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Abstract

With the surge in global construction waste (CDW) production and the increasing depletion of natural sand and gravel resources, the widespread
application of recycled aggregate concrete (RAC) has become a key strategy for sustainable development in the construction industry. However,
the inherent multi-interface transition zone (ITZ) defects, low elastic modulus, and significant shrinkage and creep characteristics of RAC severely limit
its application in high-performance structures. Introducing expansive agents (EAs) to prepare recycled aggregate expansive concrete (RAEC)
and utilizing chemical prestressing to compensate for shrinkage is considered an effective approach. This paper systematically reviews the deformation
characteristics of RAEC and its mechanical response under different constraint conditions. In particular, this paper focuses on the theoretical modeling
of restrained expansion and creep stress relaxation, integrating a modified early-age strain development model to predict self-stress evolution. Finally,
a comprehensive strategy to improve the service performance of RAEC is proposed based on carbonation modification and mix optimization.
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NCCNEOOBAHNA NE®OPMALINOHHBIX XAPAKTEPUCTUK U SOOEKTA OBXATUA PACLUUPAIOLLErOCA BETOHA
HA OCHOBE PELIMKITMPOBAHHOI'O 3AMONHUTENA
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Pechepar

C poctom 06beMOB NPOM3BOACTBA CTPOUTENbHBIX OTXOAO0B M UCTOLLEHNEM MPUPOAHBIX PECYPCOB NecKa 1 rpaBus LIMPOKOe NpuMeHeHne 6eToHa
Ha PeLMKNMPOBAHHOM 3arnofHUTENe CTAHOBUTCS KIKOYEBOW CTpaTerveil YCTOMYMBOTO paseuTUs CTpouTensHoi otpacnu. OpHako mpucywme Takomy
OeToHy feeKTbl MHOTOMHTEP(ENCHON TPAH3WUTHON 30HBI, HU3KWIA MOZYIb YNPYroCTU, @ TakKe 3HauuTenbHble AedhopMaLi OT yCazKu 1 Non3yvecTu
CEPbE3HO OrpaHWYMBAOT €ro MCMoMb3oBaHWe B BbICOKOKAYECTBEHHbIX KOHCTPYKUMSX. BBeaenne paclwmpsiowmx [o6aBok Ans nonyyeHus
paciumpsiiolerocsi 6eToHa Ha peLuKIYpOBaHHOM 3amonHUTENe U MpUMEHEHWe XMMWUYECKOTO NPEeABapUTENBHOTO HANPSHKEHWS ANs KOMMeHcauuun
yCagikv paccMaTpuBaloTCs kak 3Gh(heKTUBHBI Noaxog. B cTaTbe cucTemMaTUiecky paccMOoTpeHb! 4edOpMaLMOHHbIE XapaKTEPUCTUKN paCLLMPSIOLLErocs
feToHa Ha PELMKNMPOBAHHOM 3aMOMHUTENE M ero MeXaHW4eckuil OTKMMK MPW PasmuyHbX ycroBusx orpaHudyenns. Ocoboe BHUMaHve yaeneHo
TEOPETUYECKOMY MOZENMPOBaHWNK) OrPAHMYEHHOTO PaCLLMPEHNS U penakcaLmui HanpsKEHA NON3y4YeCTH, C UHTErpaLel MOANGULIMPOBAHHO! MOZeNN
pa3BuTUS fedopMaLin Ha paHHUX CTaAUsX Ans NPOrHO3MPOBaHWS 3BOMIOLMM caMOHaNPsKeHUA. B 3akntoueHre npeanoxeHa KOMNNeKcHas ctpaterus
MOBBILIEHNS  SKCTyaTaLMOHHbIX CBOWCTB  pacluMpsitolierocs 6GeToHa Ha PeuMKnMpOBaHHOM  3amnonHMTENe, OCHOBaHHAs Ha  MoaudvKaLum

kapbOoHM3aLen 1 ONTUMMU3aLMK COCTaBa CMECH.

KniouyeBble cnoBa: GeTOH Ha pPeLMKNMPOBAHHOM 3anofHUTene, paclvpsiowas goGaBka, [edOpMaLMOHHbIE XapaKTepUCTUKM, 3ddekT
OrpaHN4eHms, CaMOHaNPSIKEHNE, MON3Y4ECTb, KOHCTUTYTUBHOE MOAENMPOBAHHE.

1 Introduction

1.1 Research Background

In contemporary civil engineering practice and research, the goals of
sustainability and high performance in material systems are being pur-
sued simultaneously and are gradually becoming an industry consensus.
Concrete, as the most widely used man-made material globally, not only
involves significant energy consumption and carbon emissions during its
raw material extraction, clinker production, and transportation, but also
continuously consumes a large amount of natural sand and gravel re-
sources. Meanwhile, construction and demolition waste (CDW) accounts
for a considerable proportion of urban solid waste. If waste concrete can
be crushed, screened, and reprocessed to prepare recycled concrete
aggregate (RCA) and reused in fresh concrete production, it will generate
quantifiable environmental benefits and economic value in terms of re-
source recycling, emission reduction, and cost control [9]. However, com-
pared with natural aggregate (NA), RCA exhibits more prominent defects
at the material level. The adhering mortar on the surface of recycled ag-
gregate concrete (RAC) results in higher water absorption, lower density,
and higher porosity. Furthermore, it often contains both an old interfacial
transition zone (Old ITZ) between the old mortar and the original aggre-
gate, and a new interfacial transition zone (New ITZ) between the old
mortar and the new aggregate, creating a complex multiphase structure
and multi-interface force transmission paths. This structural complexity is
precisely why the overall mechanical properties of recycled aggregate

concrete (RAC), especially deformation-related performance indicators,
are generally weaker than those of natural aggregate concrete (NAC) [9].
Previous studies have further shown that the drying shrinkage of RAC is
typically 20 % to 50 % higher than that of NAC, and the creep coefficient
may also be 30 % to 60 % higher [19]. Larger volumetric deformation is
more likely to trigger early cracking and reduce the overall structural in-
tegrity, thus providing pathways for chloride ion intrusion and steel corro-
sion, ultimately adversely affecting durability and service life [5].

