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Abstract

Recycled aggregate (RA) concrete has attracted much attention due to its environmental benefits, but its low mechanical properties and high
brittleness limit its application in structures. Fiber-reinforced polymer (FRP) confinement is an effective means to improve its performance. Among them,
the "active confinement" achieved by combining expansive concrete (EC) with CFRP strips is a promising new technology. This technology generates
pre-tension stress in the CFRP strips through chemical expansion, placing the core concrete in a triaxial pre-compression state, thereby optimizing
concrete performance before loading. However, the interaction between the porosity of recycled aggregate, the effectiveness of the expansive agent,
and the discontinuous confinement effect of the CFRP strips is very complex, and its mechanical mechanism is not yet clear, nor is a mature
constitutive model available. This paper aims to systematically review the current research status of the mechanical mechanism and constitutive model
of CFRP strip-confined recycled aggregate expansive concrete. First, the multiple physical and mechanical coupling mechanisms among the expansive
agent, recycled aggregate, and CFRP strips were explored. Second, the influence of key factors such as the replacement rate of recycled aggregate,
the type of expansive agent, and the spacing of CFRP strips on the mechanical properties of the composite structure was reviewed. Finally,
the limitations of existing constitutive models were analyzed in detail, pointing out that existing models cannot accurately describe the full stress-strain
curve of this novel composite material. This paper aims to clarify the research gaps in this field and provide direction for the future development of high-
precision constitutive models.
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UCCNENOBAHUS MEXAHU3MA PABOTbI U KOHCTUTYTMBHOW MOLENU PACLUMUPAIOLLErOCA BETOHA
HA PELIMKNUPOBAHHOM 3AMONHUTENE C AKTUBHbIM OrPAHWYEHWEM NONOCAMU U3 CFRP

o Mun, B. B. Typ

Pedepar

BetoH Ha nepepabotanHbix 3anonHutensx (RA) npuenek Gonbloe BHUMaHWE 13-3a €ro SKOMOTrMYECKMX MPENUMYLLECTB, HO €ro Hu3kue
MeXaHn4eckie CBOWCTBA W BbICOKAs XPYMKOCTb OrPaHWYMBAIOT €ro MPUMEHeHWe B KOHCTPYKUMsX. OpHWUM M3 3(pheKTUBHBIX MyTeit MPUMEHEHMs
PELMKIMHIOBOrO 3anoNHUTENs ABMAETCS €ro UCMoNMb30BaHWE COBMECTHO C HampsratoyM LEeMEeHTOM B YCMOBMSIX aKTUBHOTO OrpaHWYeHus B BUAe
nnacTukoBbIX TPY6 € HaBMBKOW MomocoBoro apmupoBaHns 13 CFRP. 3ta TexHomorvs no3sonseT CreHepupoBaTh NpeaBapuTenbHble HanNpsKEHUS
Bnonocax u3 CFRP nocpenctBom (hvanko-XMMMYECKOro paciumpeHus, cosgaBas B OETOHHOM spe B YCMOBUS TPEXOCHOTO OrpaHUYeHns
npeABapuTenbHOE CkaTie, TeM CaMbiM OMTUMU3MPYS XapakTepucTuku GeToHa A0 HarpyxeHusi. OfHako B3auMMOAENCTBME MeXdy MOpPUCTOCTbI
nepepaboTaHHOro 3anonHUTENs, 3 MEKTMBHOCTLIO PaCLLMPSIOLLEroCs areHTa 1 HenpepbiBHbIM 3ddekTom orpaHuyerust nonoc CFRP oyeHb CrioxHo
onucatb T. K. MeXaHuaM He §CeH A0 KOHua, W anpobupoBaHHas KOHCTUTYLMOHHAs MOAenb OTCYTCTBYeT. HacToslas cTaTbsl HanpasneHa
Ha cucTeMaTUYeCcknin 0630p TEKYLLIEro COCTOSIHIUS MCCHEN0BaHUA MEXaHN3MA U KOHCTUTYLIMOHHOI MOLen Hanpsiraiowlero 6eToHa Ha nepepaboTaHHOM
3anonnuTene B ycnoeusix orpanuyenus CFRP nonocamu. B crtatbe nogpobHO npoaHannavpoBaHbl CyLLECTBYHOLME KOHCTUTYTUBHBIE MOAEnu
pacLunpeHus HanpsratoLero 6eToHa Ha PeLKIMHIOBbLIX 3aNOMHUTENSX B YCNIOBUSX TPEXOCHOTO OrpaHNYeHis, 0TMeYasi, YTo CYLLECTBYIOLME MOAenH
He MOryT TOYHO OnuCaTb MOSHYI0 KPUBYIO Pa3BUTIS CaMOHaNpPsKeHUs BO BPEMEHM A4S 3TOr0 HOBOTO KOMMO3WTHOrO MaTtepuana. Lienbto HacToswei
cTaTbi SBMSIETCS BblACHEHWe npobenoB B uccrefoBaHWsX B 3ToW 0bBrmactu v (hOpMynupoBaHWs Hanpaenenus ans Gygywen paspaboTku
BbICOKOTOYHBIX KOHCTUTYTUBHBIX MOZENeEN.

KnioueBble cnoBa: nomnockl U3 CFRP (yrmennacTtuka), akTMBHOE OrpaHUYeHWe, PELMKNWHIOBLIA 3anofHUTENb, paclumpsiolLuiics GeToH,
KOHCTUTYLMOHHAs MOLENb.

1 Introduction

With the ongoing advancement of global infrastructure development
and the accelerating pace of urbanisation, the construction industry's
demand for concrete raw materials has grown exponentially. This has
simultaneously generated vast quantities of construction and demolition
waste (CDW). Addressing the dual crises of resource scarcity and envi-
ronmental pollution while meeting structural performance requirements
has become a pressing core issue within the civil engineering sector.
Recycled Aggregate Concrete (RAC) technology achieves this by crush-
ing and screening waste concrete to replace natural aggregates, signifi-
cantly reducing carbon emissions while enabling closed-loop recycling of
construction resources [1, 5]. However, the surface-adhered aged mortar
and micro-fractures generated during crushing impart inherent physical
and mechanical deficiencies to recycled concrete aggregate (RCA), such
as elevated porosity, high water absorption, and low crushing value [7].

These inherent limitations result in recycled aggregate concrete typically
exhibiting lower compressive strength, elastic modulus, and durability
compared to natural aggregate concrete (NAC) of equivalent grades,
thereby restricting its widespread application in high-performance struc-
tural components [7].

To enhance the mechanical properties of recycled aggregate con-
crete and broaden its application scope, fibre-reinforced polymer (FRP)
confinement technology has been introduced into the field of recycled
aggregate concrete structural reinforcement [25]. FRP materials offer
advantages such as lightweight high strength, corrosion resistance, and
ease of construction. They can significantly enhance the strength and
ductility of the concrete core by providing lateral confinement forces.
Carbon fibre reinforced polymer (CFRP), in particular, is widely adopted
due to its exceptional mechanical properties. However, traditional FRP
wrapping techniques primarily provide passive confinement. Under
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passive confinement, the restraining force of FRP relies on lateral expan-
sion of the core concrete. This implies that the restraining effect can only
be fully realised after the concrete has undergone significant axial defor-
mation and sustained a certain degree of damage [18]. For recycled ag-
gregate concrete, which inherently possesses low stiffness and is prone
to cracking, this delayed confinement mechanism often fails to effectively
suppress early crack initiation. Consequently, the stiffness enhancement
of the member during the elastic stage remains limited.

To overcome the limitations of passive confinement, the concept of
active confinement emerged. By introducing expansive agents (EA) to
prepare expansive concrete, the interaction between the volume expan-
sion during concrete hardening and the external FRP materials enables
the establishment of chemical prestressing within the core concrete prior
to loading, thereby achieving ‘active confinement’ [2]. This chemical pre-
stressing not only compensates for concrete shrinkage deformation but
also enhances the cracking load and initial stiffness of the member, fun-
damentally improving the load-bearing performance of RAC. Further-
more, considering the potential issues of poor breathability and high cost
associated with full-wrap FRP, the partial confinement technique using
CFRP strips offers an alternative solution that balances economy and
functionality [17]. CFRP strips permit moisture and heat exchange be-
tween concrete and the external environment, benefiting the hydration of
expansive agents and the long-term performance of concrete. However,
this also introduces more complex non-uniform constrained stress fields
and arching action issues [13].

