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ARTICLE INFO ABSTRACT
Keywords: 3D-printed concrete exhibits pronounced anisotropy as a result of its layered deposition process
Finite element method and the presence of interfacial contact zones, which significantly influence its mechanical

Contact mechanics
3D-printed concrete
Cohesive model

response. This work presents a Finite Element framework enhanced with contact mechanics to
explicitly model the interaction between adjacent printed layers. A cohesive contact formulation
is adopted to describe the evolution of normal and tangential stresses at the interfaces.
The model incorporates coupled normal and tangential traction-separation laws, enabling the
representation of elastic, inelastic, and residual interfacial behavior. The elasto-plastic evolution
of the interface response is governed by a quadratic failure criterion, with hardening/softening
functions calibrated from direct tensile and shear tests. The numerical implementation relies on
a classical return-mapping algorithm to ensure a consistent update of interfacial stresses and
inelastic displacement components.

The proposed model is validated against experimental data for three different materials
through case studies involving direct tension, shear, compression, and four-point bending tests.
The results demonstrate that the cohesive contact formulation accurately captures the role of
interfacial properties in governing macroscopic strength, failure mechanisms, and anisotropic
behavior.

Specifically, the proposed model is capable of reproducing post-peak softening through
calibrated hardening/softening laws. Experimental validation of this constitutive behavior is
provided for the case studies with complete force.CMOD measurements, whereas the remaining
cases validate primarily the peak response and the associated failure mechanisms.

1. Introduction

Three-dimensional printed concrete (3DPC) is a rapidly developing technology in the construction sector, particularly as a more
environmentally friendly alternative. Portland cement production accounts for nearly 10% of global CO, emissions [1], making the
optimization of production and construction processes critically important. 3DPC addresses these challenges by reducing construction
time, minimizing material waste and production costs, automating construction processes, and improving safety [2]. 3DPC is
manufactured through the successive deposition of extruded filament layers, during which interlayer contact interfaces are formed
and govern the anisotropic mechanical behavior of the material. Interlayer adhesion is strongly influenced by printing parameters
such as the time interval between layer depositions, nozzle speed, and nozzle height [3]. In addition, voids may accumulate between
layers, adversely affecting cohesion as well as compressive and flexural strengths [4].
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Fig. 1. Deposition and transition interfaces in 3D printing (a). Main loading directions in 3DPC: X or D1, Y or D2, Z or D3 (b).

Recently, these phenomena have been investigated using Finite Element (FE) methods, in which cohesive elements are explicitly
introduced at the interlayer interfaces and assigned contact properties [5-8]. The macroscopic behavior of 3DPC is then evaluated
as a function of these properties, either through comparison between numerical predictions and experimental data or via parametric
studies. In the previously cited studies, a bilinear traction-separation law is typically assumed [9], in which both normal and
tangential strengths increase to a peak value and subsequently degrade to zero residual strength. The presence of multiple layers and
interlayer separation interfaces makes 3DPC an anisotropic material. Two types of interfaces typically develop during 3D concrete
printing, as illustrated in Fig. 1(a). The first, commonly referred to as the Deposition interface (D-interface), forms between successive
printed layers. The second, termed the Transition interface (T-interface), develops between adjacent filaments deposited side by side.

Accordingly, three principal loading directions are commonly considered and are defined with respect to the orientation of the
printed layers, as illustrated in Fig. 1(b): the longitudinal direction (X), the transverse direction (Y), and the orthogonal direction
(Z). The longitudinal, transverse, and orthogonal directions are also commonly denoted as D1, D2, and D3, respectively.

Large air voids may form between layers due to the absence of compaction during the printing process, leading to reduced
interlayer adhesion and compromised mechanical strength [4]. Further, the lack of formwork promotes interstitial water evaporation,
which may result in cracking [10].

Several studies have investigated the dependence of interlayer adhesion on printing parameters [3]. Common experimental
configurations include compression tests, three- or four-point bending tests, direct tension tests, and shear tests. Specimens
are typically obtained by sectioning larger printed elements to ensure consistent printing parameters [3,5,11,12]; alternatively,
specimens may be printed individually [13,14].