1.2 Problem Description: Shrinkage and Crack Control

The risk of shrinkage-induced cracking and the resulting durability
degradation are particularly prominent among the key bottlenecks
in RAC engineering applications. To reduce the probability of cracking
caused by high shrinkage, traditional passive crack-resistant measures,
such as increasing the reinforcement ratio or installing expansion joints,
can disperse deformation and restraint stress to some extent, but in
practice, they often face the dual constraints of limited effectiveness
and increased costs. In contrast, active crack-resistant technologies
have attracted attention due to their ability to control volumetric defor-
mation at the source. Among these, the incorporation of expansive
agents (EA) into concrete is considered a strategy with engineering
potential [20]. Hydration of expansive agents can induce controlled
volumetric expansion. When this expansion is constrained by rein-
forcement or external boundaries, the system can establish a self-
stress of approximately 0,2 to 2,0 MPa within the concrete to
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counteract the tensile stress generated during shrinkage, thereby de-
laying crack initiation or reducing crack propagation [10]. However, it
should be noted that directly applying expansive agents to recycled aggre-
gate concrete systems, i. e., recycled aggregate expansive concrete
(RAEC), is not equivalent to a simple superposition of RAC and the expan-
sion effect. The lower elastic modulus of RAC implies an altered efficiency
in the conversion of strain € to stress o at the same strain level. Simulta-
neously, the higher creep characteristics of RAC make the established
chemical prestress more prone to relaxation and loss over time [21]. Fur-
thermore, the porous water-absorbing nature of RAC may compete with the
expanding agent for moisture during mixing and early hydration stages, thus
affecting the full utilization of the expansion effect and time-history stability
[23]. Therefore, strictly differentiating between "free expansion" and "re-
strained effective expansion,” and establishing a numerical model capable
of describing the coupling of shrinkage, creep, and expansion, are prerequi-
sites for RAEC structural design.

1.3 Scope and Purpose of the Review

Based on the above background and issues, this paper aims to sys-
tematically review and comprehensively evaluate existing online academic
resources, focusing on deformation characteristics and restraint effects, to
provide a clearer knowledge framework for the understanding of RAEC
mechanisms, model construction, and engineering design. Specifically, this
paper first focuses on the physical and mechanical properties of RCA and
their fundamental impact on concrete stiffness, shrinkage, and creep,
thereby establishing the deformation sources at the material level. Then, it
discusses the expansion and compensation mechanisms, comparing the
reaction characteristics and action pathways of calcium sulfoaluminate
(CSA), magnesium oxide (MgO), and composite expansion agents in the
recycled matrix, with a focus on how the internal curing effect and pore
structure evolution jointly shape expansion efficiency and volume stability.
Based on this, it further analyzes the mechanical behavior under different
restraint conditions, emphasizing the influence of system stiffness on limit-
ing the expansion rate and the development law of self-stress, and discuss-
ing the mechanism differences in the collaborative work of restraint forms
such as steel bars, steel pipes, and fibers. Finally, this paper summarizes
several performance improvement technologies based on existing research,
including the effects and applicable boundaries of accelerated carbonation,
fiber toughening, and mix proportion optimization in improving the defor-
mation and durability of RAEC, thus providing a comparable reference for
subsequent research and engineering applications.

2 Microscopic Properties of Recycled Aggregates and Their In-
fluence on Matrix Deformation

2.1 Multiphase Microstructure of Recycled Aggregates

Recycled aggregates are not a single, homogeneous granular ma-
terial, but rather a composite material consisting of virgin natural ag-

gregates, attached old mortar, and the interfacial transition zone (ITZ)
between them. This multiphase and multi-interface microstructure
causes its mechanical and deformation behavior to differ significantly
from that of natural aggregates, becoming a key source of performance
degradation in recycled aggregate concrete (RAC). Unlike the relatively
dense surface and simpler properties of natural aggregates, RCA is
often encased in a certain thickness of old mortar, and may also con-
tain residual microcracks and pore networks. This makes its stress
transmission path more complex, and local stress is more likely to con-
centrate at weak interfaces, resulting in macroscopically decreased
strength and increased deformation.

From a material composition perspective, the content of attached mor-
tar is one of the important indicators determining the basic properties of
RCA. Existing research indicates that the content of adhering mortar typical-
ly ranges from 20 % to 55 %, and this level directly affects the water absorp-
tion, crushing index, and overall pore structure characteristics of reinforced
concrete (RCA). Due to the higher porosity and more developed capillary
channels of old mortar, RCA's water absorption is usually significantly high-
er than that of natural aggregates. This characteristic not only alters the
effective water-cement ratio and workability of concrete during the fresh
mixing stage but also provides more channels for moisture migration during
the hardening stage, making the system more prone to moisture loss and
humidity gradient evolution, thus providing more favorable evaporation and
transport conditions for drying shrinkage [9]. Therefore, the content of ad-
hering mortar is not simply a "material impurity ratio" but often indirectly
shapes the long-term volume stability of RCA through pore structure and
moisture migration processes.

Meanwhile, the multiplicity of the interfacial transition zone (ITZ) fur-
ther enhances the heterogeneous characteristics of RCA. RAC (Range
Aggregate-Insulated Concrete) typically contains various interface zones,
including "aggregate-old mortar," "old mortar-new mortar," and "aggre-
gate-new mortar" zones formed under localized spalling conditions.
These interfaces, due to significant differences in composition and densi-
ty, often become preferred sites for microcrack initiation and propagation.
Related research indicates that failure often first occurs within the old ITZ
(Insulated Zone) or old mortar, as these areas are more prone to stress
concentration and exhibit lower local tensile and shear strength, leading
to a decrease in overall strength. They also cause the material to enter
the nonlinear deformation stage earlier under stress and exhibit greater
deformation capacity [8]. From this perspective, the multiphase structure
and multi-ITZ network of RAC not only explain the decline in RAC load-
bearing capacity but also provide a reasonable microscopic explanation
for its shrinkage, creep, and other deformation problems. To visualize the
microstructural evolution of the paste matrix and the densification process
over time, Figure 1 presents the scanning electron microscope (SEM)
observations of the RAEC matrix at the ages of 1, 28, and 90 days.
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Figure 1 — Microstrctural evolution of RAEC paste matrix at diffelent ages