It is noteworthy that the confinement mechanics governed by a sur-
rounding jacket has been well established in concrete-filled steel tube
(CFST) members and FRP-tube encased concrete, where equilibrium
and strain-compatibility allow the core’s free strains (e. g., shrinkage,
thermal strain, or expansion) to be converted into interface pressure in
a closed-form manner.

Such a tube-based formulation provides a rigorous baseline for explain-
ing how expansive concrete can mobilize “active” confinement in the jacket,
rather than treating confinement efficiency purely as an empirical modifica-
tion.Therefore, in addition to summarizing CFRP-strip confinement and
expansive concrete, this review also introduces a tube-mechanics perspec-
tive (Section 3.4) to bridge CFRP-strip active confinement with the mature
CFST/continuous-tube analytical framework [5, 22, 23].

The integration of CFRP strip partial confinement technology with re-
cycled aggregate expansive concrete establishes a novel composite
structural system combining green, low-carbon, active reinforcement, and
cost-effectiveness. This system involves the microporous structure of
recycled aggregates, the chemical reaction kinetics of expansive agents,
the non-uniform physical confinement of CFRP strips, and the complex
mechanical coupling between these three elements. This paper aims to
systematically review the mechanical mechanisms and constitutive model
research progress concerning CFRP strip-actively constrained recycled
aggregate expansive concrete. The paper will delve into the synergistic
‘internal curing-expansion’ mechanism between recycled aggregates and
expansive agents, examine stress path effects under active confinement
alongside the non-uniform characteristics of strip confinement, and criti-
cally evaluate and compare existing constitutive models. This endeavour
seeks to provide robust theoretical underpinnings for the engineering
design and application of such novel composite structures.

2 Material Properties and Microscopic Synergistic Mechanisms
of Recycled Aggregate Expansive Concrete

2.1 Multi-interface Defect Characteristics of Recycled Aggregates
and Their Potential for Internal Curing Effect

The most critical difference between recycled aggregates and natural
aggregates lies in their more complex and heterogeneous interfacial
structures. Recycled aggregates are typically composed of virgin natural
aggregates and old cement mortar adhering to their surfaces. This "two-
phase" structure inevitably leads to multiple interfacial transition zones
(ITZs) within recycled aggregate concrete (RAC). These include interfac-
es between new and old mortar, interfaces between old mortar and virgin
aggregates, and interfaces where new mortar directly contacts virgin
aggregates, especially when old mortar partially peels off during the
crushing process [10]. Due to the diverse interface types, poor structural
continuity, and significant gradients in material properties, microstructural
analysis generally indicates that the interphase zone (ITZ) of reclaimed

concrete (RAC) is often more porous. Pores and microcracks are more
easily enriched and interconnected in this region, a characteristic consid-
ered a significant microscopic cause of the reduced macroscopic me-
chanical properties of RAC. Further research data reveals the porosity
characteristics of recycled aggregates at the material parameter level;
their porosity is typically more than 30 % higher than that of natural ag-
gregates, while their water absorption can reach 5 % to 10 % [21]. There-
fore, in conventional concrete, recycled aggregates often introduce
a stronger mixing water adsorption effect and exacerbate the interfacial
weakness problem, thus adversely affecting workability and strength
development.

However, in expansive concrete systems, the aforementioned high
porosity and high water absorption do not necessarily imply performance
degradation. On the contrary, they provide a structural basis for the sys-
tem to induce an "internal curing" effect. Traditional expansive concrete
often faces the risk of insufficient moisture supply in engineering applica-
tions. This is because the hydration reaction of the expansive agent con-
tinuously consumes water. If external curing is insufficient, the decrease
in relative humidity inside the system will induce self-drying shrinkage,
thereby weakening the compensatory role that expansion should play
[11]. The porous structure of recycled aggregates allows them to quickly
absorb and store a certain amount of free water in the early stages of
concrete mixing. As the cement hydration and hardening process pro-
gresses, the relative humidity inside the matrix gradually decreases, form-
ing a capillary pressure difference. This pressure difference further drives
the release of water from the pores of the recycled aggregates into the
surrounding paste, thus replenishing the water required for cement hydra-
tion and the reaction of the expansive agent in a more continuous manner
[11]. When internal curing water is stably supplied at the microscale, its
effect is not only to promote a more complete reaction of the expansive
agent and increase the restricted expansion rate, but also to change the
microscopic evolution path of the ITZ by improving the hydration envi-
ronment of the interface zone. The C-S-H gel and hydrated aluminate
generated near the interface can more effectively fill pores and bridge
microcracks, making the ITZ structure more compact, thus achieving
a certain degree of repair and weakening of microscopic defects in RAC [8].

2.2 Expansive Agent Reaction Kinetics and the Formation Mecha-
nism of Chemical Prestress under Constrained Conditions

The volume increase of expansive concrete is usually achieved by
incorporating calcium-based (Ca0), magnesium-based (MgO), or calcium
sulfoaluminate-based expansive agents. However, different expansive
agents have significant differences in reaction mechanism, reaction rate,
and expansion history, which directly determines the temporal character-
istics of the expansion effect and its adaptability to shrinkage compensa-
tion. Calcium sulfoaluminate-based expansive agents primarily generate
crystalline growth pressure within the cement paste skeleton by produc-
ing needle-like ettringite crystals (AFt), thereby driving volume expansion.
This type of expansion typically occurs in the early stages of hydration
and exhibits a relatively rapid development rate [4]. In contrast, MgO
expansive agents generate magnesium hydroxide crystals (Mg(OH),)
through hydration. Their reaction process is slower and more significantly
affected by temperature, thus potentially providing a longer-lasting de-
layed expansion effect. This has more direct engineering significance for
compensating for the later-stage shrinkage of large-volume concrete [19].
Since the expansion effect essentially originates from the generation and
growth of hydration products, the system's moisture supply, temperature
conditions, and pore structure all influence the reaction mechanism and
final expansion contribution of the expansive agent to varying degrees,
resulting in expansive concrete exhibiting a clear material-environment
coupling characteristic.

When expansive concrete is within a CFRP strip-constrained system,
the free expansion of the core concrete is restricted by the external FRP
material. This restriction does not eliminate expansion but rather trans-
forms it into a characterizable stress state. According to Newton's third
law, the reaction of external constraints forces compressive stress o
within the concrete, while simultaneously inducing corresponding tensile
stress ogp oin the FRP strips. This state, driven by a chemical reaction
and ultimately manifesting as mechanical stress, can be defined as
"chemical prestressing." Previous studies have indicated that the level of
chemical prestressing depends on key factors such as the type and dos-
age of the expansive agent, the water-cement ratio, curing conditions,
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and the stiffness of the external constraints [2]. When chemical prestress-
ing is within a moderate range, the concrete more closely approximates
a triaxial compressive working state, and its crack resistance and initial
elastic modulus are often significantly improved. However, stronger ex-
pansion is not always more beneficial. When the expansive agent dosage
is excessive or the expansion pressure exceeds the tensile strength of
the concrete matrix in the unconstrained direction, new microcracks may
form internally, compromising material integrity and thus negating the
expected gains or even converting them into performance damage [2].

Fresh mix:
(a) RCA absorbs free water

Early hardening:

(b) internal curing supports hydration

Therefore, the mix design and constraint system design of recycled aggre-
gate expansive concrete need to simultaneously consider the regulatory
effects of the water absorption and release behavior of recycled aggregate
on the hydration environment, as well as the influence of the water con-
sumption of the expansive agent during hydration and the growth of its
products on the evolution of interal stress. Only by precisely matching the
water supply capacity with the reaction requirements can a more stable and
repeatable synergistic effect be achieved between microstructural densifica-
tion and macroscopic mechanical property improvement.

