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Abstract

3D concrete printing (3DCP) creates interlayer interfaces that often govern structural per-
formance under tensile and shear loading. Despite extensive research on manufacturing
parameters, the field lacks a unified framework for interfacial stress transfer, and terms such
as bond, adhesion, cohesion, and interlocking are used inconsistently. This paper addresses
that gap in three steps. First, it distinguishes the interface, an idealised zero-thickness
boundary, from the finite-thickness Interface Transition Region (ITR) formed where two
cementitious surfaces of the same material meet with different physicochemical histories
at deposition. Second, it proposes a taxonomy of four interacting stress-transfer mecha-
nisms (adhesion, cohesion, friction, and interlocking). Third, the taxonomy is confronted
with an orthotropic constitutive model for 3DCP concrete, interpreted as an adhesion-
dominated limit case under tensile stress perpendicular to the printing layers; coupled
normal-tangential transfer reported for an analogous discrete interface; and six constitutive
formulations, evaluated for the mechanisms each represents or neglects. The synthesis yields
five physically grounded requirements for future constitutive treatments of these interfaces.

Keywords: interlayer bonding; adhesion—cohesion—friction; interface; anisotropic concrete;
interlocking

1. Introduction

Extrusion-based 3D concrete printing (3DCP) has moved, over the past decade, from
a laboratory curiosity to a technology actively pursued for structural-scale construction,
driven by its potential to reduce formwork requirements, labour intensity, and construction
time relative to conventional cast-in-place methods [1]. The technology fabricates elements
by depositing cementitious material as successive extruded layers without the compaction
step inherent to conventionally cast concrete. This manufacturing process produces a
layered, piecewise-homogeneous material structure with a markedly anisotropic mechan-
ical response, in which the behaviour of the interfaces between successive layers plays a
substantial role, as demonstrated by systematic mechanical characterisation of 3DCP [2].

Over the past fifteen years, the overall volume of scientific literature within the broader
field of 3DCP has increased markedly, as evidenced by the historical evolution of diverse
document types published since 2010 (Figure 1a, adapted from [3], which provides aggre-
gate bibliometric context for the whole field). As the discipline moves towards rigorous
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structural validation, research attention has increasingly turned towards the physics of
interlayer behaviour. In this study, a targeted, mechanism-oriented literature search was
conducted to identify and examine publications addressing the underlying stress-transfer
mechanisms across the extruded layers (Section Literature Search Strategy and Scope). The
52 records screened (Figure 1b) are a purposive selection, not a sample of the field; their
annual distribution describes the composition of this screened set only. Because the two
panels differ in population, period and document types, they are not directly comparable,
and Figure 1b is not offered as evidence of field-wide trends.
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Figure 1. Bibliometric context and composition of the screened literature. (a) Annual scientific
production in extrusion-based 3D concrete printing (3DCP) by document type, 2010-2021 (adapted
from [3]); this panel characterises the broader field. (b) Annual distribution (2012-2026) of the
52 records screened in the present study (Section Literature Search Strategy and Scope), compiled by
the authors; this panel describes the composition of a purposive set only. The two panels differ in
population, period and document types and are not directly comparable; neither supports inferences
about field-wide trends in interlayer research.

A substantial body of experimental research has responded to this obstacle by character-
ising interlayer bond strength as a function of manufacturing parameters, most extensively
the time interval between the deposition of successive layers [2,4-8], but also nozzle stand-
off distance, printing speed, substrate moisture, and mixture composition [9-12]. Two
recent review efforts have begun to synthesise this body of work: a systematic review of
testing methods and reported improvement strategies [13], and a critical review comparing
existing analytical and numerical models for interlayer microstructure and mechanical
properties [14]. Both reviews, together with the broader state-of-the-art synthesis [15] and
a component-scale review connecting interlayer bond strength, anisotropy, and process
parameters to the axial performance of printed walls [16], confirm that the field possesses
substantial empirical knowledge of which process variables affect interlayer strength, and
a growing, but still fragmented, set of individual constitutive and analytical proposals
addressing specific aspects of how that strength is generated or lost.

What remains absent, according to the reviewed literature, is a conceptual framework
capable of organising this knowledge around an explicit answer to a more fundamental
question: through which physically distinguishable mechanisms is stress actually trans-
ferred across a 3DCP interlayer interface, and how does the manufacturing process govern
the relative contribution of each? In the absence of such a framework, terms such as bond,
adhesion, cohesion, and interlocking are used across the literature in ways that are individually
clear within a given study but not consistently distinguished across studies. As a result of
this terminological and conceptual gap, interlayer performance continues to be reported
predominantly as a single scalar outcome (a bond strength) obtained from a test method
(splitting, direct tension, shear) that typically convolves more than one mechanism without
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isolating any of them explicitly, so that the stress-transfer process itself is rarely analysed
explicitly. This terminological and conceptual fragmentation is not merely a matter of vocab-
ulary. The constitutive and analytical formulations for 3DCP interlayer interfaces surveyed
in the present work achieve internal consistency by explicitly representing between one
and three mechanisms, while implicitly absorbing the remainder into an already-calibrated
parameter. This practice is defensible within the narrow scope for which each formulation
was developed, but it precludes the physical interpretation of that parameter outside that
scope and the direct comparison or integration of formulations.

The present paper addresses this gap by introducing a conceptual distinction between
the interlayer interface, treated as an idealised zero-thickness mechanical boundary in the
manner standard to cohesive-zone and traction-separation formulations, and the “Inter-
face Transition Region” (ITR), which is the finite-thickness material region generated by
the contact between cementitious surfaces of the same material system but with different
physicochemical histories at the instant of the layer deposition. This distinction is delib-
erately drawn apart from the classical Interfacial Transition Zone (ITZ) of conventional
concrete technology, which arises from compositional rather than temporal heterogeneity.
Based on this distinction, the paper proposes a taxonomy of four interacting stress-transfer
mechanisms (adhesion, cohesion, friction, and mechanical interlocking), clarifying in partic-
ular that mechanical interlocking, when produced deliberately through grooved or ribbed
nozzle geometries, is a mechanism whose physical origin lies within the finite-thickness ITR
and which requires explicit homogenisation before it can be represented at the idealised
interface. The proposed framework is then used to reorganise a substantial portion of the
existing experimental literature according to which of these four mechanisms it is best
interpreted as probing, rather than according to the process variable it manipulates, and to
propose an explicit process-variable-to-mechanism mapping. The resulting taxonomy is
compared with constitutive evidence: the orthotropic model for 3DCP concrete [3], repre-
senting an adhesion-dominated limit case under tension perpendicular to the printing layers
(tensile stress normal to interfaces); experimental evidence of coupled normal-tangential
stress transfer obtained in an analogous discrete cementitious interface (brick-mortar ma-
sonry [17]), invoked as methodological precedent; and a structured comparison against six
identified constitutive and analytical formulations for 3DCP interfaces. This synthesis is
translated into five explicit, falsifiable requirements that a future constitutive treatment of
3DCP interlayer interfaces should satisfy.

Consistent with the scope defined above, this paper is a conceptual and synthesis-
based contribution. It is not an experimental study, since it reports no new experimental
data, and it is not intended as a comprehensive review, since the literature was selected to
test a mechanism-oriented framework (Section Literature Search Strategy and Scope) and
extensive coverage of the field is already provided by recent reviews. It does not propose a
calibrated constitutive law; this, and its experimental validation, are deliberately deferred
to subsequent stages of a broader research programme, for which the requirements of
Section 6 are intended to provide an explicit and checkable specification. The contribution
should accordingly be assessed as a conceptual and terminological framework applied as
an analytical lens to published evidence.

Literature Search Strategy and Scope

The mechanical behaviour of the interlayer interface in extrusion-based 3DCP has
already been the subject of at least four substantial reviews: a concise review [13] (61 refer-
ences), a critical review of interlayer microstructure and mechanics [14] (100 references), a
broader material-perspective review [15] (211 references), and a recent component-scale
review connecting interlayer bond strength, anisotropy, and process parameters to the axial
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performance of printed walls [16] (114 references). So, the literature underlying this paper
was assembled through a targeted, mechanism-oriented search rather than a systematic
review, since the objective of the present work is the conceptual reorganisation of an al-
ready well-mapped field rather than exhaustive coverage; extensive coverage of the field
has already been provided by these four recent literature reviews [13-16]. Records were
identified in the Scopus and Web of Science databases using combinations of keywords from
three concept groups: (a) extrusion-based 3D concrete printing; (b) interlayer, interface,
bond, adhesion, cohesion, friction or interlocking; and (c) strength, deposition time interval,
moisture, porosity, constitutive or analytical modelling. The search covered the last 15 years
and targeted peer-reviewed journal articles; however, some conference papers and book
chapters were added due to their quantitative interlayer data. Google Scholar was used
as a supplementary source. The search returned 52 unique records. These were screened
by title, abstract and, where necessary, full text against the following inclusion criteria:
(i) the source reports experimental, analytical, or numerical evidence directly bearing on
the mechanical behaviour of the interlayer interface in extrusion-based 3DCP (or shot-based
3DCP where explicitly noted as a comparative case); (ii) the source reports a quantifiable
relationship between a manufacturing/process parameter and a measurable mechanical or
microstructural outcome, or proposes a constitutive/analytical formulation for the inter-
face; and (iii), for the discrete-interface analogy, the source provides directly comparable
cohesive-frictional interface characterisation obtained by full-field experimental-numerical
methods. Records not meeting criteria (i)—(iii) were excluded. A final corpus of 38 sources
was retained; it corresponds to the numbered references [1-38], so that the corpus is fully
identified. It comprises sources retained from this screening together with sources from
analogous systems (masonry, the conventional-concrete ITZ, and continuum-mechanics
background) identified separately for the conceptual framework. The 38 sources, with
their type, evidence domain and the mechanism assigned to each, are listed in Table A1l
(Appendix A). The search was purposive, not systematic. It is not claimed to be exhaustive
or reproducible in the PRISMA sense, and it does not establish that the selection represents
the whole state of the art; the conclusions of this paper are accordingly restricted to the
corpus examined.