Source: This figure is a schematic illustration drawn by the authors,
and the internal curing-expansion mechanisms in the literature [2, 9, 10, 14]

2.2 Decrease in Elastic Modulus and Stiffness Mismatch

When discussing deformation control and volumetric stability, the
elastic modulus (E.) is one of the most fundamental parameters. It not
only characterizes a material's ability to resist instantaneous deformation
but also directly determines the efficiency of strain-to-stress conversion
under constrained conditions. The relationship between stress and strain
is typically simplified as o = E - € in the linear elastic stage. Therefore,
when the material's E. changes, the internal force levels corresponding

synthesized from the reported microstructural characteristics of RCA/ITZ

to shrinkage strain, expansion strain, and strain caused by external loads
will also change. This is particularly crucial for whether expansive con-
crete can effectively establish self-stress. Existing experimental evidence
in the literature consistently indicates that incorporating recycled coarse
aggregate (RCA) markedly reduces the elastic modulus of concrete.
Compared with NAC, the E,. reduction of all recycled aggregate concrete
can reach approximately 25 % to 45 %. This change is usually related to
the lower modulus of the attached mortar, higher porosity, and more
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prevalent microcracks at the ITZ. When the matrix itself becomes more
"soft," the distribution of load and deformation changes, making recycled
concrete (RAC) more prone to exhibiting larger strain responses under
compression, tension, and restraint conditions.

In the mix design and structural design of expansive concrete, this
modulus reduction leads to a typical stiffness mismatch problem, with its
effects being two-sided. On the positive side, when shrinkage strain lev-
els are comparable, a lower elastic modulus generally results in a lower
shrinkage-induced tensile stress, thereby reducing the driving force for
early-age cracking and, to some extent, mitigating cracking risk. Con-
versely, during the restrained expansion stage, the development of suffi-
cient effective prestress depends critically on whether the expansion
strain can be efficiently converted into an adequate compressive stress
under confinement. When E. is low, the expansion strain required to
reach the same self-stress level under the same restraint conditions will
be greater. (!) If the hydration expansion capacity of the expansive agent
is constrained by moisture, temperature, or dosage limits, the RAC sys-
tem may struggle to achieve a prestress level comparable to the NAC
system, resulting in insufficient or even failed compensation, thus dimin-
ishing its shrinkage crack control effectiveness [16]. Therefore, the low
modulus of RAC is not simply a "stress reduction" effect; in an active
compensation system, it simultaneously alters the conditions for achiev-
ing compensation capacity, requiring a more precise match between
shrinkage risk and compensation efficiency in design.

2.3 Basic Characteristics of Shrinkage and Creep

From the empirical perspective of volumetric stability, RAC generally
exhibits inferior shrinkage and creep performance compared to NAC, and
this difference has direct significance in crack control and durability
maintenance during the engineering service life. Regarding drying shrink-
age, the presence of old mortar increases the total paste volume of the
system and accelerates the moisture reduction process through a more
developed pore structure and moisture migration channels; simultaneous-
ly, the lower overall stiffness of RAC weakens the restraint effect of ag-
gregate on paste shrinkage, making shrinkage deformation more easily

transformed into macroscopic volume changes. Therefore, literature typi-
cally reports that the drying shrinkage of RAC is approximately 20 % to
50 % higher than that of NAC [19], and this increase is often more pro-
nounced with high replacement rates or high old mortar content. This
trend is summarized in Table 1 and visualized in Figure 2. Greater drying
shrinkage not only increases the probability of early cracking but also
significantly enhances permeability after microcracks form, thus creating
conditions for external corrosive media to enter. By contrast, RAEC can
reduce long-term drying shrinkage substantially, with reported ranges
typically falling below the NAC baseline depending on the expansion
source and curing conditions (Table 1; Figure 2). Table 1 summarizes
these deformation characteristics, referencing recent data sources.

Regarding creep characteristics, creep reflects the accumulation of
deformation in concrete under sustained load over time. The creep coeffi-
cient of RAC is usually significantly higher than that of NAC, with related
studies showing an increase of approximately 30 % to 80 % [3].
The microscopic reasons for this are closely related to its porous struc-
ture, weaker ITZ, and the stronger viscoelastic flow tendency of old mor-
tar. Under long-term stress, cement paste is more prone to viscoelastic
deformation accompanied by the slow propagation of microcracks, thus
making time-related deformation more prominent. For recycled aggregate
expansive concrete (RAEC), high creep has a more direct engineering
consequence: the established chemical prestress is more prone to stress
relaxation, resulting in more significant prestress loss. This causes the
active compensation effect to decay over time and reduces resistance to
long-term shrinkage [21]. Therefore, understanding the shrinkage and
creep characteristics of RAC and incorporating them into compensation
design is crucial not only for short-term crack control but also for main-
taining stable prestress levels and reliable durability under long-term
service conditions. Table 1 consolidates representative ranges reported
in the literature to benchmark stiffness, shrinkage and creep gaps among
NAC, RAC and RAEC. For clarity, the reported ranges of long-term drying
shrinkage and elastic modulus are further visualized in Figure 2 and Fig-
ure 3, respectively.

Table 1 - Comparison of deformation characteristics of NAC, RAC and RAEC [5, 9, 10, 19]

Performance | Natural Aggregate | Recycled aggregate Recycled aggregate ex- Mechanism Notes

Indicators Concrete (NAC) concrete (RAC) pansive concrete (RAEC)
Modulus of Benchmark o _ 750 o _8no RCA low stiffness leads to modulus reduction; expan-
elasticity (100 %) 56%-75% 60 %—80% sive agents slightly enhance densification [9].
Drying o _1EQ 0 20 % — 80 % (after com- RCA aged mortar exacerbates shrinkage; expansive
shrinkage Benchmark 120% - 150 % pensation) agents compensate via chemical prestressing [5].
Coefficient of Weak interfacial transition zone (ITZ) causes high
cree Benchmark 130 % — 180 % 110 % - 140 % creep; This factor must be considered for self-stress

P relaxation [19].