Later age:
(c) densification + micro-prestress
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Figure 1 — Schematic diagram of the microscopic synergistic mechanism between recycled aggregate and expansion agent [2, 10, 11]

Figure 1 aims to visually present the microscopic path and structural
results of the synergistic effect between recycled aggregate and expan-
sive agent during hydration. This schematic diagram illustrates the key
stages of water migration and interface evolution in a time-progressive
manner. The left side of the figure corresponds to the fresh mixing stage.
In the initial stage of mixing, porous recycled aggregate (RCA) adsorbs
and stores a large amount of free water, and the old mortar layer at-
tached to its surface is in a high-saturation state. The expansive agent
particles are relatively uniformly dispersed in the new cement paste,
providing a spatially diffusible basis for subsequent reactions. The middle
part of the figure depicts the water redistribution process in the early
stages of hardening. As cement hydration continues to consume external
moisture, the internal humidity of the matrix gradually decreases, forming
capillary tension. Under this driving force, the internal curing water stored
inside the recycled aggregate undergoes desorption and migrates out-
ward. The released water is preferentially transported to adjacent expan-
sion agent particles and unhydrated cement particles, thereby maintain-
ing the local water environment required for the reaction at the mi-
croscale. The right side of the figure corresponds to the structural
strengthening results in the later stages of hardening. Near the interface
transition zone (ITZ) between RCA and the new paste, due to continuous
water replenishment, more abundant ettringite crystals and dense C-S-H
gel are generated. These hydration products fill and seal the previously
loose pores and microcracks, forming a identifiable "densified zone"
around the interface. At the same time, the growth of expansion products
is restricted by the external skeleton and constraints, inducing a pre-
stressed state at the microscale, making the overall matrix structure more
compact and possessing stronger crack resistance potential. This sche-
matic process provides a clearer understanding of how internal curing, in
conjunction with micro-expansion, affects the evolution of interfacial de-
fects and pore structure in RAC, thereby promoting simultaneous im-
provement of material properties at both the micro and macro levels [10].

3 Mechanical Mechanism of CFRP Strip Active Constraint Systems

3.1 Differences in Stress Initiation Points and Path-Dependent Re-
sponses Between Active and Passive Constraint

The core prerequisite for understanding CFRP strip active constraint
systems lies in clarifying the fundamental differences between ‘active
constraint’ and ‘passive constraint’ in terms of constraint initiation mecha-
nisms and stress onset points. Furthermore, it is essential to recognise
how these differences influence material damage evolution and ultimate
load-bearing performance through stress pathways. Traditional FRP-
constrained concrete typically constitutes a passive constraint system.
During the initial loading phase, the FRP jacket bears negligible effective
stress. Only when the core concrete undergoes longitudinal compression
under axial pressure, accompanied by lateral expansion, does the FRP

develop circumferential tensile forces through passive stretching. This
subsequently imposes lateral constraint pressure o; upon the core
concrete. Within this framework, the magnitude of the confinement pres-
sure is governed by the lateral strain €, i. €., o} = f (g;). Consequently,
the establishment of confinement exhibits pronounced hysteresis. This
hysteresis implies that the confinement effect is often only gradually activat-
ed after the concrete has already developed a certain degree of microcrack
initiation and damage accumulation. For recycled aggregate concrete,
which exhibits greater brittleness, more initial defects, and lower overall
stiffness, the material is more sensitive to damage during the early loading
stages. Irreversible micro-deterioration may occur before the confinement
effect is fully developed, thereby inherently limiting the subsequent en-
hancement of strength and ductility through confinement [18].

Upon introducing expansive agents, the confinement mechanism un-
dergoes a fundamental transformation. Concrete can generate initial lateral
compressive stress o ;,; internally through volumetric expansion before
external axial working loads are applied. Concurrently, CFRP strips are pre-
stressed due to the induced tensile strain. The presence of confining pres-
sure alters the material's failure criteria. From the perspective of the Mohr-
Coulomb failure criterion, the initial confining pressure effectively extends
the elastic range of the concrete at the onset of loading and raises the crack
initiation threshold. This results in earlier and more effective suppression of
microcrack nucleation and propagation. More significantly, active confine-
ment not only provides a non-zero initial confining pressure value but also
fundamentally alters the stress path of the concrete: under passive con-
finement, confining pressure typically increases monotonically from zero as
axial load increases; whereas under active confinement, confining pressure
commences from a non-zero level, with its subsequent growth rate jointly
governed by FRP stiffness and concrete shear-expansion characteristics.
Consequently, the evolution of confining pressure exhibits distinct temporal
characteristics compared to passive confinement. Extensive research indi-
cates that concrete's mechanical response exhibits pronounced path-
dependency. Even when ultimately reaching identical confining pressure
levels, specimens subjected to active confinement pathways frequently
demonstrate higher ultimate strengths and superior ductility [9]. This dispari-
ty does not stem from a simple comparison of ‘final confining pressure val-
ues, but rather relates more profoundly to whether damage is suppressed
in the early stages. Active confinement imposes restrictions on microcrack
evolution from the onset of loading, enabling the material to maintain higher
structural integrity throughout the loading process. This provides a more
stable microstructural foundation for subsequent strength development and
deformation capacity.

3.2 Arch Effect of Partially Constrained Strips and Evolution of Effec-
tive Constraint Induced by Expansion

Compared to continuous FRP tubes or fully wrapped configurations,
CFRP strip confinement introduces a pronounced non-uniform stress field
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alongside lateral restraint. This non-uniformity manifests not only in the
cross-sectional direction but more markedly in discontinuous distribution
characteristics along the component height. Within the strip coverage
zones, concrete experiences strong confinement, whereas in the inter-
strip gaps, it remains weakly confined or even unconstrained. Conse-
quently, confinement stresses do not propagate uniformly along the
height. The classical ‘arching action’ theory is commonly employed to
explain this phenomenon. Its fundamental principle posits that confine-
ment stress does not propagate linearly between adjacent strips but
traverses the gap regions via arched stress paths, enabling transfer from
one confinement ring to the next. During this process, only the concrete
within the arched region forms an effective confined core and receives
effective confining pressure, whereas the concrete outside the arch, clos-
er to the free surface, is more prone to spalling or brittle failure [13]. Con-
sequently, the load-bearing contribution of strip confinement largely de-
pends on the adequate formation of the arch effect and the actual extent
of the effective confined core under geometric and material conditions.
When the confined material transitions from ordinary concrete to expan-
sive concrete, the mechanism of arch effect formation and confinement effec-
tiveness exhibit heightened dynamism. This arises because expansion con-
stitutes a volumetric deformation process, wherein the core concrete exhibits
an outward expansion tendency even within the strip gaps. This tendency
may manifest prior to the application of external axial loading. Should the
spacing between CFRP strips be excessively large, the concrete within the
gaps may crack under expansive forces, potentially leading to localised fail-
ure even before axial loading. This creates a persistent ‘pre-damage’ effect,
prematurely diminishing the potential for strength and ductility enhancement
during subsequent compression stages. Precisely because expansion intro-
duces pre-loading deformation and internal stress evolution, the determi-
nants of the effective confinement coefficient k. are no longer confined to
geometric parameters alone. Instead, they must simultaneously account for
the expansion energy generated by the admixture reaction and the resulting
stress redistribution process. The classical expression proposed by Mander
et al. is typically written as ko = (1 —s'/2d.)?, where s’ denotes the net
spacing between strips and d. represents the core diameter [27]. This
formulation essentially characterises the reduction in the effective core size
through geometric relationships. However, for expansive concrete systems,
direct application of this geometric coefficient often fails to reflect the actual
deviations caused by expansion-induced stress increases in the interstitial
zone or pre-damage effects. Consequently, k. requires modification to
incorporate the influence of stress redistribution induced by expansion [6].
Further research indicates that when the ratio of net strip spacing to

(a) Passive confinement: stress field
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member dimensions exceeds a certain threshold, arching effects struggle to
stabilise, leading to a sudden drop in confinement efficiency. The failure
mode may shift from confinement-dominated behaviour to shear failure of
the interstitial concrete. This threshold is frequently reported in multiple
studies to be close to 0,5 [17]. Consequently, in the strip confinement de-
sign for expansive concrete, strip spacing does not merely determine the
‘strength of confinement'. It more directly influences whether the expansion
phase will induce premature damage in the gap zone, thereby affecting the
effectiveness and stability of the entire confinement system throughout the
entire compression process.