The majority of existing studies on the mechanical characterization of 3DPC employ cubic specimens of varying dimensions
due to the absence of standardized testing protocols. Consequently, literature data allow only general trends in compressive
strength behavior along the three principal directions to be identified, as experimental campaigns often report inconsistent results.
The primary consensus among studies is that the compressive strengths of 3DPC in all three directions are lower than those of
conventionally cast concrete produced with the same mixture [15-19].

Several authors have reported that compressive strength is strongly influenced by the presence of voids, which is highly
dependent on print quality and pumping pressure [20]. The extrusion of dense and cohesive filaments reduces porosity, thereby
enhancing material strength. Most studies indicate that compressive strength is highest in the longitudinal direction (X), intermediate
in the orthogonal direction (Z), and lowest in the transverse direction (Y) [14,15,17,19,21,22]. These differences have been
attributed to variations in filament compaction, with higher extrusion pressures acting in the longitudinal direction and lower
compaction occurring in the transverse direction due to lateral expansion in the absence of formwork [21,22]. However, other
studies report contrasting trends, with the highest compressive strength observed in the orthogonal direction (Z) and the lowest in
the longitudinal direction (X) [23-25].

Further, increasing the time interval between filament depositions has been shown to reduce compressive strength in all three
directions [22]. The influence of nozzle geometry on compressive strength has also been reported [26].

Analogous to compressive strength, three principal loading directions are considered when evaluating the anisotropic bending
response of 3DPC [10,16,17,21,24]. The orthogonal direction (Z) typically exhibits the highest crack resistance. Failure often initiates
in the lower central zone, involving the outermost layers, where concrete tensile strength controls flexural behavior. Filament
compaction is critical, as lower layers are more densely packed than upper layers, which can increase or decrease flexural strength.
This effect is particularly relevant when specimens are extracted by mechanical cutting from larger printed elements. Additional
factors enhancing Z-direction bending resistance include lower water-to-binder ratios in lower layers caused by bleeding.

In contrast, the longitudinal direction (X) is generally the weakest, correlating with interlayer bond strength. Tensile strength
plays a decisive role in bending, and fiber reinforcement has been shown to significantly improve performance. For instance, the
addition of 0.25%-1.0% of 3 mm-long glass fibers in a geopolymer mortar increased bending strength [21], while basalt fibers
produced similar improvements [16]. Layer deposition time also affects bending behavior: longer intervals between successive layers
reduce interlayer bond strength and, consequently, flexural performance, particularly in the X direction [17,22].

Tensile strength tests are also important for the characterization of 3DPC. Such tests between two filaments are used not only
to determine overall strength but primarily to assess the influence of printing parameters on interfacial behavior. The two most
commonly employed methods are the direct tensile test [3,10,11,22,27] and the Brazilian (tensile splitting) test [16,17,19].
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In the absence of standardized protocols for 3DPC, specimen dimensions and geometries vary, and tests may be conducted on
two filaments or on multilayer specimens. The Brazilian test is generally performed on cubic specimens.

The time interval between layer depositions has been identified as one of the most critical factors affecting interfacial tensile
strength [3,10,17,22]. For example, [3] investigated tensile strength by superimposing two layers at time intervals of 5, 10, 15,
and 20 min using the same mix, observing a gradual decrease in strength with increasing time. This effect was attributed to a thin
surface film of fine aggregates, known as the lubrication layer, which is formed during pumping and gradually disappears, reducing
adhesion.

A different behavior is reported by [22], who tested intervals of 10, 20, and 30 min. In this case, the 10- and 30-minute intervals
yielded higher tensile strengths than the 20-minute interval. This behavior is explained by variations in surface moisture content:
initially, the surface is highly moist due to the lubrication layer; over time, moisture decreases due to evaporation, but after a
sufficiently long period (e.g., 30 min), bleeding increases surface moisture, enhancing interfacial strength.