Compressive o _OR o _10R o Self-stress generated by restricted expansion con-
strength Benchmark 75%-95% %0 %-105% strains the core zone, enhancing apparent strength [9].
Limited ex- _ . G Depends on system stiffness mismatch and expansion
pansion rate Low (if EAs added) | Medium - High source type (MgO superior to CSA in later stages) [10].
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Figure 2 — Ranges of long-term drying shrinkage [5] Figure 3 — Ranges of elastic modulus [9]
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Data and Preprocessing

3 Expansion and Compensation Mechanism of Recycled Aggregate
Expansive Concrete (RAEC)

3.1 Types of Expansion Sources and Their Hydration Mechanisms

In the RAEC system, the expansion sources used to achieve shrink-
age compensation and crack control mainly include calcium sulfoalumi-
nate (CSA), magnesium oxide (MgO), and composite systems of both.
The role of different expansion agents is not merely reflected in the mac-
roscopic result of "expansion," but more importantly, in their differences in
hydration products, reaction rates, and water consumption characteris-
tics, which determine whether an effective match can be achieved be-
tween the expansion timeline and the shrinkage process. For RAC, a
matrix with more developed pores, more significant water absorption, and
more pronounced creep, the selection and proportioning of expansion
sources often need to simultaneously consider early compensation effi-
ciency and later sustainability; otherwise, it is difficult to maintain stable
volume coordination and crack resistance throughout the entire lifespan.

3.1.1 Calcium Sulfoaluminate (CSA) Expanding Agent

CSA-type expanding agents typically function by hydration to form
ettringite (3Ca0 - Al,05 - 3CaS0, - 32H,0) crystals. The basic mech-
anism utilizes the crystallization pressure generated by the growth of
ettringite crystals within the pores and framework of cement paste to drive
macroscopic volume expansion of the matrix. Because this reaction is
kinetically more early-stage, the expansion contribution of CSA is often
concentrated within a relatively short curing period, typically completing
the main expansion process within about 14 days. Furthermore, it is quite
sensitive to moisture supply and requires a relatively large amount of
water. Therefore, external curing conditions, mixing moisture distribution,
and aggregate water absorption behavior directly affect its effective ex-
pansion level. This characteristic of CSA is particularly prominent in RAC
systems because the high water absorption of RCA may compete with
CSA hydration for moisture in the early stages of mixing. Insufficient pre-
wetting or improper control of mixing moisture can lead to local imbalanc-
es in the hydration environment, limiting ettringite formation and resulting
in insufficient expansion or even compensation failure. Meanwhile, stud-
ies have also shown that when RCA undergoes saturated surface drying,
the moisture stored in its pores can be released later with the humidity
gradient, creating more stable local water supply conditions. This demon-
strates an internal curing effect and promotes the continuous formation of
ettringite and optimization of the pore structure. Therefore, the perfor-
mance of CSA in RAC is not necessarily deteriorated, but rather highly
dependent on moisture management strategies [23].

3.1.2 Magnesium Oxide (MgO) Expanding Agent

Unlike CSA, MgO-type expanding agents hydrate to form brucite
(Mg(OH),). lts reaction rate is significantly controlled by the calcination
temperature. From an engineering application perspective, the prominent
characteristic of MgO expansion is its superior "time-series controllability"
[14]. Lightly calcined MgO reacts relatively quickly, while heavily calcined
MgO can provide a late-stage expansion effect that lasts for months or
even years [2]. This timeline characteristic is highly compatible with the
volumetric deformation pattern of reclaimed arc cement (RAC), as the
drying shrinkage and creep of RAC often continue over a long timescale.
If early expansion cannot be sustained, later shrinkage and creep may
still cause a gradual attenuation of stress compensation. Therefore, the
delayed expansion provided by MgO is more beneficial for covering the
mid-to-late stage shrinkage process of RAC and continuously compensat-
ing for stress losses caused by drying shrinkage and creep. This ad-
vantage is usually difficult to maintain long-term when CSA is used alone
[14]. Figure 4 illustrates the normalized drying shrinkage comparison,
highlighting the sustained compensation effect of the MgO system.

3.1.3 CSA - MgO Composite Expansion Agent

Under the requirement of volume stability control throughout the en-
tire age, a single expansion source often cannot simultaneously meet the
early and long-term shrinkage compensation targets. Therefore, the co-
doping of CSA and MgO has gradually become an important direction in
RAC research and application. The basic logic of this composite system
is to utilize the complementarity of the two types of expansion sources in
terms of reaction rate and time history contribution, so that the expansion
effect can be more evenly distributed over time, thereby forming a more
reasonable synergy with the shrinkage and creep evolution of RAC. It is
generally believed that CSA is more suitable for compensating for early

auto-shrinkage and temperature-induced shrinkage, while MgO is more
suitable for providing continuous compensation for late-stage drying
shrinkage. The synergy of the two can maintain a more stable volume
coordination and crack control effect at different ages. Multiple studies
have further indicated that when the mass ratio of CSA to MgO is close to
2:1, concrete tends to exhibit better volume stability and crack resistance
throughout its entire lifespan, while its strength and durability are also
more likely to reach optimal levels [4]. For RAEC (Rapid Expansion and
Internal Curing), this staged compensation strategy is even more signifi-
cant because its matrix shrinkage and creep are inherently stronger and
longer-lasting. Without later compensation, the favorable conditions es-
tablished early on are often difficult to maintain during long-term service.
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Figure 4 — Age-dependent normalized drying shrinkage of reference
RAC, RAEC, and RAEC-MgO [4, 5, 23]

3.2 Effective Expansion and Internal Curing Mechanisms

In the RAEC system, RCA should not be understood as an inert filler
aggregate, but rather as a porous medium with moisture storage capabili-
ties. This internal curing effect releases stored pore water when internal
relative humidity (RH) drops, providing additional moisture to the sur-
rounding paste (as previously indicated in the microstructure evolution in
Figure 1). This process maintains the high-humidity environment required
for the hydration of the expansion agent, preventing hydration blockage
due to localized water shortages. It also reduces the driving force of self-
shrinkage by decreasing capillary tension, thus providing a dual im-
provement in volume stability [13]. Therefore, internal curing in RAEC is
not merely "water replenishment," but a mechanism that alters the early
humidity evolution path and the starting point of shrinkage stress, playing
a fundamental role in the effective implementation of expansion compen-
sation (Figure 5).