3.3 Stress Concentration and Constraint Efficiency Modulation In-
duced by Cross-Section Geometric Effects

When the cross-section of a component is rectangular or square, the
non-uniformity encountered by CFRP strip confinement exhibits a superpo-
sition effect, typically exhibiting significantly greater complexity than circular
cross-sections. On the one hand, the strip spacing in the height direction
still causes discrete distribution of confinement pressure along the height
due to the arch effect. On the other hand, the comer effect in the cross-
sectional direction further leads to significant in-plane non-uniformity of
confinement pressure. For rectangular cross-sections, lateral confinement
pressure tends to concentrate in corner regions, while confinement at the
mid-sections of straight edges is relatively weaker. This occurs because
FRP, as a flexible membrane material, tends to provide membrane tensile
response rather than directly forming stable confining pressure in straight
segments. Consequently, the mid-sections of straight edges struggle to
achieve lateral compressive stress levels comparable to those at corners
[14]. When the material is replaced with recycled aggregate concrete, its
internal defect distribution exhibits greater randomness and heterogeneity.
The non-uniform constraint stress field is more likely to trigger damage
propagation at local defects and weak interfaces, manifesting as localised
failure initiating and rapidly evolving into global failure. Concurrently, the
high stiffness of CFRP strips provides strong confinement to localised re-
gions but may also induce stress concentration at strip edges or locations of
stress discontinuity. This generates significant shear effects within the con-
crete at these points, potentially triggering localised shear failure. Conse-
quently, the overall utilisation rate and ductility contribution of the confine-
ment system are diminished. Consequently, corner rounding of rectangular
columns is widely regarded as a crucial method for enhancing confinement
efficiency. Increasing the radius of curvature improves the continuity of FRP
strain development and confining pressure distribution at corners, resulting
in more uniform lateral confinement and enhancing the effective utilisation
of CFRP material [16].

1 (6)) Active confinement: precompression background

Background compression
fills gaps

Active

Damage more
distributed

Passive

Damage localizes
in gaps
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Radius Radius

0.6 0.8 1.0

Figure 2 — Comparison of internal stress fields within CFRP-constrained concrete under active and passive constraint conditions [2, 5, 18, 24]

To elucidate the coupling relationship between active confinement
and the partial confinement effect of the strips, a comparative analysis of
the two states can be conducted using stress contour plots derived from
finite element numerical simulations. Figure 2a corresponds to the pas-
sive confinement state, displaying the distribution of minimum principal
stresses along the longitudinal section of the CFRP strip-confined
concrete cylinder during the initial stage of axial loading. Where

compressive stresses predominantly concentrate directly beneath the
CFRP strips. Darker hues indicate higher local confining pressure levels.
Distinct arched stress transfer pathways emerge between the strips: the
inner arch region exhibits elevated compressive stresses forming an
effective confinement core, while the outer arch area near the concrete
surface shows markedly lighter colours, even exhibiting near-zero stress
zones. This reflects a low-confinement blind zone where effective
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confining pressure is scarcely established during the early loading stage.
Figure 2b corresponds to the active confinement state, illustrating the
stress distribution characteristics prior to axial loading after introducing
the expansive agent. Compared to Figure 2a, a background compressive
stress field is observed throughout the entire cross-section, including the
inter-strip void regions. While the highest compressive stress levels per-
sist beneath the strips, stresses in the void regions are significantly ele-
vated, and the original low-stress blind zones tend to disappear. This
indicates that the initial confining pressure introduced by chemical pre-
stressing spatially compensates for the inherent weak zones in the dis-
continuous confinement provided by the strips. Consequently, a continu-
ous compressive stress field is established earlier within the component.
Figure 2c further presents a comparative damage contour plot during the
failure stage. The passively constrained specimen exhibits greater sus-
ceptibility to damage concentration at the strip gaps, forming distinct
shear zones. Conversely, the actively constrained specimen typically
displays more uniform damage distribution, with crack morphology tend-
ing towards finer and more dispersed patterns. This disparity numerically
corroborates the mechanism by which active confinement mitigates
stress concentration and suppresses localised failure [6].

3.4 Tube-based mechanical model and analogy with CFST members

From a mechanics viewpoint, the actively confined RAC-EC with
CFRP strips can be regarded as a discontinuous approximation of a full
tube surrounding the concrete core. This configuration is conceptually
close to classical concrete-filled steel tube (CFST) and FRP-tube en-
cased concrete members, in which the tube and the core concrete share
compatible deformations and interact through radial interface pressure.
Tube-based analytical models developed for CFST and FRP tubes there-
fore provide a useful reference framework for interpreting the stress
transfer mechanism in the present system [5, 22, 23].

For a thin-walled circular tube with thickness ttt and mean radius rrr,
made of an isotropic linear-elastic material with elastic modulus ESE_sEs
and Poisson’s ratio us\mu_sps, the hoop and axial stresses can be ex-
pressed in terms of the corresponding strains as

Es Es
m(es,e + Hses,z)r 1__@(65,2 + Hses,e)- Q]
Assuming perfect bond at the tube—concrete interface and uniform in-

ternal pressure, radial equilibrium of a closed tube leads to the classical
thin-walled relations

Os0 = Osz =

t qr
q= ;o_S,Sr Ogz = Z_t' (2)
where q is the confining pressure acting on the concrete core. Equa-
tions (1), (2) show that the active confining pressure generated by expan-
sion or differential deformation in the core can be directly related to the
hoop and axial strains in the surrounding tube (see Figure 3).

The concrete core is simultaneously subjected to axial stress and
lateral confinement. Neglecting radial stress gradients within the core and
adopting an effective time-dependent modulus E,(t) and Poisson’s ratio
Hes the tangential and axial concrete stresses associated with the elastic
part of the strains can be written in a form analogous to generalized
Hooke’s law

—_ Ea(®

0086~ 1oy, (1-20,)
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with radial equilibrium at the interface requiring oy (r;) = —q. To-
gether with the strain-compatibility conditions 59 = €.90 and
€2 = €cqz at the interface, Equations (1)-(3) form a closed ‘tube
model” that links the free expansive strain of RAC-EC, the tensile re-
sponse of the CFRP (or steel) tube, and the resulting three-dimensional
stress state in the core. In CFST members, similar formulations are wide-
ly used to quantify how temperature rise, shrinkage and creep of the
concrete core generate active confinement in the steel tube; here the
same approach can be used to interpret the chemical prestressing pro-
duced by expansive agents in RAC-EC.

When time-dependent effects are included, the total strains in both
tube and concrete can be decomposed into instantaneous elastic parts
and creep components. For the concrete core, the circumferential and
axial strain increments at a generic time step t; may be expressed as

[(1 “ )Gceeﬂl Eczz]
)

0 ALP io
Aec ee‘Ae 00 Z Acc 00 Ecm " z A 0 Eomze
(i — Ag( tl Ay(t; 4 )
Ae c,zz'Aec,zz+ Zj=1 c zz Eem + Z c 66 Ecm (4)

where A (t;, tj) and Ay (t, tj) are d|screte creep functions assomated with
the history of tangential and axial stresses, respectively, and Eg, is a
reference modulus at 28 days. The corresponding stress increments in

the tube, Aog?e and Aog?z, are obtained from Equation (1) using the com-

patible strain increments in the tube. Substituting these stress increments
into Equation (2) provides the evolution of the confining pressure q(t) and
thus the time-varying active confinement level in the core.

For RAC-EC members confined by CFRP strips rather than a contin-
uous tube, the above tube model can still be used in an “equivalent-tube”
sense. An effective tube thickness teq may be introduced by distributing
the total strip area uniformly around the perimeter, while the non-
uniformity of strip confinement is accounted for through the effective con-
finement coefficient ke discussed in Sections 3.2 and 4.3. In this way, the
active confining pressure derived from Equations (1)-(4) can be inter-
preted as the mean confining pressure in the effectively confined core,
and the influence of strip spacing, strip width and expansion level can be
translated into modifications of teq and ke. This tube-based analytical
framework provides a direct theoretical bridge between the well-
established mechanics of CFST/FRP-tube systems and the more com-
plex behaviour of CFRP-strip-actively confined RAC-EC members.