2. Conceptual Framework
2.1. The Interface as an Idealised Mechanical Boundary

Within the framework of continuum mechanics, an interface is classically treated as a
surface of negligible thickness across which tractions are transmitted, and relative displace-
ments may develop between two adjacent material domains [18]. This idealisation underlies
virtually every cohesive-zone and traction-separation formulation used in computational
mechanics, including those already applied to 3D printed concrete interfaces [19,20] and
to discrete masonry interfaces [17]. Its value lies in tractability: a zero-thickness surface
can be assigned a traction-separation law relating interface tractions ¢, t,, ¢, to relative dis-
placements ¢, &, 6, without requiring the finite-thickness material region to be resolved
explicitly in a structural-scale model.

The idealisation, however, is a modelling choice, not a physical claim. It presupposes
that whatever physical processes generate the interface’s mechanical response can be ade-
quately concentrated onto a surface, an assumption that is reasonable when the physical
transition region is thin relative to the structural elements of interest, but which requires
explicit justification when the transition region has a finite, manufacturing-controlled ge-
ometry, as in the case for extrusion-based 3DCP.
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2.2. The Interface Transition Region (ITR)

Unlike conventionally cast concrete, where the fresh mixture is placed and consoli-
dated as a single continuous body, extrusion-based 3DCP builds structural elements by
successive deposition of layers, each printed onto a substrate of the same material that has
already undergone a finite period of rheological evolution, moisture redistribution, and
hydration [2,4,21]. At the instant a new layer is deposited, its lower surface is nearly fresh,
while the upper surface of the previously printed layer has already stiffened, lost moisture,
and begun to hydrate. The two surfaces brought into contact therefore belong to the same
material system, yet possess markedly different physicochemical states.

We refer to the material region generated by the interaction between these two surfaces
as the Interface Transition Region (ITR): the finite-thickness region whose microstructure,
porosity, degree of hydration, moisture state, and mechanical continuity may differ from
those of the adjacent portions of the printed layers and may continue to evolve after de-
position, and which physically mediates every stress-transfer mechanism discussed in
Section 3.

The ITR is deliberately distinguished from the classical Interfacial Transition Zone
(ITZ) of conventional concrete technology, which develops between the cement paste and
embedded constituents of different composition, such as coarse aggregate or fibres [22,23].
The ITZ is a consequence of compositional heterogeneity within an otherwise monolithic
casting process. In contrast, the ITR is associated primarily with the temporal discontinuity
in an otherwise compositionally homogeneous material: the same mix is deposited twice,
at two different physicochemical states, separated by the interval elapsed between the
deposition of consecutive layers under the action of determined environmental conditions.
The two concepts are therefore not interchangeable, and the present work does not propose
the ITR as a replacement for the ITZ, but as a conceptual region-scale framework for
interpreting interlayer behaviour in extrusion-based additive manufacturing.

The ITR should therefore be understood as a modelling concept supported by physical
reasoning and by observations reported in the literature; it organises and gives a name to a
region whose existence is already implicit throughout the experimental literature (surface
moisture measurements, interlayer porosity characterisation, SEM imaging of the contact
zone [24-26]), rather than as a claim that this region possesses a uniquely defined, fixed
geometry or thickness. The thickness and internal structure of the ITR are expected to
depend on the deposition interval, mixture rheology, moisture exchange, hydration state,
and the manufacturing parameters governing layer geometry, and are not assumed constant
across studies or mixtures.

In relation to concepts already in use, the ITR differs from the idealised zero-thickness
interface, which is a modelling abstraction without physical extent, and from the clas-
sical ITZ, which arises from compositional heterogeneity between paste and embedded
constituents. The ITR instead refers to a finite region within a single material system,
whose state is generated by a process-controlled deposition interval. The contribution
claimed is a conceptual framing that links process variables, interface state and constitutive
representation; it is not a new measurement method.

Operational Identification of the ITR

To make the concept testable, the ITR is identified, for a given specimen and age, as
the region on both sides of the nominal contact plane within which a measurable property
(for example, porosity, local elastic modulus, or anhydrous cement content) departs from
its value in the adjacent layer interior by more than a tolerance fixed a priori and reported,
measured along profiles normal to the interface. Its thickness is then the distance over which
this departure persists. It is consequently a property-specific and age-specific quantity:
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values obtained from different properties need not coincide, and no single thickness is
implied. Techniques already employed in the reviewed literature for this purpose include
micro-computed tomography of interlayer porosity, nano-indentation of the hydration-
product structure, mercury intrusion porosimetry on specimens extracted from bulk and
interfacial regions, and SEM imaging of the contact zone. No ITR thickness is proposed
here; its value must be established experimentally for each mixture, deposition interval
and environmental condition. However, as an order of magnitude only, [3] reports that, in
each printed layer, the outer part, up to approximately 20% of the layer volume (region 2 in
Figure 2b), is more porous than the central part. This is a feature of the individual layer
and not an ITR thickness. We emphasise that, under the operational definition above, the
ITR must be established for each property, mixture, interval and age.
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Figure 2. Schematic representation of the layer-by-layer structure and the interlayer contact zone
in extrusion-based 3DCP, illustrating the physical basis of the Interface Transition Region (ITR).
(a) scheme of the layers in the structure; (b) scheme of the layer structure (1—central region of the
layer; 2—outer region of the layer); (c) scheme of the interaction between the layers in the structure.

2.3. Two Complementary Levels of Description

The distinction established above allows the mechanical behaviour of an interlayer
interface to be addressed at two complementary levels, rather than as a single undifferenti-
ated phenomenon. The physical description concerns the physicochemical processes that
generate and govern the evolution of the ITR: hydration kinetics at two different degrees of
advancement on either side of the contact surface, moisture exchange and evaporation from
the printed filament’s upper surface prior to the deposition of the next layer, rheological
stiffening of the substrate, and, where the printing process employs a grooved or textured
nozzle, the finite geometric relief imprinted onto the upper surface of the lower layer. The
mechanical description concerns the equivalent representation adopted for structural analy-
sis, in which the net effect of the ITR is concentrated onto the idealised interface through a
constitutive relationship between interface tractions and relative displacements.

These two levels do not describe different physical objects; they are complementary
levels of interpretation of the same phenomenon. The physical description explains why the
interface responds as it does; the mechanical description provides the abstraction required
to embed that response into a structural-scale model. A central position of the present
work is that the two-level description is particularly important when the interlayer response
includes mechanical interlocking. A geometric tooth or groove imprinted on the layer
surface by a textured or grooved nozzle has a finite depth, pitch, and orientation [27,28].
Such geometry cannot be represented directly by a conventional zero-thickness surface
without first being homogenised into an equivalent traction contribution. The required
operation may be understood as a homogenisation or scale-transition step in which the
finite geometry and its associated contact, separation, sliding, and possible dilation are
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represented through an equivalent traction—separation response at the structural-model
scale. The specific form of this equivalent response depends on the geometry, loading
direction, contact conditions, and constitutive assumptions adopted. Sections 3 and 3.4
make this homogenisation step explicit rather than leaving it implicit, which we identify as
one of the sources of terminological and conceptual inconsistency in the current literature.

3. A Mechanistic Taxonomy of Interlayer Stress Transfer

The overwhelming majority of the experimental literature on 3DCP interlayer behaviour
reports a single scalar outcome (an interlayer bond strength, obtained from a splitting
test, a direct tensile test, or a shear test) as a function of one or more manufacturing
parameters: deposition time interval [2,4,5], nozzle standoff distance [9], printing speed,
surface moisture at the time of deposition [10], or mixture composition [11]. This body of
work has been essential in mapping which parameters matter, but a single scalar cannot, by
construction, distinguish why the parameter matters: a reduction in bond strength caused
by insufficient physicochemical contact is not mechanically the same event as a reduction
caused by the absence of geometric interlocking, even though both may register as a lower
splitting strength in an identically instrumented test.

Moelich et al. [12] anticipated part of this concern from a different angle, propos-
ing that the relationship between surface moisture and interlayer adhesion itself passes
through distinct regimes (their Stage I, where air entrapment, thixotropy, and surface
roughness dominate and moisture is essentially unchanged; Stage II, where evaporation
and bleeding actively control surface moisture; and Stage III, where moisture within the
pore system is depleted and air penetrates the pore network), which is broadly consistent
with, though narrower in scope than, the mechanism-superposition argument developed
below. Their study expresses this explicitly, formulating the lack of interlayer adhesion
(IA) as proportional to the surface moisture available at the instant the overlayer is placed
(IA o< SMy = SM; + B, — pt(ERpt) ), where SM; [kg/ m?] is the surface moisture at place-
ment of the overlayer, SM, [kg/m?] is the substrate’s initial surface moisture, B, [kg/ m?] is
bleeding accumulated over the pass time, pt [h] is the pass time, and ERpt [kg/m2 /h]is
the environmental moisture evaporation rate. Fitted against experimental data with a Root
Mean Square Error (RMSE) of 2.5%, this formulation is, in our reading, the closest existing
precedent among the reviewed literature for the kind of physically-traceable parameterisa-
tion that requirement R5 of the present work calls for: every term on the right-hand side
corresponds to a measurable physical quantity at the ITR, rather than to a curve-fit constant
against elapsed time as such.