In engineering evaluation, the focus should be on "effective expan-
sion" rather than free expansion itself. The free expansion rate only re-
flects the system's volume growth capacity under unconstrained condi-
tions. However, in actual structures, expansion often occurs in parallel
with shrinkage. Ultimately, what affects cracks and stress states is the net
effect after deducting shrinkage, that is, the effective expansion level
resulting from the combined contributions of expansion and shrinkage
over time. Existing research indicates that although recycled aggregates
(RACs) typically exhibit greater intrinsic shrinkage, under appropriate
internal curing conditions and with the addition of suitable expansion
agents, recycled aggregate expansive concrete (RAEC) can still achieve
confined expansion performance comparable to or even superior to that
of non-recycled aggregates (NACs). This suggests that their potential to
generate effective compressive stress under constrained conditions is not
necessarily lower than that of traditional systems [15]. Therefore, the key
to recycled aggregate expansive concrete (RAEC) lies not in pursuing
greater free expansion, but in more efficiently converting expansion into
continuous compensation for shrinkage through moisture management
and expansion time-history matching.

3.3 The Cumulative Effect of Shrinkage Reducing Agents (SRAs)

In addition to expansion agents, shrinkage reducing agents (SRAs)
are often used to further reduce the risk of shrinkage. Their mechanism
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of action typically involves reducing the surface tension of the pore
solution, weakening capillary pressure at the source, thereby reducing
the driving force of drying shrinkage and self-shrinkage. In the RAEC
system, combining SRA with an expanding agent often creates a more
pronounced superposition effect. The core of this effect lies not in simp-
ly superimposing the individual gains of the two additives, but in the
fact that SRA, by suppressing the shrinkage "consumption term," al-
lows the expansion generated by the expanding agent to be more easi-
ly retained as a net effect and more fully converted into effective com-
pressive stress. In other words, when the shrinkage driving force is

weakened, the expansion effect is no longer primarily used to offset the
strong shrinkage background, but is more likely to manifest as a sus-
tainable pre-compression state, thereby improving the reliability and
stability of crack control. This combined strategy, using expansion as
the "supply side" and reducing shrinkage to lower the "demand side," is
particularly advantageous under fully constrained or strongly con-
strained conditions. Related studies have shown that this strategy,
under appropriate ratios and curing conditions, can significantly reduce
the risk of cracking, and even enable specimens to achieve the goal of
crack-free operation at the experimental scale [20].

Figure 5 — Sample with SAP agent at an age of 1, 28 and 90 days allowing a qualitative assessment on the degree of hydration of the anhydrous clink-
er (results obtained by V. Semianiuk, EMPA)

Constraint/Restraint Effects and System Stiffness: Theory and
Model

4.1 Basic Principles of Constrained Expansion

The key to expansive concrete's ability to compensate for shrinkage
and inhibit cracking lies in the condition of "constraint." If the expansion
process is unconstrained, the system exhibits more of a free volume growth
and structural looseness, making it difficult to effectively convert expansion
energy into an internal force state favorable to cracking. Only when expan-
sion is constrained by reinforcing bars, steel pipes, or external boundaries
can the deformation corresponding to expansion be transformed into a
stable self-stress o under constrained conditions, offsetting the tensile
stress caused by shrinkage with a compressive stress background, thus
achieving the goals of crack resistance and volume stability. Therefore, in
theoretical analysis, constrained expansion is usually considered a problem
jointly determined by deformation compatibility and mechanical equilibrium;
that is, the source of expansion, the time effect of shrinkage and creep, and
the reaction force provided by the constrained system must be described
uniformly within the same framework.

Quantitative calculation of self-stress is usually based on the defor-
mation compatibility equation, linking deformation components such as
free expansion, shrinkage, and creep with constrained deformation and
stress response. A commonly used expression can be written as

€free — €creep — Eshrinkage — Erestrained + ;_Z (1)

Here, €fe represents the free expansion strain of the material under
unrestraint conditions, €creep @Nd €snrinkage reflect the deduction effects
of creep and shrinkage on the overall deformation, respectively, while
€restrained COMresponds to the actual allowed restrained strain of the
system under restrained conditions, and o./E. characterizes the strain
contribution caused by self-stress in an elastic sense.

4.1.2 Preliminary analysis

As it was shown in [17] the most efficient finite element method for

approach the restrained expansion strain € , (ti +1,2) in the x-direction
at the i-th time interval is expressed as follows

Esx (ti.'.%) = Z;.':l [(Aae,x)j '](ti.'_%' t]’] + &q' (ti+§‘ %)' (2)

where € ¢ (ti +1,2,t1,2) = free expansion strain in the x-direction from
the time interval €/, tothe €,/ (AGC_X)]- = increment of the self-

stress in the x-direction at the j-th time interval; and J (t;,,/,,t;) =

creep compliance function that is calculated by the formula

N 1 @(t14v/2:t))
](t1+v/2r t]) - Eo(t)) » (3)

where EC_28 = Young’'s modulus of expansive concrete at the age
of 28 days;
Ec (t j) =Young's modulus of expansive concrete in temperature

Eezg

adjusted concrete age of t; days; and oty t j) = creep coefficient
of expansive concrete at the age of ti +1/2 days due to the self-stress

applied at the age of T j days. Creep coefficient (p(t,to) of expansive

concrete at early age can be calculated according to the codes'®
@(t,to) = @o — Bec(t, to), )

where (O = notional creep coefficient that depends on the relative

Young's modulus E (t,)/ E, g
and is calculated according to the work16

the case of uniaxial restraint conditions accounts for the early age expan- _ Eo(to) \2
sive concrete strains by following an iterative procedure. According to this Po =531 (5928_1) +111, ®)
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Bc (t, to) = coefficient that depicts the creep at temperature adjust-

ed concrete age t after temperature adjusted concrete age of loading to
and is defined as follows'®
t—to

_ 0,3
Be (tto) = [ ) )

where BH is the coefficient that describes the effect of loading age on the
creep development and is calculated depending on the relative Young's

modulus E, )/ E_ g in accordance with the formula®
o = 0,000001,if 0 < E,(t)/Eusg < 0,346
Bo = 40,5 - M+ 0,485, if 0,346 < E,(t)/Eg < 1,0. (7)

Young's modulus of expansive concrete at early age can be defined
by equation!”