4 Axial Compression Performance, Failure Modes and Key Pa-
rameter Analysis

4.1 Failure Patterns and Their Evolutionary Mechanisms

The failure patterns exhibited by CFRP-strip-actively-constrained re-
cycled aggregate expansive concrete under axial compression funda-
mentally result from the competitive and mutually reinforcing interplay of
multiple mechanisms across different stages. The dominant mechanism
is typically governed by the combined effects of constraint stiffness, recy-
cled aggregate replacement rate, and expansive agent dosage. Con-
straint stiffness is determined not only by the number of CFRP layers but
also closely relates to strip spacing, strip width, and their mode of shaping
the effective constraint core. The recycled aggregate replacement rate
influences crack initiation locations and propagation pathways by altering
the matrix's initial defect level, interfacial weakness, and shear-expansion
response; the expansive agent dosage further modifies the pre-loading
initial stress state and early-loading crack initiation threshold through the
magnitude and distribution of chemical prestress. Based on experimental
phenomena and the temporal characteristics of failure processes, com-
mon failures can be categorised into several representative types. How-
ever, these are not mutually exclusive; they often occur sequentially or
concurrently within the same specimen, differing only in their dominant
features.

When confinement is strong — that is, when strip spacing is small, the
number of layers is high, and the effective confinement core area is
large — the specimen is more likely to exhibit a failure mode dominated by
CFRP tensile rupture. This failure typically commences when tensile
strain in one or several strips near the mid-column rapidly approaches its
limit, accompanied by a distinct audible crack. Subsequently, due to the
instantaneous loss of lateral confinement locally, the core concrete rapid-
ly transitions to crushing failure under high axial compression, producing
significant fragmentation and spalling. It is important to note that within
active confinement systems, the expansion phase already induces initial
tensile strain in the CFRP strips. This effectively consumes part of the
strain reserve before axial loading commences. Consequently, the ‘addi-
tional available fracture strain’ that CFRP can provide during loading is often
less than the material limit values measured in uniaxial tensile tests. Con-
currently, the volume deformation and shear expansion characteristics of
recycled aggregate systems are more pronounced. Under intermittent con-
finement conditions, the strips may exhibit greater strain inhomogeneity,
causing the strain efficiency coefficient to vary across different structural
parameters and material combinations [24]. This affects the actual location
and sequence of reaching the limit state defined by ‘reaching e .
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Figure 3 — Tube-based mechanical model and its analogy with CFST/FRP-tube members

When constraints are weaker — that is, when strip spacing is large
and arching effects struggle to form a continuous, effective core in the
height direction — failure often initiates earlier in the concrete at strip
gaps. Due to insufficient confining pressure in these gap regions, the
concrete is more prone to bulging outward under axial compression. The
combined action of tensile strain induced by bulging and shear strain then
leads to longitudinal cracks, diagonal cracks, and even local spalling. The
aged mortar interface and multiple inter-tension zones (ITZ) in recycled
aggregate concrete readily compromise its shear and tensile load-bearing

pathways. resulting in more pronounced shear slip zones and distinct
brittle behaviour. Even when CFRP strips have not reached ultimate
strength or ultimate strain e, members may prematurely lose overall
load-carrying capacity due to localised core concrete instability and failure
of the load-transfer chain [17]. Under such circumstances, the strips func-
tion more as ‘restricting crack propagation and delaying delamination’
rather than providing full-height confinement pressure. Consequently,
their contribution to peak strength and ultimate deformation is markedly
capped.
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Mixed failure is more likely to occur under combinations of moderate
confinement stiffness or high expansive agent dosage, often manifesting
as a composite outcome of ‘pre-loading state’ and ‘loading evolution’.
Should the chemical prestress induced by expansion be substantial,
CFRP strips may approach their tensile strength limit early in axial load-
ing, thereby limiting subsequent strain development. Concurrently, ex-
cessive strip spacing or uneven local release may permit micro-pre-
cracks to form in the gap zone concrete during the free expansion phase.
These may rapidly evolve into shear zones upon axial loading application.
At this juncture, CFRP failure and shear crushing of concrete at the gap
may occur in close temporal proximity. Macro-scopically, this manifests
as FRP failure and localised concrete failure occurring almost simultane-
ously, resulting in a more abrupt and discrete failure process. Conse-
quently, the residual load-bearing capacity and failure warning character-
istics of the specimen become relatively weaker.

4.2 Full-Cycle Axial Stress—Strain Response

Under axial compression, the axial stress—strain curve of CFRP-strip-
constrained RAC generally exhibits typical bilinear characteristics. How-
ever, its curve morphology, key inflection point locations, and late-stage
evolution patterns demonstrate more pronounced differences compared
to the constraint responses of conventional passive-constrained or ordi-
nary natural aggregate concrete [2]. This divergence stems from the
active confinement system introducing non-zero confining pressure and
prestressing conditions from the onset of loading. This places the material
under stronger triaxial compression and crack closure from the initial
stage. while the strip-like partial confinement significantly influences the
spatial distribution and load-dependent uniformity of confining pressure
through geometric constraints. Consequently, each segment of the curve
bears the combined imprint of both ‘chemical prestressing’ and ‘arch
effect confinement'.

During the initial response phase, the curve typically exhibits
a steeper ascent, reflecting higher initial stiffness and a lower early dam-
age growth rate. This primarily stems from expansion-induced chemical
prestressing, which promotes closure of existing microcracks and ele-
vates crack initiation stress levels. Consequently, RACs under macro-
scopic compression exhibit deformation patterns closer to those of con-
tinuous media. Simultaneously, the confining pressure background sup-
presses shear expansion, favouring the conversion of axial compression
into volumetric compaction and skeletal co-loading. This enhances the
equivalent elastic modulus during the curve's initial segment. When in-
corporating prestress as an initial condition, the curve's origin typically
deviates from the absolute starting point, exhibiting rapid stress growth
within the low-strain range. This ‘origin offset’ does not indicate meas-
urement anomalies but reflects pre-existing stress reserves and crack
closure effects within the system prior to loading.

As axial stress further increases, the region where the curve transi-
tions from the initial near-linear segment to the second stage typically
corresponds to the ‘knee point’. This point may be regarded as the critical
location where the core concrete shifts from predominantly elastic defor-
mation to predominantly plastic damage participation. Active confinement
generally significantly elevates the stress level corresponding to the knee
point, delaying the onset of the pronounced damage accumulation phase.
This enables the material to maintain more stable stiffness and more
controllable deformation development within the service load range. This
is particularly crucial for recycled aggregate concrete, as its interfacial
transition zone (ITZ) defects are more readily activated at lower stress
levels. Active confining pressure suppresses crack initiation, raising the
threshold for micro-to-macro crack transition and promoting finer, more
dispersed damage development.

Upon entering the strengthening phase, the secondary stiffness
curve is primarily governed by CFRP strip stiffness and confinement
efficiency. However, under strip confinement, secondary stiffness often
exhibits more pronounced specimen variability. This arises because the
arching effect dynamically adjusts with increasing load and shear expansion
evolution, while confining pressure levels in the void zone and strip-covered
zone do not increase synchronously. For RAC, owing to its stronger consti-
tutive softening tendency, a rising strengthening segment may still form
under sufficient confinement, though its slope may be slightly lower than
that of natural aggregate concrete, manifesting as a slower load capacity
increase. When confinement is insufficient or significant prior damage oc-
curs in the void zone, the curve may exhibit premature softening trends, or
even enter a descending branch after the peak. At this stage, the magnitude

of load capacity enhancement is constrained, and the development of ulti-
mate strain becomes more dependent on the deformation space released
by local spalling and shear zone expansion.

