of material features. Moreover, the 
existing terminology neither reflects nor is capable of 
describing the latent potentials of created materials that 

can be activated at a specified moment under the ac-
tion of a particular external trigger. Self-healing systems 
are precisely representatives of this kind, because when 
a microcrack appears, they are activated and can carry 
out self-healing.

A deep immersion in this specificity and a broad 
range of studies involving various materials and sec-
ondary resources have opened up a fundamentally new 

1,778 g/cm3
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perspective on the processes occurring in the systems 
being created. The processing-stage products studied 
earlier showed that all of their key properties are de-
termined by nanoscale processes, and further research 
using lime-stabilized sand made it possible to establish 
that introduced additives can radically change the final 
system and, with proper design, program new proper-
ties over time. Thus, the catalytic activity of nanoscale 
lime particles made it possible to accelerate the hydra-
tion trigger threefold, as experimentally demonstrated 
in the present work. Using the influence of individual 
triggers as an example, the adaptive functions of the 
soil-stabilization process under study were identified. In-
vestigation of these effects made it possible to formulate 
a new principle for obtaining and creating road materi-
als: “not to resist the environment, but to adapt to it”. 
In fact, it is precisely this principle that today generates 
the demand for expanding the scope of research in this 
direction. A wide range of studies has shown that this 
principle makes it possible to create materials in which 
adaptation to environmental exposure can be controlled. 
It is this meaning that the authors invest in the proposed 
term “adapten”–a meta-term for resources, materials, 
and systems with controlled variability of properties, 
programmable at the nanoscale. In this case, the key 
features of an adapten as a new class of materials may 
include activation under the action of an external (some-
times predefined) trigger; a metastable state; long-term 
storage (up to several years) without loss of quality; at-
tainment in a structure of properties unattainable under 
conventional production; and a number of other char-

acteristics. The soil-lime mixture is a vivid example of 
an “adapten”. Its properties are not fixed at the moment 
of preparation; rather, they are programmed in advance 
and realized under the action of an external trigger. This 
trigger is moisture–more precisely, the controlled attain-
ment of optimum moisture content and the subsequent 
holding of the mixture for a specified time. When na-
noscale Ca(OH)2 particles come into contact with water, 
ion-exchange reactions and pozzolanic processes are 
initiated in the near-surface nanometer-thick layer of 
mineral particles. The new formations developing over 
time at optimum moisture content ensure a qualitative 
leap in bearing capacity and increase the cohesion of 
the structure. Thus, the hydration trigger transfers the 
mixture from the metastable state of a semi-finished 
product to a finished structural material with specified 
properties that are fundamentally unattainable under the 
traditional approach, that is, without lime addition and 
without holding at optimum moisture content over time.

It is for this reason that the introduction of the term 
“adapten” will eliminate the existing gap in international 
scientific terminology and will open up broad new oppor-
tunities for obtaining unique materials united by a com-
mon approach.

CONCLUSION

The following conclusions could be drawn:
1. Construction materials science is on the thresh-

old of a transition from materials with fixed properties to 
adaptive systems with programmable characteristics and 

Fig. 8. Stages in the development of asphalt concrete worldwide 

Years
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