E. (t)
+ EEC(t') “o(t,y 1)

c.28

Although a good agreement between calculated data, which are de-
fined according to the mentioned method, and corresponding experi-
mental ones has been observed in the research papers, such a solution
leads to the overestimated results with respect to elements with high
energy capacity of expansive concrete especially in case of high level of
restraint.

On the basis of above model the modified early age strains develop-
ment model (MSDM) for the case of uniaxial restraint arrangements has
been worked out in the research [17]. The distinctive idea of MSDM refers
to the presence of elastic cumulative force induced by the restraint at the
end of preceding time interval.

(Acx.c)i =

&s(tivi/2) = & (tH ) + e (

With respect to the expansive concrete elements under biaxial re-
straint conditions two main problems should be pointed out.

The first one refers to the taking into consideration the development
of plane stress-strain state in case of two-way orthogonal confinement in
expansive concrete elements. As it is well known with reference to elastic
elements, strains in one orthogonal direction are affected by ones in an-
other orthogonal direction. The interference between longitudinal and
transverse strains within the Hooke’s law applicability is considered by
the Poisson’s ratio. It is noticeable that expansive concrete is elastic-
plastic material and only part of total strain has the elastic origin (see
Equation 12). Thus, concerning the expansive concrete elements under
biaxial confinement, the Poisson’s ratio should be applied with respect to

the elastic strainat ith time interval € (£;,1/,) only.

The second problem concerns the value of the Poisson’s ratio with
reference to the early age of expansive concrete. It should be noted that
two opposite points of view in respect of the Poisson’s ratio of the early
age concrete have been performed in various research papers. Some
researchers202! consider that one is constant during the hydration and
equals v =0,2 whereas others’2223 demonstrate the evolution of the

Poisson’s ratio from v =0,47 to v=0,2 during the expansion peri-

od. However, it should be noted that in the paper [17] a period of time of
24 hours is considered as the early age of concrete. Taking into account
that at such a short time interval the self-stressing concrete is character-
ized by very unstable properties and predominance of plastic defor-
mations it is rational to accept the value of the Poisson’s ratio v =0, 2

for further calculations.

It should be pointed out that in literature the modified strains devel-
opment model (MSDM) has already been implemented with respect to
the expansive concrete elements with carbon textile reinforcement in the
form of “simplified” MSDM24. However such “simplification” is incorrect
and contradicts to the basic assumptions of the original model (MSDM).

The significance of proposed relationship lies not in providing a fixed
value, but in revealing that self-stress is not solely determined by the
amount of expansive agent; it is simultaneously controlled by the materi-

(Agg,); Z

Ec(t) = Eeo exp (s (1 - tj_;“)o's), (8)

where T, T, ,5 = temperature adjusted concrete age at t days and 28
days respectively; and S,@a = empirical coefficients, according to the
research paper [17]s=0,11, a=0,2.

The increment of strain in the x-direction at the i-th time interval is
calculated according to the formula
(Des )i = &s5x(tivry2) — Esx(ti-1)41/2) =

= (B0)J (tiaryort) + Ei2h [(B00) “EED) 4 &, (tira 20 tig2) @
AD(t;, 1) =P (tH%, t,-) - tb( e ) (10)

The increment of stress in the x-direction at the i-th time interval is
defined by

APt t) (-

g (G020 t2) (11)

c.28

According to the MSDM for expansive concrete elements under uni-
axial restraint conditions the restrained expansion strain at any i-th time

interval € (ti+1/2) can be performed as an algebraic sum of free ex-
pansion strain € (t;,,,,) , elastic strainat i-thtime interval €, (ti +1,2) ,

creep strain at i-th time interval under constant self-stress applied at to

days € (t;,4/5+ ) and additional strain €, (t;_yy.1/,) caused by
the restrictive force induced by the restraint at (i-1)-th time interval

) + & (t 1 to) + &cm (t(i—1)+3)' (12)

aIs inherent stn‘fness, the time effect, and the limiting capacity provided
by the constrained system. This naturally leads to the concept of system
stiffness, because under the same expansion potential, the stronger the
constraint, the smaller the constrained deformation, and the more likely
the self-stress level is to increase; conversely, a weaker restraint makes it
easier for expansion to be released, making it difficult to form an effective
compressive stress background. Figure 6 further illustrates the typical
time-history of restrained stress development under different degrees of
restraint, indicating that stronger restraint generally promotes higher self-
stress once expansion dominates shrinkage.
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100% restraint
1.2
= Lo
o
=
w 08
n
5
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o
]
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c
a
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0.0
-0.2
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Figure 6 — Evolution of restrained stress in RAEC under different degrees
of restraint [24]

4.2 System Stiffness and Stiffness Mismatch

System stiffness K describes the ability of a confined structure to re-
sist the expansion deformation of concrete. Its physical meaning can be
understood as the level of reaction force that the confined system can
provide to a unit expansion deformation. For components using steel
bars, steel pipes, etc., for confinement, K is related to both the elastic
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modulus of the confining material and its geometric configuration. For
example, in a uniaxially reinforced column, the effective confinement
capacity can often be considered as the result of the combined effect of
the reinforcement ratio and the elastic modulus of the steel bars, and is
further affected by the cross-sectional area ratio, arrangement, and
boundary conditions. In RAEC studies, system stiffness is more often
used to explain the difference in self-stress levels between different ma-
trix materials under the same confinement conditions, and this difference
is mainly reflected in the stiffness mismatch problem.

Since the elastic modulus of recycled aggregate concrete is usually
lower than that of natural aggregate concrete, this characteristic can be
summarized as E;. < Epac. When reinforcement conditions remain
constant, the modulus ratio n = Eg/E. in the system increases as E.
decreases. This means that the confined body is "harder" relative to the
concrete matrix, thus altering the deformation distribution mechanism
between the two. If we only consider the linear relationship of 6 = E - €,
under the same level of expansion strain, a lower E. would theoretically
result in a smaller compressive stress level achievable by the RAEC
matrix, since stress is directly dependent on the modulus. However, in
real components, a "softer" matrix often means that it is more prone to
deformation redistribution under restrain and adapts to the restrain condi-
tions through greater deformation. Therefore, the restrain response at the
component scale is not equivalent to a linear inference from a single
material point [16]. In other words, RAEC is not simply "difficult to estab-
lish self-stress," but rather, under the same restrain configuration, it is
more likely to exhibit a state where lower self-stress levels and more
significant deformation coexist. This makes the compensation efficiency
more sensitive to the expansion strain reserve and restrain strength.
Related studies indicate that to achieve a self-stress level similar to NAC
in RAEC, it is often necessary to increase the amount of expansive agent
to increase the available expansion strain, or to increase the reinforce-
ment ratio and enhance the stiffness of the confinement system to im-
prove the degree of restrain [11]. Therefore, stiffness mismatch is not
simply a negative factor; it is more like a design constraint, suggesting
that a more precise matching relationship must be established between
expansion potential and confinement capacity to ensure that the compen-
sation effect is truly implemented at the component scale.