Fiber addition has been found to have minimal or negligible effects on interfacial cohesion [28]. In some instances, tensile
strength may even decrease, as fibers on the surface can promote void formation [24].

Shear tests are also employed for the mechanical characterization of 3DPC. Common methods include direct shear tests on single
or double interfaces [18,28-30], inclined surface (slant-shear) tests [31], Iosipescu tests [8,32], and torsional shear tests [30,33,34].

Achieving a pure shear condition at an interface is challenging due to eccentricity effects of the applied load, which induce
normal stresses. In 3DPC, shear stresses at separation surfaces are typically of limited significance, as layers are clearly distinct
and interfaces consist primarily of a thin film of fine aggregates with minimal interlocking. Once tangential cohesion is exceeded,
brittle failure occurs, making post-peak behavior difficult to capture; consequently, shear fracture energy is generally considered
very small.

[32] correlated shear strength with different adhesives (epoxy, cementitious, and phosphate-based) used to join 3D-printed
elements, considering four mechanical interlocking configurations: V-type, S-type, z-type, and I-type.

Innovative methods, such as torsional shear tests, show potential for generating approximately uniform shear stresses at the
interface and for investigating combined shear and compressive effects [33,34].

Overall, interface tensile and shear strengths are typically 20%-30% lower than those of conventional concrete [18,28], although
this range is indicative, as both properties are highly sensitive to printing parameters.

In recent years, several finite element (FE) approaches have been proposed to investigate the mechanical behavior of 3D-printed
concrete by explicitly modeling the interlayer interfaces through cohesive elements or cohesive contact formulations. In most of these
studies, the interface response is represented by bilinear traction-separation laws, in which the normal and tangential behaviors
are treated independently and evolve according to uncoupled constitutive relationships. Although these approaches have proven
effective for reproducing interface debonding under predominantly tensile or shear loading, they do not explicitly account for the
interaction between normal and tangential stresses that naturally develops at interfaces subjected to mixed-mode loading. As a
consequence, the influence of compressive or tensile normal stresses on the available shear resistance is generally neglected or only
approximately represented through simplified constitutive assumptions.

In this work, a FE framework based on cohesive contact mechanics is developed to overcome these limitations. Unlike
conventional cohesive formulations employing uncoupled bilinear traction-separation laws, the proposed interface model adopts a
coupled elasto-plastic cohesive constitutive formulation in which the normal and tangential stress components evolve simultaneously
through a quadratic failure criterion. Within this framework, the tangential strength depends explicitly on the current normal stress
state, thereby naturally reproducing the interaction between interface opening, closure, sliding, and mixed-mode loading conditions.
This coupling is particularly relevant for 3DPC, where interlayer interfaces are frequently subjected to combined normal and shear
actions arising from bending, compression-induced lateral expansion, and complex multiaxial loading conditions.

The proposed cohesive contact formulation further extends the capabilities of existing interface models by allowing a complete
description of the interface response throughout the loading process. The constitutive model explicitly accounts for interface opening,
closure, tangential sliding, and their mutual interaction through the coupled failure criterion. The irreversible evolution of the
interface is described by nonlinear hardening and softening laws in both the normal and tangential directions, which can be directly
calibrated from experimental tensile and shear interface tests whenever such data are available. Moreover, the formulation allows
the introduction of a residual tangential strength after damage initiation, enabling the representation of aggregate interlocking and
friction-like mechanisms that may continue to transfer shear stresses even after significant interface degradation.

From a computational standpoint, the proposed methodology is implemented within the Abaqus [35] FE framework through a
user-defined UINTER contact subroutine. Unlike approaches based on zero-thickness cohesive elements, the present implementation
treats the interface directly as a contact interaction between adjacent printed layers. This strategy avoids the need for inserting
cohesive elements into the finite element mesh, simplifies model generation for complex geometries, and provides greater flexibility
for the simulation of interface opening, closure, and re-contact during nonlinear analyses.