We therefore propose that interlayer stress transfer be interpreted as the superposition
of four mechanisms, each with a distinguishable physical origin, a distinguishable depen-
dence on process parameters, and a distinguishable role over the loading history. These four
mechanisms are not new to the field individually; each has been invoked, under varying
terminology, by at least one strand of the literature reviewed, but they have not (to the
authors’ knowledge) been organised into a single explicit taxonomy applied consistently
across the interlayer interface literature.

3.1. Mechanism A: Adhesion

Physical origin. Adhesion is defined here as the physicochemical bonding established
between the two surfaces of the ITR during the early hydration period following deposition,
prior to any mechanically significant development of bulk material strength across the
contact zone. It results from the same hydration and particle-bridging processes that
produce cohesion within the bulk paste, but is distinguished operationally by the fact that it
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acts across the physicochemical discontinuity, between a substrate that has already partially
stiffened and a fresh overlay.

The distinction between adhesion and cohesion is therefore positional and operational,
not chemical: both arise from hydration and particle-bridging processes. Adhesion refers
to the resistance mobilised across the contact plane while the two surfaces are still physico-
chemically dissimilar, whereas cohesion (Section 3.2) refers to the resistance that develops
once hydration products span that plane. For this reason, the two cannot be quantified
separately from a single macroscopic test. Evidence that could discriminate them includes
age-dependent testing of the same interface, staged loading, and observation of the fail-
ure path (along the contact plane or into the layer interior), the latter being a diagnostic
indication only.

Dependence on process parameters. Adhesion is the mechanism most directly and
most severely degraded by the deposition time interval, principally moisture evaporation,
rather than elapsed time as such. The full evidentiary basis for this pattern is drawn from six
independent experimental studies spanning multiple mixture designs and testing methods,
each reporting a specific quantitative reduction discussed in Section 4.1. Of these, Moelich
etal. [12] provide the model most directly traceable to a physical state variable of the ITR
rather than to a purely time-based correlation.

Mechanical signature. Because adhesion is established prior to significant bulk
strength development, its mechanical signature is a comparatively low-stiffness, low-
strength, and critically brittle response once its capacity is exceeded: the physicochemical
bond, once broken, does not regenerate, and no significant softening branch is expected
unless another mechanism (cohesion, friction, or interlocking) is simultaneously active.
This is precisely the behaviour reported in [3] for 3DCP concrete loaded under tensile stress
perpendicular to the printing layers, that is, normal to the interlayer interfaces (Figure 3),
where the stress-strain relationship is described as closely approximated by a linear ascend-
ing branch up to a limit corresponding to the adhesive strength R, followed by brittle
failure with an unloading slope approaching zero.

Fragment of Curve 3

77777777777 Ragh = 0o e
! a=~0
3 == ]—Concrete (traditional technology)
== 2—3D printing (tension parallel to layers)
T == 3—3D printing (tension perpendicular to layers)
| / 1 éiladh
| /
2
Et &t

Figure 3. Stress—strain response of 3DCP concrete in tension, showing the adhesion-dominated brittle
response under tensile stress perpendicular to the printing layers (curve 3) versus the cohesion-
mobilised response under tensile stresses parallel to them (curve 2), relative to conventionally cast
concrete (curve 1).

3.2. Mechanism B: Cohesion

Physical origin. Cohesion is defined here as the macroscopic mechanical resistance de-
veloped within the bonded cementitious material once the ITR has, at least locally, achieved
sufficient continuity for stress to be transmitted through hydration products spanning the
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original contact surface, rather than merely across it. Unlike adhesion, cohesion is not a
property of the contact event itself but of the material that forms as a consequence of that
contact continuing to hydrate. The boundary between adhesion and cohesion is operational
rather than chemical, as discussed in Section 3.1.

Dependence on process parameters. Cohesion increases with curing time and is
comparatively insensitive to the short-term kinetics that dominate Mechanism A, though
it remains sensitive to the same porosity-generating factors discussed in Section 4.2,
where the quantitative contrast between bulk and interfacial porosity reported by Rahul
etal. [29] is presented in full. Geng et al. [26] proposed an explicit empirical relationship,
o =K(1-P) \/E, linking bond strength to interfacial porosity P and elastic modulus E. This
formulation, in the present taxonomy, is best read as a constitutive expression predomi-
nantly associated with Mechanism B, since both governing variables describe the mechanical
continuity of the bonded material as it develops after contact; porosity, consistent with its
dual classification in Table 1, also carries a secondary dependence on the adhesive event
that first established contact.

Table 1. Process-variable-to-mechanism mapping.

Process Variable Primary Mechanism Secondary Mechanism(s) Key Sources
Deposition time interval/gap A (adhesion) B (indirectly, via porosity) [2,4-8]
Substrate surface moisture at A (adhesion) . [1221]
contact

Ambient drying/evaporation rate A (adhesion) — [12,21]
Interfacial porosity /pore geometry B (cohesion) A (contact-area reduction) [5,26,29] *
Bulk mix composition/w /b ratio B (cohesion) A (secondary, via [26,29]

Normal compressive stress at

interface

Surface roughness

rheology)
— (activates only
post-degradation)
D (if geometric relief

C (friction) [17] (by analogy)

C (friction) [17] (by analogy)

(non-engineered) present)

Nozzle groove/rib geometry D (interlocking) C (roughness contribution) [27,28]
Nozzle path strategy/print pattern D (interlocking) — [27]
Bond-area amplification strategies A (adhesion, area-based) — [36]
Deposition process (spray-based vs. D (interlocking, A (contact area); B [31]
extrusion) roughness-based) (air-void content)

* Porosity is measured by three distinct methods across these sources, each probing a different aspect
of the pore structure: Ref. [5] used micro-computed tomography specifically to track the evolution
of interlayer porosity with deposition time gap; Ref. [26] combined X-ray computed tomography
(macro-scale porosity P) with nano-indentation (micro-scale elastic modulus E); Ref. [29] used
mercury intrusion porosimetry on specimens extracted from bulk and interfacial regions. The row
groups them by the mechanism their findings support, not by shared methodology.

Mechanical signature. Cohesion may contribute to a more extended mechanical
response than that associated with an idealised adhesion-dominated failure, particularly
when sufficient material continuity develops across the interlayer region. This interpretation
is qualitatively consistent with Kabantsev’s [ 3] observation that 3DCP concrete under tensile
stresses parallel to the printing layers, and in compression in either direction, exhibits a
stress—strain behaviour qualitatively analogous to that of conventionally cast concrete,
although with differences in peak stress and corresponding strain.

In the present taxonomy, this directional difference is interpreted as indirect evidence
that material continuity and cohesion-related resistance (Mechanism B) may be more
substantially mobilised under tensile stresses parallel to the layers than under tensile stress
perpendicular to them. However, the shape of a macroscopic stress—strain curve does not,
by itself, uniquely identify the microscopic mechanisms responsible for the response. The
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proposed correspondence between the observed directional behaviour and the relative
mobilisation of adhesion and cohesion should therefore be regarded as a mechanistic
interpretation of the available evidence rather than as a direct experimental separation of
the two mechanisms.

3.3. Mechanism C: Friction

Physical origin. Friction is activated once adhesive and/or cohesive resistance has
been partially or fully degraded, and depends on the normal compressive stress acting
across the interface (contacting surfaces), the roughness of the contact surfaces, and the
residual contact conditions after the onset of relative sliding. Unlike adhesion and cohesion,
friction is not a bonding mechanism in the physicochemical or hydration-based sense;
it is a contact-related resistance to relative sliding and may therefore coexist with other
stress-transfer mechanisms.

Dependence on process parameters. Friction is comparatively insensitive to the depo-
sition time interval and instead depends on the geometric and compositional roughness
of the printed surface (itself potentially influenced by process parameters such as nozzle
geometry and extrusion pressure) and, critically, on the normal compressive stress present
at the interface, whether externally applied or internally generated. This dependence on
normal stress is what makes Mechanism C mechanically inseparable from Mechanism D
in the case of grooved or textured nozzle surfaces: a Mohr—Coulomb-type formulation
(T = 79 + poy,) of the kind already calibrated experimentally for a discrete cementitious
interface in [17] provides the natural mathematical form for Mechanism C once cohesive
resistance 7, has been exhausted.

Mechanical signature. Friction becomes the dominant residual mechanism after
substantial degradation of Mechanisms A and B, and is therefore associated with Level IV
of the taxonomy proposed in Section 3.5 about residual mechanisms; it does not initiate
stress transfer, but it may prevent the interface from losing all load-carrying capacity after
adhesive and cohesive resistance have been consumed, provided normal compression
is present.

3.4. Mechanism D: Mechanical Interlocking

Physical origin. Mechanical interlocking is defined here as the geometry-governed
contribution to stress transfer arising from the physical interpenetration of material across
the deposited layer boundary. In its most explicitly engineered form, this interpenetration
is produced deliberately by extruding through a grooved or ribbed nozzle that imprints a
longitudinal and/or transverse tooth-like relief onto the upper surface of the lower layer.
When the subsequent layer is deposited, its fresh material flows into and around this relief,
generating a mechanically interlocked geometry rather than a nominally flat contact surface
(Figure 4).