Near the ultimate state, the influence of recycled aggregate replace-
ment rate often presents a combined characteristic of ‘decreased strength
but potentially increased deformation capacity’. As the replacement ratio
increases, the peak stress of the core concrete typically decreases, con-
sistent with the fundamental principle of reduced material strength and
interface quality. However, under triaxial compression and confining
pressure constraints, the porous structure of RAC actually endows it with
greater compaction potential. This allows it to accommodate more com-
paction deformation and shear-expansion-constrained deformation before
overall crushing occurs, potentially increasing ultimate strain and exhibit-
ing more pronounced ductile characteristics [20]. It should be noted that
this enhanced ductility does not equate to reduced damage; rather, it
manifests as ‘more dispersed damage and a more gradual evolution’.
Whether this translates into reliable engineering toughness ultimately
depends on whether the strip spacing, number of layers, and expansion
prestress collectively maintain the stability of the effectively constrained
core, thereby preventing premature localised instability in the interstitial
zones from dominating failure.

4.3 Key Parameter Sensitivity and Design Implications

For actively restrained RAC expansive concrete, the parameters in-
fluencing axial compression performance typically interact through three
pathways: geometric constraints, chemical prestressing levels, and matrix
material variations. Certain parameters exhibit high sensitivity to restraint
efficiency, where slight deviations from optimal ranges may induce quali-
tative changes in failure modes and stress-strain responses. Regarding
geometric configuration, the net spacing between strips and strip width
constitute the most direct combination of parameters determining effec-
tive confinement. The net spacing exhibits particular sensitivity in influ-
encing the effective confinement coefficient. Existing research indicates
that as net spacing increases, the effective confinement coefficient fol-
lows an approximate quadratic decay pattern. This implies that increased
spacing not only linearly reduces the confining pressure level but also
significantly amplifies adverse effects by diminishing the effective con-
finement core area. When s’/d is small, the specimen's overall response
more closely resembles the hardening behaviour of fully wrapped con-
finement, with a more pronounced curve-strengthening segment and
amore significant increase in peak load-bearing capacity. When s’/d
exceeds a critical threshold — commonly reported around 0,5 — the arch-
ing effect struggles to stabilise vertically. Bulging in the gap zone and
expansion of shear bands begin to dominate failure, making stress—strain
curves more prone to softening segments and causing load-bearing gains
to plummet sharply [17]. Under such conditions, the strips primarily inhibit
crack width and local spalling rather than sustainably providing adequate
confining pressure. Consequently, even increasing the strip strength
grade may not linearly translate to higher peak strength.

The influence of expansive agent dosage on active confinement ex-
hibits a characteristic non-monotonic behaviour, fundamentally stemming
from a significant trade-off between ‘beneficial prestressing’ and ‘self-
damage or depletion of strength reserves’. An appropriate expansion
agent dosage establishes a reasonable chemical prestressing back-
ground prior to loading, enhancing initial stiffness and elevating the stress
level at the knee point. This stabilises the material within the service
stress range while also reducing the activation of early microcracks,
thereby providing a more complete microstructural foundation for subse-
quent strengthening phase development. However, excessive dosage
may yield adverse consequences through two pathways: firstly, during
the free expansion phase, insufficient confinement may induce expansion
cracks in the matrix, creating irreversible self-damage that compromises
integrity at the onset of subsequent compression loading; Secondly, ex-
cessive expansion may cause CFRP strips to consume excessive
strength and strain reserves prior to loading, effectively increasing the
initial tensile level and reducing the subsequent available e¢ space. This
diminishes deformation potential and load-bearing reserves at ultimate
limit states [2]. Consequently, the optimal range for expansive agent
dosage typically aligns with the constraint stiffness and RAC strength
grade. Within this range, the establishment of chemical prestress signifi-
cantly amplifies the effectiveness of strip confinement. Deviations from
this range may lead to two distinct issues: ‘ineffective prestress conver-
sion’ or ‘reverse prestress damage’.
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The replacement rate of recycled aggregates primarily influences
the overall performance of the active confinement system by altering
the fundamental mechanical properties, lateral deformation capacity,
and time effects of the core concrete. As the replacement ratio increas-
es, the elastic modulus of the RAC typically decreases, enhancing its
tendency for lateral deformation and consequently increasing its lateral
deformation coefficient. Within passive restraint systems, this charac-
teristic may prompt FRP to enter tension earlier and become ‘activated’
sooner. However, in active restraint systems, confining pressure is
already present prior to loading. Therefore, variations in replacement
ratio more prominently manifest as the ‘level of restraint required’ to
compensate for the loss in matrix strength and achieve the target per-
formance level. In other words, when RAC strength diminishes and
defects proliferate, insufficient constraint strength or an inadequate
effective core zone may lead to failure being dominated by localised
failure in the gap zone, thereby undermining the advantages of active
confinement. Furthermore, the relatively high creep and pronounced

long-term deformation characteristics of RAC may lead to more signifi-
cant loss of chemical prestressing over time, resulting in an actual
oy,in; during loading that falls below design expectations. This time-
dependent prestressing decay warrants particular consideration within
design and evaluation frameworks under long-term service conditions
[7]. Consequently, the replacement ratio not only determines the ‘level
of strength’ but also alters the actual working state of the restraint sys-
tem through lateral deformation and time effects. This, in turn, influ-
ences the overall shape of the stress — strain curve and the final failure
mode classification.

To quantify the impact of the above parameters, we use a comprehensive
data table to compare typical experimental results. Table 1 clearly shows that
introducing active constraints (A) can further improve the strength compared
to passive constraints (P); although the gain of strip constraints is lower than
that of full constraints, the performance of active strip constraints (RAC-A-
Strip) is close to or even exceeds that of ordinary full-enclosed passive con-
straints, proving the efficiency of this technical approach.

Table 1 - Typical influence of expansive agent dosage on active confinement effectiveness [2]

Specimen Type Restraint Method Exggg:g); (2/?;3 nt Aggl_;%geate szli(ns(tg/f)ss Strgﬂiﬁx&rzm%) Failure Modes
RAC-Ctrl Unrestrained 0 100 % RCA | - - Shear Failure
RAC-P-Full Fully Enclosed Passive | 0 100 % RCA | +120 % +350 % FRP Fracture
RAC-P-Strip Strip Passive 0 100 % RCA | +65 % +180 % Gap Crushing
RAC-A-Full Fully Enclosed Active 10 100 % RCA | +145% +320 % FRP Fracture
RAC-A-Strip Strip Active 10 100 % RCA | +95% +210 % Mixed Mode
RAC-A-HighExp | Strip Active 20 100 % RCA | +85 % +150 % Pre-cracking/FRP Fracture

Note — Although the source data comes from GFRP specimens, the non-monotonic trend of strength gain regarding expansion dosage is repre-

sentative and applicable to CFRP systems discussed in this review.

5 Progress and Evaluation of Constitutive Model Research

Establishing constitutive models with sufficient accuracy and trans-
ferability is a prerequisite for structural design, load-bearing capacity
verification, and nonlinear finite element analysis. For CFRP strip-
constrained recycled aggregate expansive concrete, both the material
and constraint system exhibit characteristics such as a multi-defect matrix
caused by recycled aggregates, an initial stress state introduced by ex-
pansive agents, and a non-uniform constraint stress field resulting from
the strip configuration. These features render the stress-strain relation-
ship no longer a simple response explainable by a single mechanism.
Consequently, existing research typically advances along two main lines:
on the one hand, targeted modifications to classical FRP-constrained
concrete models to enable their application in predicting limit states for
engineering design; on the other hand, a greater emphasis on construct-
ing incremental analysis models based on physical mechanisms to gen-
erate full curves and reproduce path-dependent responses under active
confinement conditions. Within this framework, a model's universality is
often demonstrated by its compatibility with diverse constraint configura-
tions, aggregate systems, and expansion levels. Its usability, meanwhile,
manifests as a balance between parameter identifiability, computational
stability, and engineering expressiveness.

5.1 Design-Oriented Ultimate State Models

Design-oriented models prioritise direct prediction of ultimate state
indicators, typically employing peak stress f.." and ultimate strain €., as
core outputs. They provide engineering convenience through explicitly
formulated equations that are as concise as practicable. The advantage
of such models lies in their compatibility with structural verification and
standardised applications, enabling rapid establishment of quantitative
relationships between ‘constraint strength and load-bearing capacity
gains’. However, their limitations are also evident: they offer relatively
limited capability to characterise stiffness evolution, inflection point loca-
tions, and softening behaviour throughout the loading process. Conse-
quently, they are often regarded as result-oriented ultimate state estima-
tion tools rather than complete constitutive expressions directly driving
full-process numerical analysis.