4.3 Superimposed Effect of Creep and Stress Relaxation

The self-stress formed under confinement conditions in RAEC does
not remain constant with age; its evolution process exhibits obvious time-
varying characteristics, and creep is one of the key factors dominating
this time-varying process. Self-stress is essentially equivalent to applying
a continuous internal force state to concrete, thus inducing creep defor-
mation of concrete under long-term action, and thereby causing stress
redistribution and attenuation. This phenomenon is usually manifested in
the form of stress relaxation. Compared to NAC, RAC exhibits higher
creep levels due to its more developed pore structure, weaker ITZ, and
easier microcrack propagation. Therefore, under the same initial self-
stress conditions, RAEC often experiences faster self-stress relaxation.
Literature reports indicate that stress relaxation in RAC can lead to ap-
proximately 40 % to 60 % prestress loss [21]. This means that even if a
considerable self-stress level is established early on, without considera-
tion for long-term relaxation, the later compensation effect may still signif-
icantly diminish, affecting durability and the sustainability of crack control.

In long-term deformation analysis, the treatment of time-related ef-
fects often requires the introduction of superposition principles. The Time-
Temperature Superposition (TTS) principle is commonly used for polymer
materials, but similar superposition ideas are also employed in a more
general form in the field of concrete creep prediction. For example, the
superposition principle combines the strain contributions from different
time periods into a total strain response. For RAEC, a system with signifi-
cant material heterogeneity, using overly idealized creep descriptions for
ordinary concrete often fails to accurately predict the retention level of
long-term self-stress. Therefore, modified creep models are needed for
correction, such as introducing coefficients that consider aging effects
into the effective modulus method to more reasonably reflect the viscoe-
lastic characteristics of the material as it ages [1]. Meanwhile, the rela-
tionship between expansion, contraction, and creep in the early stages is
not simply linearly additive. During rapid hydration and continuous micro-
structure evolution, damage accumulation and microcrack propagation
alter the material's rheological path, causing RAC to exhibit more

pronounced nonlinear rheological behavior. Based on this understanding,
some studies have proposed introducing damage factors or correction
coefficients into the model to characterize the amplification effect of mi-
crocrack evolution on creep and relaxation, thereby improving the predic-
tive ability of early-age and long-term coupled deformation of RAEC [22].

5 Performance Enhancement Strategies: Carbonization Modifi-
cation and Optimized Design

5.1 Accelerated Carbonization Treatment of Recycled Aggregates

To address the common problems of low stiffness, high water ab-
sorption, and well-developed pore structure in recycled aggregates
(RCA), accelerated carbonization is widely regarded as one of the most
effective and relatively engineerable aggregate modification pathways. Its
core advantage lies in its ability to directly act on the old mortar and inter-
facial region, simultaneously improving the density of recycled aggre-
gates through chemical reactions and pore structure reshaping, thereby
enhancing the mechanical and deformation properties of RAC and RAEC
from the material source. Mechanistically, the accelerated carbonization
process mainly relies on the diffusion and reaction of CO2 into the pore
system of the old mortar. CO2 reacts with Ca(OH)2 and some C-S-H gel
in the old mortar to form harder and denser CaCO2. These calcium car-
bonate products can deposit and fill micropores and fine cracks, trans-
forming the relatively loose porous structure of old mortar into a denser
skeletal structure, thereby improving the density, strength, and overall
integrity of recycled aggregates [12]. During this process, microscopic
defects in the interfacial region are often passivated and repaired to some
extent, preventing the structural shortcomings of recycled aggregates
from being concentrated in the superposition effect of "high porosity and
weak interfaces."

Carbonation modification typically improves deformation properties
through multiple pathways and is directly coupled with the compensation
mechanism of RAEC (Reinforced Expansion Coefficient). First, carbona-
tion can restore or enhance the elastic modulus of RCA (Reinforced
Compressive Acid) to a certain extent, making its overall stiffness closer
to that of natural aggregates. This change is particularly crucial for con-
strained expansion systems because, under the same expansion strain
conditions, a higher material modulus is more conducive to converting
deformation into self-stress, thus making it easier for RAEC to form a
higher level of effective compressive stress background under con-
strained conditions [6]. Secondly, carbonation reduces the porosity and
water absorption of RCA, weakening the rapid migration channels of
water between aggregate and paste, thus mitigating drying shrinkage
caused by moisture loss and humidity gradients at the source. Simulta-
neously, densification of old mortar and ITZ strengthening reduce the
space for long-term viscoelastic deformation, causing the creep coeffi-
cient of RAEC to tend to decrease, thereby slowing down the relaxation
process of self-stress under long-term action, reducing prestress loss and
improving the durability of the compensation effect [7]. The comprehen-
sive benefits of this modification can also be seen from experimental
results. For example, a research report indicates that after using carbon-
ized fine aggregate, the compressive strength of fully recycled aggregate
concrete can increase by approximately 19,8 %, the water absorption
decreases by approximately 14,6 %, and there is a significant improve-
ment in durability-related indicators [7]. These data suggest that acceler-
ated carbonation not only improves individual performance indicators but
may also provide a more stable material basis for the deformation control
and crack resistance of RAEC through the combined effects of "pore
structure densification, interface strengthening, and stiffness restoration."