Distinction from contact-area effects. Interlocking, as defined here, requires geometric
interpenetration that resists relative displacement by changing the direction of load transfer
(tooth, groove, dowel). An increase in the effective contact area between layers, for example
through better wetting, fewer air voids or small-scale roughness, enlarges the area over
which adhesion (A) and, under normal compression, friction (C) can act, but does not by
itself constitute interlocking. Strategies acting primarily on contact area, such as the effective
bond area amplification, are therefore assigned to Mechanism A (Table 1), and roughness
could be assigned to Mechanism D only where the relief has a depth and orientation (like
tooth, groove or dowel) capable of resisting tangential relative displacement geometrically.
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Figure 4. Schematic of the tooth-like interlayer interface geometry, which increases interlayer shear
strength in both principal directions and illustrates the finite-thickness geometric relief that the ITR
must homogenise onto the idealised interface. (a) Longitudinal ridge geometry formed by a grooved
extrusion nozzle, restraining transverse (out-of-plane) interlayer sliding (Source: He et al. [28]);
(b) tongue-and-groove geometry, restraining longitudinal (in-plane) interlayer sliding along the
extrusion direction.

Relationship to the two-level description of the interlayer interface. Mechanical
interlocking is the mechanism for which the distinction between the idealised interface and
the finite-thickness ITR is not a convenience but a physical necessity. A tooth or groove
has, by definition, a finite depth, pitch, and orientation; it cannot be represented directly
on a zero-thickness surface. Its mechanical effect must first be homogenised (reduced to
an equivalent, direction-dependent modification of the traction—separation response at the
idealised interface) before it can be embedded in a structural-scale constitutive law. This
is precisely the operation performed, explicitly or implicitly, by the analytical models that
already exist for geometrically interlocked 3DCP interfaces. The tooth-like interface model
developed by He et al. [28], expressed in terms of tooth angle and void ratio, is the clearest
example: in each case, a finite-geometry effect at the ITR scale is ultimately reported as a
single equivalent property (a strength ratio, an effective bond area amplification factor) at
the interface scale, which is exactly the homogenisation step this taxonomy makes explicit
rather than implicit.

Dependence on process parameters. Because interlocking is governed primarily by
geometry rather than by the physicochemical state of the contact surfaces, its contribution is
comparatively insensitive to the deposition time interval that dominates Mechanism A. This
suggests a working hypothesis, not an established result. As the deposition interval increases
and adhesion decreases (by approximately 50% or more at the longer intervals reported by
Napolitano et al. [6], Skibicki et al. [5] and Tay et al. [7], each under its own test conditions),
the relative contribution of a geometry-governed mechanism such as interlocking may
increase, provided that its absolute contribution is not itself degraded. Interlocking may also
depend on the interval if fresh material cannot fill the relief of a stiffened substrate. On this
reading, interlocking would be the mechanism most directly available for manufacturing-
level compensation for the adhesive—cohesive loss at the interface (shear strength of the
interface), a proposition to be tested experimentally.

Mechanical signature. Interlocking contributes both to the initial stiffness and to the
residual, post-peak load-carrying capacity of the interface, since geometric interpenetration
continues to resist relative sliding after the physicochemical bond captured by Mechanisms
A and B has been exhausted. In this respect, its constitutive signature overlaps partially
with that of friction (Mechanism C), and the two are difficult to separate experimentally in
a textured interface without dedicated testing.

Such dedicated testing is not without precedent, although not yet, to the authors’
knowledge, applied to a 3DCP interlayer interface. By analogy, the work [30] proposed a
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modification of the horizontal contact surface of solid clay bricks in masonry, consisting of
shallow blind holes designed specifically so that mortar entering the holes during construc-
tion would contribute both frictional and geometric-interlocking resistance to the initial
shear strength of the brick—mortar interface. The experimental design included a control
condition in which the same holes were sealed with expanding polyurethane foam prior to
bonding, preserving the surface roughness geometry while preventing mortar penetration:
this isolates the geometric-interlocking contribution of the mortar-filled holes (analogous to
Mechanism D) from the frictional contribution of the roughened surface alone (analogous
to Mechanism C). The results showed that unsealed holes of modified solid brick (mortar-
filled condition like mechanical interlocking) increased shear strength by ~45% relative to
the unmodified solid brick, indicating that the geometric-interlocking contribution of the
mortar dowels was substantially larger than the frictional contribution of the roughened
surface by itself. However, the relative contributions of friction and interlocking were not
quantified: the measured value is a total strength, and the sealing material may also alter
local contact stiffness, confinement and the normal-stress distribution (sealed specimens
were weaker than the unmodified brick). The study [30] is therefore cited only as an exam-
ple of comparative experimental design, which suggests a strategy that could be adapted
to 3DCP interlayer interfaces, not as quantitative evidence of the relative contributions of
Mechanisms C and D.

A related but mechanistically ambiguous case is process-incidental roughness (surface
texture arising as an unintended by-product of the deposition method itself, rather than
from a deliberately engineered relief or a deliberately introduced discrete feature as shown
in Figure 4). Kloft et al. [31], comparing Shotcrete 3D Printing (SC3DP) against extrusion-
based deposition of an otherwise matched mix, used a barite tracer visualised by computed
tomography to show that the kinetic energy of the sprayed material produces a markedly
rougher interlayer contact surface than extrusion. This roughness may contribute to Mecha-
nisms C and/or D depending on the local geometry and contact conditions, consistent with
the classification of non-engineered surface roughness shown in Table 1; we do not assign it
exclusively to Mechanism D.

3.5. Interaction Between Mechanisms and the Four-Level Taxonomy

The four mechanisms above are not mutually exclusive, nor do they act in a fixed
order for every interface: their relative activation depends on the loading direction, the
ITR’s state at the time of loading (itself set by the deposition interval and curing time), and
the presence or absence of engineered geometric relief (interlocking). We organise their
interaction into four levels (Figure 5):

Level I: Formation mechanisms. Responsible for generating the ITR itself: hydration
kinetics, moisture redistribution, and rheological stiffening prior to the deposition of the
next layer, together with the imprinting of any engineered geometric relief for interlocking
of the layers.

Level II: Stress-transfer mechanisms. Mechanisms A-D as characterised above, each
engaged according to the onset conditions specified in Sections 3.1-3.4 (not necessarily
simultaneously, nor from the onset of loading in every case).

Level III: Damage mechanisms. Progressive degradation of adhesive and cohesive
resistance under increasing load or accumulating relative displacement, transitioning the
interface’s response toward the residual mechanisms below.

Level IV: Residual mechanisms. The load-carrying capacity that remains after sub-
stantial degradation of Mechanisms A and B is governed principally by friction (Mechanism
C, requiring normal compression) and by any geometric interlocking (Mechanism D) still
mechanically engaged.
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Figure 5. Proposed taxonomy of interlayer stress-transfer mechanisms (A-D) and their organisation
across four interaction levels: formation, transfer, damage, and residual.

A complementary case illustrates the same ambiguity directly within 3DCP concrete.
Moelich et al. [12] found that a retentive superabsorbent polymer (SAP), acting as an
internal-curing agent, increased interlayer adhesion by approximately 10% by hydrating
otherwise-anhydrous cement particles near the interface, whereas a self-releasing SAP of
the same class decreased it. Both interventions act on a Level I formation variable (namely,
the availability of water for hydration within the ITR), thereby altering the conditions
under which one or more Level Il mechanisms may subsequently develop. Yet the outcome
variable through which Moelich et al. measure this effect, interlayer adhesion obtained
by comparing printed and mould-cast specimens after full curing, is by construction an
end-state comparison that cannot distinguish a deficit in initial contact quality (Mechanism
A) from a failure of that contact to mature into mechanical continuity (Mechanism B).
We read this not as evidence that Level I mechanisms map cleanly onto a single Level II
mechanism, but as a concrete illustration of the opposite: most existing interlayer metrics,
interlayer adhesion included, are composite measurements of the unresolved end-state of
both mechanisms rather than of either in isolation.

A direct experimental illustration of why Levels II-IV cannot be collapsed into a single
scalar bond parameter is available from studies on an analogous discrete cementitious
interface [17,30]. For instance, in brick-mortar masonry joints tested under nominally
pure shear (zero applied normal precompression), [17] reports normal stresses developing
across the interface as tangential loading progressed to the independently measured normal
adhesive strength of the studied interface. This normal-stress development, attributed to
flexure of the bonded units under nominally tangential loading, is direct evidence that
a shear failure event in a bonded cementitious interface is not governed by tangential
resistance alone: the normal (adhesive) capacity of the interface is mobilised concurrently,
even in the nominal absence of applied normal load. While this result was obtained for a
discrete brick-mortar system rather than for a continuously extruded 3DCP interface, we
regard it as directly relevant methodological evidence, obtained using the cohesive-interface
characterisation approach, that coupling between normal and tangential stress-transfer
mechanisms should be expected, and explicitly tested for, rather than assumed away, in any
future constitutive treatment of 3DCP interlayer interfaces.
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4. Critical Synthesis of the Literature, Organised by Mechanism

The literature on inter-layer behaviour in the 3DCP process is usually reviewed chrono-
logically or by process parameters (time interval, nozzle geometry, mixture design) (see,
e.g., [13,14]). This type of organisation is valuable for a professional seeking guidance on
a specific manufacturing decision, but it tends to obscure a more fundamental question:
which stress transfer mechanism, in the sense of the mechanistic taxonomy proposed for
interlayer stress transfer, does a given study actually analyse? In this section, we reorganise
a substantial part of the reviewed literature according to the mechanism with which it is
best interpreted as being primarily associated or by which it is dominated, rather than
according to the process parameter in terms of which it varies. This reorganisation is, in
itself, one of the fundamental contributions that the taxonomy proposed in this paper aims
to enable.