5.2 Modifications to Classical Models

Among numerous ultimate limit state models, the Lam and Teng
model is widely adopted due to its clear formulation and readily obtaina-
ble parameters. Its fundamental expression can be written as

(Eh»ﬂ )0.45. 5

€co

Bee = 14330, f—1754120

freo f’co‘ €co freo

Among these, f.," and e, typically correspond to the peak stress
and peak strain of unconstrained concrete, f; denotes the nominal lateral
confinement pressure, while ey, ., relates to FRP rupture. For the CFRP
strip-enhanced active confinement (RAC) system, direct application of the
aforementioned model often introduces systematic biases concerning
confinement effectiveness and initial stress state. Consequently, re-
searchers typically extend and modify the model across three dimen-
sions: confinement non-uniformity, material variations within RAC, and
the contribution of active confining pressure [9]. Firstly, to account for
height-direction non-uniformity in confinement caused by strip spacing,
the concept of effective confinement pressure should be introduced. This
replaces f; with fj o¢r = Ko - f}, Where ke is typically determined using
arch effect-related formulas. When the cross-section is rectangular or
corner effects are present, k. often requires consideration alongside
shape coefficients to account for non-uniformity in both height and cross-
sectional directions. Secondly, recognising that the matrix strength and
deformation characteristics of RAC differ from those of natural aggregate
concrete, some models further incorporate reduction factors related to the
replacement ratio r. These factors characterise the weakening effect of
inherent defects and multiple interfacial transition zones (ITZs) on
strength gain. For instance, the strength gain term may be expressed as
(1 — o - r) to reflect RAC's material properties. More significantly, under
expansive concrete conditions, the confinement system already possess-
es an initial confining pressure f} ;,; induced by expansion prior to exter-
nal loading application. Consequently, it is essential to explicitly incorpo-
rate the active confinement contribution within the limit state expression.
Some studies favour a superposition approach, decomposing the total
strength gain into the sum of passive confinement gain and active pre-
stressing gain, expressed as f..“ = feo” + Afyassive + Afactive, Where
Af,ctive IS treated as a term proportional to the level of chemical pre-
stressing [3]. This approach maintains relative engineering simplicity
while enabling the model to establish a more direct mapping relationship
between two key mechanisms: strip non-uniform confinement and expan-
sion-induced active confining pressure.

5.3 Incremental constitutive models for analysis

Models designed for analysis place greater emphasis on the generation
and evolution mechanisms of the full stress-strain curve. Their objective is not
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merely to provide f.." and e, but to reconstruct the entire response pro-
cess — from the elastic stage through the strengthening stage to post-peak
softening or failure — via an incremental iterative procedure. Such models
typically reference a family of stress—strain curves under active constraint
conditions. By progressively updating confining pressure, lateral strain, and
damage variables, they solve the equilibrium relationship between axial
stress and constraint reaction forces at each strain increment. As strip
constraints induce simultaneous spatial and temporal variations in confin-
ing pressure, incremental models offer distinct advantages in handling
‘evolutionary rather than constant confining pressure’. Consequently, they
are frequently employed for numerical calibration, parameter sensitivity
analysis, and explaining complex constraint mechanisms.

5.4 Correction of Lateral Dilation Relationship

In analytical models, the relationship between axial strain €, and lat-
eral strain € is usually given by the dilation model, which is a key factor
determining the evolution of confining pressure and the rate of constraint
activation. For RAC, due to differences in Poisson's ratio, dilatation angle,
and pore compaction behavior compared to ordinary concrete, its lateral
dilation is more likely to enter nonlinear growth at lower stress levels, and
the volumetric dilation point appears earlier than in natural aggregate
concrete. This phenomenon suggests that RAC may activate passive
constraints earlier, and also indicates that it is more prone to localized
damage and premature weakening of constraint efficiency when con-
straints are insufficient. Including expansive concrete further complicates
the problem because the system may initially possess non-zero trans-
verse strain as an expansive strain background. This means the evolution
of transverse strain no longer starts from zero, but requires the introduc-
tion of an initial strain term € into the model to correct the superposition
of the expansion path and subsequent Poisson effect [9]. From a compu-
tational perspective, the introduction of € 4 not only affects the starting
point of the confining pressure but also alters the mapping slope in sub-
sequent incremental iterations where "the current confining pressure is
determined by the current transverse strain." Therefore, its influence on
the overall curve morphology often extends throughout the entire pro-
cess, not just to the initial stage.

5.5 Path-Dependent Constitutive Models

A common approach in traditional analytical models is to assume that
the stress state of FRP-confined concrete passes through a series of
active constraint curves under constant confining pressure, and to con-
struct the overall response based on this. However, in actively con-
strained systems, this assumption faces two real-world differences: firstly,
the starting point of active constraint is not at zero confining pressure; the
initial confining pressure and initial transverse strain alter the damage
initiation conditions; secondly, during loading, the confining pressure
continuously adjusts with expansion, Poisson's effect, and shear dilata-
tion, and strip constraints give this adjustment a distinctly non-uniform
characteristic. Based on these understandings, recent research has pro-
posed model frameworks that emphasize path dependence, clearly dis-
tinguishing the different effects of passive and active constraint paths on
damage accumulation rate, yield evolution, and strength degradation
behavior [9]. In terms of implementation, these models often utilize plas-
ticity theory, introducing kinematic hardening criteria into the constitutive
relation to describe the effect of expansion prestress on the position and
shape of the yield surface, thus mathematically reflecting the path de-
pendence phenomenon that "the same final confining pressure but differ-
ent loading histories lead to different strengths and ductility." Compared
to simply superimposing active prestress into a constant confining pres-
sure term, path-dependent models emphasize the continuous influence of
prestress on the internal state variables of the material, thus demonstrat-
ing greater mechanistic consistency in explaining the differences between
early damage suppression and later strengthening.

5.6 Unified Constitutive Framework

To describe the differences between fully enclosed and strip-
enclosed concrete, natural aggregate concrete and RAC, and ordinary
concrete and expansive concrete within the same theoretical framework,
some scholars have attempted to establish a unified constitutive frame-
work, merging geometric nonhomogeneity and material nonhomogeneity
through higher-level parameters or energy indices. The model proposed
by Shayanfar et al. is representative, its core idea being to construct a
unified expression based on energy balance and combined with effective
constraint coefficients [16]. This framework introduces the concept of

energy integral, assuming that the total energy density corresponding to
the FRP reaching the fracture state can be considered approximately
constant, thereby uniformly converting the height nonhomogeneity
caused by strip spacing and the horizontal nonhomogeneity caused by
cross-sectional shape to the same scale through energy dissipation coef-
ficients. Because energy methods can simultaneously incorporate infor-
mation from both strength and deformation dimensions, these frame-
works often exhibit good universality in predicting limit states under com-
plex constraints, and are also more convenient for comparing and cali-
brating different experimental databases under a unified benchmark.