5.2 Mix Proportioning and Curing Optimization

Beyond material-level modification, mix design and curing regime al-
so determine whether RAEC can effectively convert its expansion poten-
tial into a usable compensation effect. Regarding the dosage of expan-
sive agents, RAEC, due to its higher intrinsic shrinkage and creep levels,
often has a stronger compensation requirement than NAC systems;
therefore, the recommended dosages proposed in engineering and re-
search are usually relatively higher. Taking CSA-type expansive agents
as an example, the commonly recommended dosage range is approxi-
mately 8 % to 12 %, aiming to establish sufficient effective expansion
reserves even under high shrinkage conditions. If CSA and MgO are co-
admixed, a combination with a mass ratio of approximately 2:1 is often
used to cover the early and late shrinkage compensation needs,
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achieving more balanced volumetric stability throughout the entire age
[18]. It is important to emphasize that a higher expansive agent dosage is
not always better. Excessive addition may lead to adverse internal dam-
age risks under insufficient constraints or unstable moisture supply.
Therefore, a reasonable dosage should be matched with the constraints,
aggregate moisture content, and target compensation level.

Another key variable closely related to the dosage of the expanding
agent is the water-cement ratio and curing conditions. A lower water-
cement ratio generally benefits strength and reduces permeability, but it
may also limit the hydration reaction and expansion development of the
expanding agent, as the expansion process is more sensitive to available
moisture and humidity. The RAEC system has certain unique characteris-
tics in this regard, namely, the pore water content of RCA can provide
continuous replenishment for hydration and expansion through the inter-
nal curing effect, but this replenishment capacity cannot completely re-
place the humidity stability brought about by external curing. Therefore,
after the mix proportion is determined, maintaining a high humidity envi-
ronment in the early stage through sufficient external wet curing remains
a key measure to ensure expansion efficiency. Related studies usually
recommend wet curing for no less than 14 days to reduce the inhibitory
effect of early self-drying and insufficient moisture on the expansion reac-
tion [23]. In engineering implementation, this also means that mix propor-
tion optimization and curing optimization need to be considered as
awhole and simultaneously. Only when the moisture supply, expansion
time, and restrain conditions are matched can the compensation mecha-
nism of RAEC function stably and achieve a more reliable comprehensive
balance between strength, volume stability, and durability.

Conclusions and Outlook

A review of existing literature shows that a relatively clear consensus
has been reached regarding the mechanism and engineering application
of recycled aggregate expansive concrete (RAEC). Overall, although
RAC inherently suffers from drawbacks such as high shrinkage, signifi-
cant creep, and low elastic modulus, stable shrinkage compensation can
still be achieved by appropriately introducing expansive agents, especial-
ly a composite expansive system of CSA and MgO. Under suitable con-
straints, considerable levels of chemical prestress can also be estab-
lished. Existing studies generally indicate that RAEC can generate ap-
proximately 0,5 to 1,5 MPa of chemical prestress within a controllable
engineering range, effectively offsetting the tensile stress caused by
shrinkage and significantly improving crack resistance. This means that
"expansion compensating for shrinkage" is not only feasible in recycled
systems but also possesses a clear performance gain path. Meanwhile,
the design logic of RAEC cannot simply follow the empirical framework of
natural aggregate concrete (NAC). This is because the stiffness mis-
match caused by low modulus alters the conversion efficiency of expan-
sion strain into self-stress, often requiring a higher level of restricted ex-
pansion rate to achieve the same self-stress. Furthermore, a higher creep
level accelerates self-stress relaxation and amplifies prestress loss, mak-
ing the favorable state established early on more prone to decay during
long-term service. Based on this characteristic, employing expansion
sources covering the entire age range, such as MgO that can provide
delayed expansion, and incorporating relaxation loss considerations into
structural design are generally considered necessary conditions for im-
proving the durability and predictability of the compensation effect.

Regarding performance enhancement technologies, the importance
of aggregate modification has been repeatedly emphasized. Among
these, accelerated carbonation is considered one of the most targeted
key means to improve the overall performance of RAEC. The densifica-
tion effect formed by the carbonation reaction can not only restore the
stiffness of recycled aggregate to a certain extent but also reduce porosi-
ty and water absorption, weakening drying shrinkage caused by moisture
migration at the source. It also reduces creep levels through interface
strengthening and microstructure densification, thereby enabling the
expansion efficiency to be more fully and stably converted into an effec-
tive self-stress background. Meanwhile, the synergistic effect of multiple
restrain systems provides more structurally significant support for improv-
ing the brittleness and compensation efficiency of RAEC. Fiber-based
materials such as steel fibers and basalt fibers can reduce strain concen-
tration through crack bridging and dispersed constraints, making the
expansion energy more likely to form a uniform internal restrain force

distribution and suppressing the propagation of microcracks that may be
induced during the expansion process. The steel tube restrain system
provides continuous confining pressure at the component level and helps
solve the interfacial voiding problem caused by core concrete shrinkage,
thereby improving overall ductility and load-bearing stability. The above
evidence collectively demonstrates that the advantages of RAEC do not
stem from a single material measure, but rather rely more on the system-
atic matching between the expansion source time history, restrain condi-
tions, aggregate modification, and crack control methods.

Looking to the future, RAEC research still needs to be further deep-
ened along three main lines: long-term service mechanism, environmen-
tal durability, and engineering standardization. Firstly, regarding long-term
performance, it is necessary to establish long-term constitutive and creep
relaxation models that can reflect the coupling effect of RCA damage
evolution and the hydration process of the expansion agent, thereby
quantifying the influence boundary of stress relaxation on the self-stress
retention level and structural safety, enabling design to move from short-
term performance to traceable life-scale evaluation. Secondly, regarding
durability, a more in-depth discussion is needed on the stability of expan-
sion products under corrosive environments such as chloride and sulfate,
especially ettringite. The long-term correlation between eftringite and the
evolution of microcrack networks, changes in permeability, and the risk of
steel reinforcement corrosion needs to be clarified, thereby establishing a
durability evaluation path that more closely reflects actual service envi-
ronments. Finally, to promote large-scale engineering applications, de-
veloping standardized design methods and mix design specifications for
RAEC remains essential. In particular, the optimal type and reasonable
dosage range of expansion agents corresponding to different quality
grades of recycled aggregates should be clearly defined, and moisture
management, curing requirements, and constraints should be incorpo-
rated into operable engineering clauses to improve the replicability and
reliability of RAEC in different engineering scenarios.
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