Two caveats apply throughout this section. First, the assignment of a study to a
mechanism is an interpretation by the authors, based on (a) the variable manipulated
and the physical quantity measured, (b) the loading configuration and failure location
where reported, and (c) the explanation offered by the original authors. The assignment
adopted for each source is listed in Table A1 (Appendix A). Where a study reports only
a macroscopic strength, the assignment indicates the mechanism best consistent with the
variable studied, not a direct experimental separation; the text distinguishes what each
study measured from what is inferred here. Second, the quantitative changes cited were
obtained with different mixtures, interval ranges, environmental conditions, curing regimes,
test ages, loading modes, interface orientations and baselines (Table 2). It is important to
note that they are reported as study-specific observations, are not pooled or ranked, and no
meta-analysis is attempted; conclusions are limited to the studies examined.

4.1. Literature Dominated by Mechanism A (Adhesion)

The largest single strand of the reviewed literature from the last 15 years investigates the
effect of the deposition time interval on interlayer bond strength, and is, in the interpretation
adopted here, primarily probing the degradation of adhesion. Le et al. [2] provided the
most cited demonstration that bond strength falls sharply as the interval between successive
layers increases. Wolfs et al. [4] quantified this fall as approximately 16% (flexural) and
21% (splitting) at a 24 h interval relative to a 15 s reference, and further showed that drying
exposure during the interval (rather than elapsed time alone) is the dominant driver of
strength loss, with flexural strength dropping by approximately 50% between covered and
uncovered specimens at an otherwise identical 4 h interval. Skibicki et al. [5] measured a
56.6% reduction in interlayer splitting strength at a 2 h gap relative to the reference condition,
with the reduction stabilising near 68.5% at 4.5 h, and correlated this trend directly with
an abrupt increase in interlayer porosity from 3.95% at zero gap to 9.90% at 3 h, measured
by micro-computed tomography. Napolitano et al. [6] obtained a comparable order-of-
magnitude reduction (approximately 50%) across a much shorter time scale (100-1800 s)
using a punch-through shear configuration, and Tay et al. [7] reported a similarly steep,
logarithmically decaying reduction concentrated within the first 1-10 min after deposition,
with comparatively little additional loss thereafter. Subramaniam et al. [8] measured a
46% reduction in interface tensile strength (from 1.65 MPa to 0.89 MPa) between the 0-min
and 9-min interfaces, using a fracture-mechanics framework.

The values quoted above refer to different mixtures, interval ranges, curing regimes,
test ages and baselines (Table 2); they document the direction and order of magnitude of
the effect in each study and should not be compared directly.

https://doi.org/10.3390/buildings16214346


https://doi.org/10.3390/buildings16214346

Buildings 2026, 16, 4346 15 of 26
Table 2. Experimental conditions of the studies cited in Sections 3.4 and 4.
Ref. Mixture (w/b) Interval Curing Test Age Loading/Orientation n Baseline
. Damp hes-
2] CEM1I + FA + SF (8), ig’so min; 1,2, 4, sian + plastic, 1 28d Direct tension on cored 6 Mould-cast
70/20/10 (0.26) 1’ 3 7& d + laboratory cylinders, perpendicular cores
T storage
15s;1,4,7,24h
) Weber 3D 145-2 A Plastic sheet 24 Flexural; splitting;
[4] (w/f£0.495) Egslﬂgﬁg 4,24h h, then water 7d orientations I-III 7 15s
NR (printed at - ) )
g Ofcimes o LSIEL L ad jo st gppre
70/20/10, sand (0.3) p 8); L specimens cut p i cast ref.
(flexural) after 48 h) compression
cement mortar + PP Bulk
[6] fibres (w/c 0.38) 100, 200, 1800 s NR NR Punch-through shear 4 spectmens
OPC + FA + SF . Direct tension, .
71 70720710 (0.46) 1,5,10, 20 min NR NR perpendicular 4 lmin
Wet
) ~ Split tension; 3-p bending;
(8] Saig/sci;elﬁ ilgres, 0,3, 6,9 min E;g?}l? + labo NR load perpendicular to 3 4s
environment interface
CEMII + FA + SF . . No protection, . . Mould-cast
[12] (w/b 0.32) 50s;2,3,4 min 23 °C, RH 52% 56 d Four-point bending 6 same mix
PII + FA + BT + SF + . )
0.1,3.5,7 h; drying  Sealed plastic - .
[26] gl?\’TSS)+ HPMC (w/b 0, 6, 20 min film, 20 °C 28d Splitting along interface 6 Ref group
60% CSA + 40% OPC . Moulds 24 h, Compression along .
[27] (0.50) 12 min then water 1,3,7,28d interface; splitting 9% Flat interface
OPC + FA + SF, Plastic sheet, Tension; shy 3- .
[28] 70/20/10 (0.46) ~10s ZSaSCIC shee 28d bglzl;ng)s ear (3-p 4/test  Flat interface
OPC + FA + SF/atta- . . .
[29]  pulgite/HPMC (0.32, 2 min (H), 8 min NR NR Direct l;or(;d shear, @25 x 40 6/test M?uhd-cast
derived) V) mm cylinders cylinders
[31]  Nafufill KM 250 (027) 0,15,60,120min  LOL7 d-water, 14d 3-p bending, Hand V NR  Vibrated
20°C compression
36 OPC + sand (w/c 15 min Ambient 23 °C 7d Direct tension, >9 no paste
p

0.36)

perpendicular

NR = not reported; Baseline = condition against which each study normalises its results;
n = number of replicates; H/V = horizontal/vertical interface; w/b = water-to-binder ratio;
w/c = water-to-cement ratio; w/f = water-to-fines ratio; CEM I = Portland cement CEM I (EN 197-1);
CEM II = Portland-composite cement (EN 197-1); OPC = ordinary Portland cement; OPC 53 = or-
dinary Portland cement of 53-grade strength class; PII = Portland cement type II (Chinese cement
classification); CSA = calcium sulfoaluminate cement; FA = fly ash; SF = silica fume; BT = bentonite;
PP = polypropylene; PNS = polynaphthalene sulfonate; HPMC = hydroxypropyl methylcellulose.
Weber 3D 145-2 and Nafufill KM 250 are commercial product designations.

Two studies within this strand move beyond correlating bond strength with elapsed
time and instead propose an explicit physical driving variable for adhesion loss, which we
regard as considerably more useful for the present taxonomy than a time-based correlation
alone, since elapsed time is a proxy for (rather than a cause of) the underlying physico-
chemical state of the ITR. Roussel [21] identified drying of the substrate surface as capable
of halving interlayer strength independently of elapsed time per se. Moelich et al. [12] went
further by developing an explicit analytical model that relates the loss of interlayer adhesion
to the surface moisture available at the instant of contact (Mechanism A) and the formation
of the ITR.
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4.2. Literature Dominated by Mechanism B (Cohesion )

A smaller but methodologically distinct strand of the literature examines the microstruc-
tural continuity of the bonded material itself, rather than the initial contact event, and is
here interpreted as probing Mechanism B. Rahul et al. [29] reported that bulk porosity in
3DCP concrete is 6-8% lower than in cast concrete, while interfacial porosity is 11-14% (hor-
izontal interfaces) to 10-16% (vertical interfaces) higher, a contrast that, within the present
taxonomy, is consistent with adhesion (Mechanism A, governed by the contact event) and
cohesion (Mechanism B, governed by bulk continuity) responding to different aspects of
the manufacturing process, since a well-consolidated bulk material and a poorly bonded
interface are not mutually exclusive outcomes. Geng et al. [26] provided the most explicit
constitutive expression of this strand, proposing an empirical relationship for interface
bonding strength (¢, MPa) related to the macro and micro structure of layer interface,
o =K1 -P)E, linking interlayer strength to interfacial porosity P and elastic modulus E
of “contacting areas”, where K is the slope of the fitted line, of which the value is approxi-
mately 5.26 x 10~* GPa®°. This expression was derived from a dual-hierarchical structural
model combining macro-scale interface roughness/deformation with micro-scale hydration-
product structure characterised by nano-indentation. They reported that the dependence
of interlayer bond strength on rheology is not simply monotonic. In their principal dataset,
relative bond strength decreased from 204.9% to 76.4% as the initial static yield stress of the
printing mixture rose from 2.2 to 943.6 Pa, driven by increasing macro-interfacial porosity.

In a separate experiment designed to compare the effect of two different admixture
strategies on yield stress and bond strength [26], when silica fume content was raised from
0% to 16% while superplasticiser dosage was adjusted to hold yield stress approximately
constant (186.3 + 33.4 Pa), relative bond strength increased from 69.7% to 112.3%. When
yield stress was instead raised further, from 186.3 to 1260.9 Pa, via increased superplasticiser
dosage while silica fume content also rose, bond strength fell sharply to 32.3% of the
reference value, an effect the authors attributed to a competitive synergy between admixture-
driven densification of the hydration products and workability loss, in which the latter
dominates once yield stress increases substantially. Sahin and Mardani [32], synthesising
this and other rheology-focused studies, further concluded that reduced surface moisture,
rather than increased thixotropy per se, is the more consistent correlate of reduced bond
strength across the broader literature reviewed, corroborating, from a substantially different
set of primary sources, the surface-moisture-centred interpretation already advanced for
Mechanism A via Moelich et al. [12] and Roussel [21].