5.7 Machine Learning Modeling Methods

Given the numerous parameters involved in CFRP strip active con-
straint RAC, and the significant nonlinear coupling relationships between
variables such as strip spacing, strip width, number of layers, FRP elastic
modulus, RAC replacement rate, and expansion level, traditional regres-
sion-based mechanical models often struggle to simultaneously achieve
simplicity and high accuracy. In recent years, data-driven methods have
gradually become an important supplement. Algorithms such as Artificial
Neural Networks (ANN), Genetic Expression Programming (GEP), and
Support Vector Machines (SVM) have been used to construct high-
precision predictive models. Their basic strategy is to use large-scale
experimental databases for training and capture implicit higher-order
coupling patterns through statistical learning. Compared to explicit me-
chanical models, which require clearly defining the contribution of each
mechanism, machine learning models excel at identifying relationships
that are difficult to model directly, such as the nonlinear mapping between
microstructural differences in recycled aggregates and the hydration
process of the expansive agent. Therefore, in predicting key indicators
such as f .’ and e,, well-trained ANN models often achieve higher fits,
with their coefficient of determination R? outperforming traditional me-
chanical models in some studies [12]. However, from an engineering
application perspective, the interpretability, extrapolation boundaries, and
data quality sensitivity of these models still require further cross-database
validation. Therefore, a more reasonable approach is often to use them
as a supplement to mechanistic models, employing them for parameter
selection, sensitivity identification, and model error correction.
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Figure 4 — Schematic illustration of the comparison between model predic-
tions and experimental data [26, 27]

To evaluate the applicability of different models in this complex sys-
tem, a scatter plot comparing model predictions and experimental meas-
urements can be used for intuitive verification. This graph uses the exper-
imentally measured ultimate compressive strength as the horizontal axis
and the model-predicted ultimate compressive strength as the vertical
axis, with a 45-degree diagonal as the baseline for "prediction equals
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measurement." The position and dispersion of the scatter points relative
to the diagonal reflect the model's bias and stability. If the results of the
uncorrected Lam & Teng model are plotted, the scatter points tend to be
more concentrated below the diagonal, exhibiting a systematic underes-
timation trend. This is because the model does not explicitly consider the
contribution of initial confining pressure caused by expansion, resulting in
insufficient characterization of active constraint gains. If a Mander-type
model considering RAC correction is used, the scatter point distribution
may be even more discrete [25]. Although the model introduces material-
level reduction to reflect the strength differences of RAC, the Mander
model is initially based on the assumption of steel hoop constraint, and
the constraint pressure is closer to the confining pressure expression
under constant yield stress. Therefore, it is difficult to stably describe the
global law when facing the variable confining pressure mechanism corre-
sponding to FRP linear elastic constraints. In contrast, when the model
explicitly introduces the effective constraint coefficient k. and incorpo-
rates the active confining pressure term f) ;,;, the predicted scatter points
tend to be more closely distributed around the 45-degree diagonal, and
the error band is more convergent. This indicates that simultaneously
incorporating the geometric effect of the strip non-uniform constraint and
the initial state of the expansion active constraint into the model is a key
approach to improving prediction accuracy and reducing system bias.

Durability and Long-Term Performance Considerations

While CFRP strip active restraint systems can significantly improve
the load-bearing capacity and deformation performance of recycled ag-
gregate expansive concrete (RAC), from an engineering application per-
spective, the time effects and environmental impacts experienced by
structures during their service life are often more complex. Therefore,
their long-term performance and durability also need to be systematically
incorporated into the evaluation and design framework. Especially under
active restraint conditions, the chemical prestress and confining pressure
established in the initial stage of the system do not remain permanently
unchanged. The evolution of the material's volumetric deformation, the
attenuation of interfacial bonding, and the cumulative effects of environ-
mental erosion can all gradually alter the actual working state of the re-
straint system, thus affecting long-term safety and performance stability.

First, the coupled effects of creep and shrinkage need to be consid-
ered. Because recycled aggregates contain old mortar and have a more
developed pore structure, the creep coefficient and shrinkage rate of RAC
are usually significantly higher than those of natural aggregate concrete
(NAC), making it more prone to additional deformation over time during
long-term service. In FRP active confinement systems, concrete shrink-
age, especially drying shrinkage, macroscopically offsets some of the
chemical prestress established by the expansive agent, resulting in
a "prestress loss" as the initial prestress level decreases over time. This
loss is not merely a numerical attenuation; it also signifies a decrease in
the confining pressure initiation point, a weakening of the crack closure
effect, and a lowering of the threshold for entering the damage accumula-
tion stage, thus having a cascading effect on subsequent load-bearing
capacity and crack control capabilities. Simultaneously, under long-term
high stress levels or repeated loading, concrete creep causes a redistri-
bution of stress between the concrete and the CFRP strips. Tensile stress
in the strips may relax or shift, and this stress redistribution alters local
confinement strength and further amplifies the spatial non-uniformity of
confinement efficiency. For strip systems, the concrete in the gap zone is
more directly exposed to the external environment, resulting in more
thorough moisture exchange and often more severe drying shrinkage.
Therefore, the resulting confinement attenuation is more likely to first
appear near the strip gaps, thus affecting the continued establishment of
the arch effect and the long-term stability of the effective confinement
core [15]. From a design perspective, this means that peak strength or
ultimate strain obtained from short-term tests cannot be used as the sole
basis for assessment. Instead, long-term prestress loss should be pre-
dicted and verified as a key parameter, and a reasonable safety margin
should be reserved for it in material selection, strip construction, and
curing and protection strategies.

Secondly, the degradation of interfacial properties under environmen-
tal erosion conditions is also a crucial factor determining the durability of
the system. In complex environments such as freeze-thaw cycles, sulfate
attack, chloride exposure, or alternating wet and hot conditions,

the interfacial bond performance between CFRP and concrete may de-
cline over time. Changes in bond-slip behavior directly affect the efficien-
cy of strip constraint force transfer to concrete. Because strip structures
are more prone to desquamation-sensitive zones at the ends and edges,
and these areas are often accompanied by stress concentration and
increased strain gradients, once interfacial properties degrade, desqua-
mation failure is more likely to be triggered prematurely at the ends, mak-
ing it difficult to maintain the confining pressure that was originally estab-
lished by strip tension. For expansive concrete, environmental effects can
further influence internal damage evolution by altering the stability of
hydration products. For example, ettringite generated by the reaction of
the expansive agent may decompose under high temperature or sulfate
attack conditions, or induce delayed ettringite formation (DEF) under
specific temperature and humidity conditions. This can lead to the propa-
gation of internal microcracks and disrupt the existing constraint equilibri-
um, causing the confining pressure background and damage state to
evolve unfavorably over time [4]. It is worth noting that CFRP materials
themselves have good resistance to corrosion and chemical media. Their
presence can, to some extent, act as an external coating barrier, slowing
down the penetration and diffusion of corrosive media into the core con-
crete, thereby delaying the deterioration of internal materials. However,
this protective effect does not mean that the durability requirements of the
interface and end details can be ignored. Especially at critical locations
such as strip edges, bonded ends, and the concrete surface of gap areas,
it is necessary to reduce the impact of long-term degradation on the
overall performance of the system through reasonable interface treat-
ment, end anchoring, and surface protection measures.

Conclusion

Based on existing research, it can be concluded that introducing an
expansive agent into recycled aggregate concrete and coupling it with
CFRP strip confinement to form an active confinement system can estab-
lish chemical prestress before loading, making the core concrete closer to
a triaxial compression state, thereby delaying microcrack development
and improving elastic limit and bearing capacity [2]. Simultaneously, the
high water absorption and release capacity of recycled aggregates can
manifest as an internal curing effect in the expansive system; continuous
water supply is beneficial for the expansion reaction and densification of
the interfacial transition zone, and mitigates the adverse effects of self-
drying shrinkage [11]. Strip confinement relies on the arch effect to pro-
vide effective confining pressure. If the net spacing of the strips is con-
trolled within approximately 0.5 times the column diameter, and the ac-
tive compensation brought about by expansion is utilized, the disad-
vantages of non-uniform strip confinement can be compensated to some
extent, achieving a near-fully encapsulated mechanical effect while bal-
ancing economy and permeability.

At the model level, constitutive research is moving from empirical re-
gression to a unified analytical framework that can simultaneously con-
sider path dependence, damage evolution, and geometric non-uniformity.
Explicitly introducing the effective constraint coefficient k., and the active
confining pressure term is often key to improving prediction accuracy.
Further work needs to supplement evidence on both service life and envi-
ronmental effects, focusing on clarifying the prestress loss mechanism
caused by the coupling of long-term effects of CFRP creep, RAC shrink-
age, and expansion, and revealing the impact of FRP-concrete interfacial
bond degradation on constraint efficiency under freeze-thaw cycles, cor-
rosion, and fire. Simultaneously, developing mesoscopic numerical mod-
els that can characterize the random aggregate distribution, non-uniform
expansion nucleation, and interfacial slip in RAC, and combining these
with machine learning to extract implicit patterns from large-scale data-
bases, will contribute to achieving more accurate performance-based
design [6].
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