Ding et al. [14] reviewed the existing analytical and numerical models for interlayer
microstructure and mechanical properties and explicitly compared analytical modelling
approaches for 3DCP interfaces, providing, to the authors’ knowledge, the closest existing
precedent to the model-comparison exercise undertaken in the present work, though without
organising that comparison around an explicit mechanism taxonomy.

The stress—strain response of 3DCP concrete under tensile stresses parallel to the
printing layers, and under compression in either direction, is qualitatively analogous to con-
ventionally cast concrete [3]. Within the present taxonomy, this is the clearest macroscopic
signature that Mechanism B is substantially mobilised under these loading conditions, in
contrast to its near-total absence under tensile stresses perpendicular to the layers (normal
to interfaces).

4.3. Literature Relevant to Mechanism C (Friction)

Friction is, by comparison with Mechanisms A, B, and D, markedly under-represented
as an object of direct experimental study in the 3DCP interlayer literature reviewed for this
work. No study identified in the present review isolates frictional resistance at the interlayer
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interface independently of adhesive and cohesive contributions, in the way that, for example,
a shear-friction test with controlled applied normal precompression across a fully degraded
interface would. The closest indirect evidence comes from two sources external to the
interlayer-adhesion literature proper: Kruger et al. [33] reported a shape-retention model
for fresh 3DCP material based on a Mohr-Coulomb-type yield criterion, applied to the fresh,
unbonded state of the material rather than to a hardened interlayer interface, and which
does not address deposition onto preceding filament layers, and the work [17] on masonry
interfaces, in which a Mohr—Coulomb friction law, calibrated experimentally for a discrete
brick-mortar interface after cohesive resistance is exhausted, provided the residual-strength
branch of the traction-separation law used in numerical validation. We regard this absence
of direct evidence for Mechanism C in the hardened 3DCP interlayer literature as a genuine
gap, distinct from (and in our reading more severe than) the terminological gaps identified
in Section 1.

4.4. Literature Dominated by Mechanism D (Mechanical Interlocking )

A well-defined strand of the literature investigates geometric modification of the
printed surface as a strategy to improve interlayer strength, and is here interpreted as
probing Mechanism D. Zareiyan and Khoshnevis [ 27] reported a 26% strength improvement
specifically in splitting tests (17% in direct compression along the layer interface) from a
tongue-and-groove interlocking geometry, formed between mould-cast layers in a process
simulating Contour Crafting deposition rather than by a grooved nozzle, but mechanically
equivalent for the purpose of the present taxonomy. Their results are also the clearest
existing demonstration that the geometric contribution of Mechanism D is non-monotonic
with tongue depth (Figure 4b): strength increased for tongue depths up to 0.5”, but a
further increase to 0.75" returned strength to the same level as the unmodified base case,
indicating that beyond an optimal geometry the interlocking contribution can be lost entirely
rather than merely plateauing. He et al. [28] developed the most mechanistically explicit
formulation, an analytical tooth-like interface model expressed in terms of tooth angle, void
ratio, and an adhesion-to-cohesion ratio, reporting improvements of 291-294% in tension
and 89% in shear for the geometries tested; these values refer to the geometries and baseline
of that study and are not directly comparable with the changes reported in Sections 4.1 and
4.2. Marchment and Sanjayan [34-36] reported a “glue paste” strategy that increases the
effective bond area between layers, with an improvement in bond strength of up to 60% under
their test conditions. An increase in contact area is not, by itself, evidence of mechanical
interlocking: a larger area of intimate contact enlarges the surface over which adhesion
acts without necessarily introducing geometric interpenetration. The strategy is therefore
assigned here to Mechanism A, and cited as a contrasting case that illustrates the distinction
from the geometry-governed Mechanism D. Wang et al. [37] reported filament interlocking
characterised via Brazilian-disc testing, digital image correlation, and acoustic emission. To
et al. [38] examined four (I/T/S/V-shaped) alternatives of interlocking configurations by
finite-element analysis in LS-DYNA and experimental validation of the improvement of
mechanical interlocking.

Kloft etal. [31], as was described in Section 3.4, provide a complementary process-level
perspective; they reported markedly higher interfacial roughness in sprayed specimens,
together with a lower interfacial air-void content than in extruded specimens. Unlike the
deliberately engineered geometries discussed above, this roughness arises as an incidental
consequence of the deposition method’s kinetic energy rather than of a designed relief,
illustrating that the magnitude of mechanism D can be modulated by process selection as
well as by geometric design (Table 1). The same study also reported that the deposition
time interval had no significant effect on flexural or compressive strength when the tested
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interface was aligned perpendicular to the applied load, but a pronounced effect when
aligned parallel to it, indicating a loading-orientation dependence.

4.5. Process-Variable-to-Mechanism Mapping

Table 1 synthesises the mapping between manufacturing/process variables reported
across the reviewed literature and the proposed mechanisms of Section 3 that each variable
is here interpreted as primarily modulating. Variables are classified as primary where the
reviewed literature provides direct evidence of a dominant effect on a single mechanism, and
secondary where evidence suggests a modulating but non-dominant effect on an additional
mechanism. We consider that this table makes explicit an assignment that is currently
distributed implicitly across several individually framed experimental studies.

Table 2 shows the experimental conditions, as reported by the original authors, of the
studies whose quantitative results are cited in Sections 3.4 and 4.

A further consequence of organising the literature by mechanism rather than by process
variable is that it becomes possible to ask, for each experimental test method commonly used
in this field, which mechanism(s) it actually isolates. Splitting tests and direct tensile tests
applied perpendicular to the layers (e.g., [2,4,5]) predominantly probe Mechanism A under
low or zero normal compression, with a possible contribution from B depending on curing
time. Shear tests conducted without controlled normal precompression (e.g., [6,7]) neces-
sarily convolve Mechanisms A, B, and a normal-stress component that is not the intended
loading direction. Fracture-mechanics-based tests employing pre-notched specimens and
energy-release-rate criteria [8] are, in our reading, the methodologically closest existing
approach to isolating a well-defined mechanical event (crack penetration versus deflection
at the interface), but remain framed in terms of a critical energy ratio rather than in terms of
the mechanism taxonomy proposed here. No test method identified in the present review
was designed explicitly to isolate Mechanism C from Mechanism D in a geometrically
interlocked interface, which we identify, together with the general under-representation of
Mechanism C, as a methodological gap to be addressed.

Loading orientation relative to the interface plane is itself a further, often implicit,
methodological variable. According to [31], increased deposition time interval degraded
flexural and compressive strength only when the interface was loaded parallel to it, with no
measurable effect under perpendicular loading, indicating that a given process variable’s
apparent influence on “bond strength” can depend as much on the test’s loading direction
as on the mechanism it is presumed to isolate.

5. Confronting the Proposed Taxonomy Against Existing
Constitutive Evidence

This work introduces Mechanisms A-D as a conceptual organisation; the present
section tests whether that organisation has explanatory power against constitutive evidence
that already exists. A taxonomy that cannot be confronted against existing data would be,
at best, a restatement of terminology; the purpose of this section is to show that it is not.

The model developed in [3] for 3DCP concrete under uniaxial loading provides the
most direct available test of the taxonomy’s central claim: that the direction of loading
relative to the printing layers determines which mechanisms are mobilised, and that this
determination is visible in the macroscopic stress—strain response, subject to the mechanistic
interpretation developed below. Under compression, in either direction relative to the
layers, and under tensile stresses parallel to the layers, the stress—strain diagram remains
qualitatively analogous to that of conventionally cast concrete with the same functional
form, differing in the magnitude of peak stress and in the corresponding strain. Within
the present taxonomy, this is the expected signature of a regime in which Mechanism B
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(cohesion) is substantially mobilised: sufficient material continuity exists across the ITR
for the bonded material to develop and sustain post-elastic deformation before failure,
exactly as the bulk cast material does. Under tensile stresses perpendicular to the printing
layers, by contrast, there is a qualitatively different response: the stress—strain relationship
is closely approximated by a straight ascending line from the onset of loading to failure,
with the failure limit corresponding to the adhesive strength R, ;;,, and with brittle failure
characterised by an unloading slope approaching zero (« = 0). Within the present taxonomy,
this response is consistent with a regime in which Mechanism A (adhesion) governs, with
substantial cohesion-related resistance (Mechanism B) not mobilised before the adhesive
bond (the weakest link in this loading direction) fails first (Figure 3).

The adhesion/cohesion asymmetry reported in [3] is consistent with the fracture-
mechanics analysis of Subramaniam et al. [8], who studied notched 3DCP beams by linear
elastic fracture mechanics and digital image correlation. They show that a crack impinging
on an interlayer interface deflects along it, instead of penetrating the next layer, when
the critical energy release rate of the interface (G;,;.) falls below about 1/3.74 of that for
penetration (G,,.), that is, when G,,./G,,,;. exceeds 3.74. The threshold was obtained from
a finite-element analysis of their beam geometry and is close to the value given by He [28]
for similar materials; G;,,;, was not measured directly, and the deflection observed at the
9 and 20 min interfaces is interpreted as a fall of G;,,;. below that threshold. This is a criterion
for crack-path selection that contrasts an interface resistance (G;,;.) with that of the layer
material (G,,.), and we read it as consistent with the distinction between Mechanism A and
Mechanism B. The two results, however, were obtained for different quantities (stress—strain
response in [3]; crack path in [8]) and with different methods and frameworks, and they do
not by themselves establish the physical reality of the proposed partition. The comparison
also shows that R4, as defined and measured in [3], is a measured strength of the interface
under tension perpendicular to the layers, rather than a curve-fit constant. Within the
present taxonomy, that configuration and the notched fracture configuration of [8] can be
regarded as tests in which Mechanism A is expected to govern the response, a reading that
is ours and was not made in the original publications.

It is important to note that the study on brick-mortar contact stiffness [17] is invoked
in the present paper strictly as a methodological precedent, not as a claim of material
equivalence between masonry joints and 3DCP interlayer interfaces. The two systems differ
in essential respects: a masonry joint is formed between two chemically and mechanically
distinct materials placed in a single, near-simultaneous construction event, whereas a 3DCP
interlayer interface is formed between two instances of the same material system separated
by a finite, process-controlled time interval, precisely the distinction that motivates the
ITR concept. The two systems should not, on this basis, be expected to share calibrated
parameter values. What the two systems do share is the general mathematical structure
required to represent a discrete, cohesive—frictional interface: a traction-separation law, a
damage variable governing degradation from peak to residual capacity, and the empirical
demonstration that coupling between normal and tangential stress components can develop
even under nominally single-direction loading (Figure 6).

The measurement reported in [17] was obtained using a full-field, physically instru-
mented experimental-numerical procedure, not inferred indirectly. So, we regard this as
directly relevant evidence that a similar coupling should be actively tested for, rather than
assumed negligible, in any future experimental or numerical characterisation of 3DCP
interlayer interfaces under combined or nominally pure shear loading.

Of the 38 sources in the corpus, six formulations were selected for this comparison. A
formulation was included if it (i) provides an explicit analytical, constitutive or cohesive-
zone representation specific to the response of 3DCP interlayers, and (ii) discloses enough
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information to identify the physical or phenomenological quantities associated with one
or more of the proposed mechanisms. These formulations are therefore those meeting the
criteria within the corpus of Section Literature Search Strategy and Scope, not a census
of published models, and the conclusions below are restricted to them and to what each
paper reports. Table 3 indicates, for each formulation, which mechanisms are represented
explicitly through an identifiable parameter and which are not represented and are therefore
neglected or subsumed into another term. Here, “not represented” and “not explicitly
separated” mean that no explicit term was identified in the formulation as published, not
that the corresponding physical contribution is absent.

S, S12
(Avg: 75%)

+5.5e-01
+4.6e-01
+3.7e-01

75.8e-01

Max: +5.5e-01
Elem: MORTERO-TRIO-2.2
Node: 3557

Min: -5.5e-01
Elem: MORTERO-TRIO-1.2
Novde: 3464

dox

Figure 6. Induced normal stress at a brick-mortar interface under nominally pure shear loading,
demonstrating normal-tangential coupling in a discrete cementitious interface analogous to the 3DCP
(Source: [17]).

Table 3. Confrontation of existing 3DCP interface formulations against Mechanisms A-D.

Mechanism
Formulation A B C D Negl::rt:i:léSub-
(Adhesion) (Cohesion) (Friction) (Interlocking)

Explicit (R4, tensile Explicit (tension C, D absorbed
Kabantsev [3]: strength parallel to implicitly into
Orthotropic 0—e model. perpendicular to layers/compression Not represented Not represented direction-dependent

layers) branch) constants.
van den Heever [19]: Represented via Represenfed via - . C, D not
. : cohesive Not explicitly Not explicitly e
Cohesive Zone Method cohesive strength . distinguished from
stiffness/fracture separated separated -
(CzMm). parameter cohesive parameters.
energy
Geng et al. [26]: . . . A was subsumed into
Dual hierarchical model, Not explicitly Explicit (porosity P, Not represented Not represented porosity term; C, D
separated modulus E)

o =K1 -P)\WE

absent.

Heetal. [28]:
Tooth-like interface
model.

Explicit (adhesion-to-
cohesion ratio term)

Explicit (same ratio
term, denominator)

Not explicitly
separated from D

Explicit (tooth
angle, void ratio)

C not separated from
D’s geometric
contribution

Anetal. [20]:
Tension-compression
anisotropic cohesive
model.

Represented via
direction-dependent
cohesive strength

Represented via
direction-dependent
cohesive stiffness

Not represented as
an independent
term

Not explicitly
separated

C, D absorbed into
anisotropic cohesive
parameters.

Moelich et al. [12]:
Moisture-based analytical
model

Explicit (surface-
moisture-driven)

Not represented

Not represented Not represented

B, C, D outside model
scope by design.

Two observations follow from Table 3 that are material to the argument of the present
paper: First, none of the six formulations examined represents all four mechanisms as
independently identifiable parameters (constitutive contributions). Each formulation is
internally consistent and empirically validated within the scope for which it was devel-
oped, but each achieves that consistency by explicitly representing between one and three
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mechanisms while allowing the remainder contributions to be implicitly absorbed into the
calibrated value of another parameter. This is not, in our reading, a flaw in any individual
study; it is the expected consequence of the absence, prior to the present work, of an explicit
taxonomy against which a formulation’s scope could be checked. Second, an explicit normal-
stress-dependent frictional contribution (Mechanism C) is the mechanism most consistently
absent across all six formulations examined, consistent with the gap identified indepen-
dently from the experimental literature. Where a formulation does allow for post-peak
residual capacity (the CZM approach of [19], and implicitly the cohesive-damage frame-
work of [20]), that residual capacity is represented through the same damage-degradation
formalism used for the peak response, rather than through an explicitly frictional term
dependent on normal stress. The distinction is important because a model may reproduce
part of the macroscopic response without allowing the frictional component to be separately
quantified or transferred to a different loading condition.

6. Requirements for a Future Constitutive Treatment of 3DCP
Interlayer Interfaces

The proposal of a fully calibrated constitutive law would require dedicated experimen-
tal and numerical work beyond the scope of this paper. What the synthesis of Sections 3-5
does allow is the formulation of an explicit, falsifiable set of requirements that any such
future constitutive law should satisfy in order to be consistent with the physical and me-
chanical evidence assembled here. We present these as a numbered list (R1-R5), so that
each requirement can be checked independently against a future formulation.

o  RI: Explicit, separable representation of friction. Table 3 shows that none of the six exam-
ined formulations for 3DCP interlayer interfaces represents Mechanism C as an inde-
pendently identifiable, normal-stress-dependent term. A future formulation should
include an explicit frictional contribution separable from the cohesive/adhesive dam-
age formalism governing peak response, so that residual post-peak capacity is not
implicitly attributed to incomplete cohesive damage alone.

e R2: Direction-dependent mobilisation of adhesion and cohesion, rather than reliance on a single scalar
bond parameter. The directional behaviour discussed in Section 3.2 suggests that the relative
contribution of adhesion- and cohesion-related resistance may depend on the orientation of
loading with respect to the printing direction. Kabantsev’s model [3] provides a relevant
phenomenological representation of directional asymmetry through different branches
and parameters. However, the correspondence between these branches and individual
microscopic mechanisms should not be regarded as experimentally established solely from
the macroscopic stress—strain response. A future constitutive formulation should therefore
preserve the possibility of direction-dependent response while explicitly stating which
parameters represent measurable mechanisms, which are phenomenological, and which
combine several physical contributions. A single isotropic bond-strength parameter may
be insufficient for applications requiring directional resolution, but its adequacy should be
assessed against the loading regime, the required prediction accuracy, and the available
experimental evidence.

e  R3: Normal—tangential coupling treated as an open empirical question, not a modelling conve-
nience. The coupled-stress evidence, obtained for an analogous discrete interface [17],
indicates that decoupling the normal and tangential response of a bonded cementitious
interface (the common simplification in cohesive-zone formulations, including several
of those reviewed in Table 3) is a modelling choice requiring explicit justification for
3DCP interlayer interfaces specifically, rather than a default assumption. A future for-
mulation should either (i) include coupling terms explicitly, or (ii) report the specific
evidence justifying their omission for the loading regime and geometry considered.
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This requirement is precautionary rather than evidentiary for 3DCP specifically, since
the coupling evidence available at present derives from an analogous discrete-interface
system rather than from 3DCP interlayer testing.

e R4: Explicit homogenisation step for geometrically engineered interlocking. Where the manu-
facturing process includes deliberate geometric relief (grooved/ribbed nozzles or other
devices), a future formulation should state explicitly how the finite ITR-scale geometry
(tooth angle, pitch, depth, etc.) is homogenised into the equivalent traction-separation
response assigned to the idealised interface, following the precedent already set analyt-
ically by He et al. [28], rather than absorbing the geometric effect into an unspecified
increase in an otherwise geometry-agnostic bond-strength parameter, as several of the
formulations in Table 3 implicitly do.

o  R5: Parameters interpretable in terms of the physical state of the ITR. Where feasible, cal-
ibrated parameters should be traceable to a measurable physical state of the ITR at
the time of loading (surface moisture, interfacial porosity, degree of hydration) rather
than functioning solely as curve-fit constants against a process-scheduling variable
such as elapsed time. Moelich et al.’s [12] moisture-based model and Geng et al.’s [26]
porosity-based model are cited in this work as existing precedents for this require-
ment, each covering one mechanism; a future formulation aiming to represent multiple
mechanisms simultaneously should preserve this property for each.

We emphasise that R1-R5 are requirements derived from the synthesis in Sections 3-5,
not requirements imposed a priori; each is traceable to a specific gap or a specific piece of con-
fronting evidence discussed above. A future constitutive proposal satisfying R1-R5 would
address the specific conceptual and modelling gaps identified in this synthesis. Whether
such a formulation constitutes an improvement over existing models would nevertheless
require independent assessment through calibration, validation, comparison of predictive
performance, and evaluation of numerical robustness. Several of the requirements (R2, R5
in particular) are already partially satisfied by existing single-mechanism formulations and
require integration rather than invention.

To make future experimental evidence comparable, and so that interlayer results can
be interpreted in terms of the mechanisms proposed here, studies should report as a mini-
mum: mixture proportions; interlayer interval and environmental conditions (temperature,
relative humidity, evaporation or surface moisture); curing regime and testing age; loading
mode and interface orientation; number of replicate specimens and their dispersion; the
reference condition and normalisation used; and the failure location (along the contact
plane (interface) or into the layer interior).

7. Conclusions

The present work is conceptual and synthetic in nature; it does not report new ex-
perimental data nor propose a calibrated constitutive law, by deliberate scope decision
rather than omission. This paper has proposed a conceptual and mechanistic framework for
interlayer stress transfer in extrusion-based 3D printed concrete, developed in four steps.

First, it introduced the Interface Transition Region (ITR), which represents the finite
material region generated by the contact between two cementitious surfaces of the same
material system but with different physicochemical histories at the instant of deposition, as
deliberately distinct from the classical Interfacial Transition Zone (ITZ) of conventional con-
crete, and established the complementary physical/mechanical levels of description required
to relate the ITR to the idealised, zero-thickness interface used in structural-scale modelling.

Second, it proposed a taxonomy of four stress-transfer mechanisms: adhesion (A),
cohesion (B), friction (C), and mechanical interlocking (D), each with a distinguishable
physical origin, dependence on process parameters, and constitutive signature, organised
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across four interaction levels (formation, transfer, damage, residual). Mechanical interlock-
ing was shown to require the two-level description as a physical necessity, not a convenience,
since engineered geometric relief cannot be represented directly at a zero-thickness surface
without an explicit homogenisation step.

Third, the taxonomy was examined against selected experimental, analytical, and numer-
ical evidence rather than being presented solely as an abstract classification. The comparison
suggests that the directional response described by the orthotropic model for 3DCP concrete
may be interpreted in terms of different relative contributions of adhesion- and cohesion-
related resistance; however, this correspondence remains a mechanistic interpretation rather
than a direct experimental separation of the mechanisms. The evidence concerning coupled
normal-tangential stress transfer is invoked as a methodological analogy rather than as direct
material evidence for 3DCP interlayer interfaces. The comparison of six constitutive and analyti-
cal formulations did not identify a model that represents all four mechanisms as independently
identifiable contributions. In the formulations examined, an explicit normal-stress-dependent
frictional contribution was also not identified. This result indicates a potential modelling gap,
but it should not be interpreted as proof that frictional effects are entirely absent from all
existing formulations or from the physical response of 3DCP interfaces. Further experimental
work specifically designed to isolate contact-related resistance would be required to assess the
magnitude and constitutive role of friction.

Fourth, this synthesis was translated into five explicit, falsifiable requirements (R1-R5)
that a future constitutive treatment of 3DCP interlayer interfaces should satisfy, ranging
from the explicit, separable representation of friction to the physical interpretability of
calibrated parameters in terms of the ITR’s measurable state. These requirements, together
with the shared methodological foundation for the traction—separation formulation, scalar
damage representation, and finite-element implementation with explicit mesh-sensitivity
verification, define a direct path toward the constitutive and numerical development planned
as subsequent stages of this research programme, targeting a physically interpretable,
direction-dependent, and numerically robust representation of the 3DCP interlayer interface
suitable for structural-scale analysis.
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Appendix A.

Table A1 lists the 38 sources that form the corpus of this paper with the type of study,
the evidence domain and the mechanism assigned in this work. This assignment is an
interpretation by the authors of the present paper, not a finding of the original studies,
except where the last column states it.
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Table Al. Corpus of 38 sources, with the mechanism assigned in this work and the basis of
that assignment.

Ref. Study Type of Study ]ils/(i)cll:;cne Mechanism Process Variable As]:ia;li'lsngsnt
[1] Buswell et al., 2018 Research roadmap I:(e)z(ifnv;iac}))r — Research framework Not assigned
[2] Le et al., 2012 Experimental Interlayer A/— Im%lgie;_l;tg;val Inferred
[3] Kabantsev, 2024 Experimental + model Interlayer A/B Loading direction Inferred
[4] Wolfs et al., 2019 Experimental Interlayer A/— Interval + drying Inferred
[5] Skibicki et al., 2024 Experimental + FEM Interlayer A/B Intervalo;i-oglitlcro—CT Inferred
[6] Napolitano et al., 2020  Experimental Interlayer A/— Interval (100-1800 s) Inferred
[7] Tay et al., 2018 Experimental Interlayer A/— Interval (1-20 min) Inferred
[8] g(l)lg i‘amamam etal, Experimental + LEFM Interlayer A/— Interval + fracture path Inferred

A/l—
[9] Pan et al., 2022 Experimental + CFD Interlayer (formation- Nozzle stand-off + speed Inferred
level)
. Superplasti-
[10] Weng et al., 2021 Experimental Interlayer A/— ciser + thixotropy Inferred
Zareiyan & . . . .
[11] Kh ! Experimental Interlayer A/B Mixture ingredients Inferred
oshnevis, 2018
) Experimental + ana- )
[12] Moelich et al., 2021 vt Interlayer A/— Surface moisture Declared
ytical model i
[13]  Babafemi et al., 2021 Review Egz:fga%r — (review) Not assigned
. . Review or . .

[14] Ding et al., 2023 Review roadma — Microstructure Not assigned

dmap

[15]  Mohanetal., 2021 Review Egzgfr‘g’a%r — Material perspective Not assigned
[16]  Liuetal., 2026 Review r(e)Zéan{a(}))r — Wall structures Not assigned

Cajamarca-Zuniga & Experimental + nu- Analogous Shear + induced normal

[17] K N . C/— Inferred

abantsev, 2026 merical interface stress

[18]  Hillerborgetal, 1976  Analytical k;lia}l i%ieotllfr?é —/— LEFM framework Not assigned
[19] \zfggoden Heever etal, Experimental + CZM Interlayer A/B DTT + IST Inferred
[20] An et al., 2025 ﬂl;rrggfical + experi- Interlayer A/B Anisotrgg)i;eclohesive Inferred

Interpretive .

[21]  Roussel, 2018 Conceptual synthesis A/l— Rheology + drying Inferred
[22] Wang, 2013 Numerical (RBSM) t}; };i%i‘eotilcr?(li — Meso-scale framework Not assigned
[23] Scrivener et al., 2004 Experimental (SEM) l;l;l }éi(g;i?fr?é — ITZ characterisation Not assigned
[24]  Nerella etal., 2019 Experimental + SEM Interlayer A/B Composition + interval Inferred
[25]  Zhangetal., 2023 Experimental Interlayer A/— Number of stacked layers Inferred
[26]  Gengetal., 2020 Experimental + model Interlayer B/A Poro;ig}é:lﬁlsastlc Inferred
[27] i;f;}}:izv‘gits 2017 Experimental Interlayer D/— Tonggg;)amngt- Ifgyr oove Inferred
[28]  Heetal, 2022 Er)igli;fiil;elr;;a(} d-;l Interlayer D/A Tooth angle + void ratio Inferred
[29]  Rahuletal., 2019 Experimental Interlayer B/— Porosity + bond shear Inferred

Kabantsev & Unmodified brick vs.
[30] Cajamarca-Zuniga, Experimental Anflofgous r;t(igo?gtcele c% modified brick Not assigned
2023 Intertace (interlocking)

[31]  Kloftetal., 2020 Experimental 4+ CT Interlayer D/A Shotcrgr(etrslssggrlljl’) s Inferred

[32] gggin & Mardani, Review Iig‘a’fr‘ga%r — Rheology + moisture Not assigned
Bulk fresh

[33]  Kruger et al., 2020 Analytical + FEA material (no — Shape retention Not assigned

interlayer)

[34] %?rgc?grggrﬁt) etal, Book chapter Interlayer A/— Paste + interval Inferred
[35] gg?g;h;?gto% Experimental Interlayer A/— Paste interlayer Inferred
[36] %allrgc (ﬁgg)e tal, Experimental Interlayer A/— Effective bond area Inferred
[37] Wang et al., 2026 Experimental Interlayer D/— Filament interlocking Inferred
[38] To et al., 2024 Experimental + FEM Interlayer D/C Interlocking I/T/S/V Inferred

A = adhesion; B = cohesion; C = friction; D = mechanical interlocking. “Inferred”: mechanism inferred
by the authors of the present paper from the variable studied or measured; “Declared”: mechanism
named by the original authors; “Not assigned”: no mechanism is assigned (reviews, theoretical
background, bulk-material studies, or studies in which the contributions could not be separated).
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