The proposed model is validated through three independent experimental case studies involving different materials, printing
configurations, and loading conditions, including direct tension, shear, compression, and four-point bending tests. In addition to
reproducing peak strengths, the model accurately captures force-displacement and force-CMOD responses, post-peak softening,
in those case studies for which complete experimental softening data are available, and the experimentally observed failure
mechanisms.

The validation demonstrates that the coupled cohesive contact formulation provides a physically consistent description of
interface degradation and significantly extends the applicability of interface modeling for 3D-printed concrete subjected to complex
mixed-mode loading.
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Fig. 2. Gap function (a). Contact condition (b). Stress on the contact surface (c).

Thus, the main objectives of this study are: (i) to develop a robust mechanical model capable of reproducing the material
response through comparison with experimental data; (ii) to enable a macroscopic characterization of material anisotropy; and
(iii) to accurately calibrate cohesive contact parameters for reliable simulation of interlayer behavior.

The paper is organized as follows: Section 2 presents the numerical methodology; Section 3 describes the experimental case
studies and Section 4 discusses the numerical results in comparison with experimental data. Section 5 summarizes the main findings
and conclusions.

2. Cohesive contact model for interface behavior

Numerical modeling of interlayer interfaces is based on the principles of the Cohesive Zone Model [36]. This approach employs
cohesive traction-separation laws to describe the interaction between surfaces within the cohesive zone. In general, these laws relate
the evolution of interfacial stresses to the separation distance, defining the elastic phase of the response and subsequent inelastic
development.

This model is widely used in fracture mechanics to describe the formation and subsequent crack propagation in quasi-brittle
materials under static and fatigue loading conditions, as well as in the study of bonded joints, contact zones between two dissimilar
materials, fractures in metals and polymers.

The model is based on three fundamental hypotheses:

+ A cohesive zone exists near the crack tip, consisting of two surfaces in contact that interact through cohesive forces.
+ The fracture geometry and applied loads do not alter the distribution or magnitude of stress within the cohesive zone.
» Stress along the fracture is finite and continuously distributed, with no singularities at the crack tip.

Recent research has shown that the mechanical performance of 3DPC is strongly influenced by the properties of interlayer interfaces
[37]. These interfaces, formed between successive deposited layers, act as preferential cracking zones where material separation and
failure initiate. The high porosity observed in these zones significantly affects both strength parameters and elastic properties [4].

Specifically, to simulate the mechanical behavior of interlayer interfaces in 3DPC using FE methods a cohesive contact algorithm
is developed. The model describes the interaction between surfaces through a traction-separation relationship, capturing both the
initiation and propagation of cracks along the interface. Coupling between normal and tangential stress components is incorporated
to account for the influence of multiaxial loading on interfacial response.

2.1. Contact model

The contact formulation between two bodies can be described as follows. Consider two bodies, M and .S, in their initial
configuration QM and Q5 (Fig. 2(a)), respectively. The two points on the respective surfaces I'M and I'S that are at minimum
distance from each other are identified. Let u™ and u’ denote the displacement vectors of these surface points. The relative
displacement between the two points is then defined as

u=uwS-uM on r=rsSur¥. (€D)
Considering n as the normal to I'M, the normal and tangential components of the gap function g’ = [gN, gT] are defined as
gy=u-n on I
2)
gr=I-n®nju on I,

where gy represents the normal gap, gy is the tangential gap between the two contacting surfaces and I is the identity tensor.
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The non-penetration constraint is imposed on the normal gap function as: gy > 0. When contact is open (gy > 0), no normal
force is transmitted (p, = 0). When the two surfaces come into contact (g, = 0), the normal force becomes active (p < 0). Once
contact is established, a contact surface I, can be defined as the intersection of the two surfaces: I', = rsSnrM (Fig. 2(c)).

This formulation corresponds to the Hertz-Signorini-Moreau conditions for frictionless contact. In the context of optimization
theory, these conditions are expressed as the Kuhn-Tucker-Karush conditions

gn 20, py <0, pyegny=0. 3

On the contact surface I',, tangential forces p; # 0 may also develop. Defining the vector of forces acting on the contact surface
as: p’ = [pN, pT], the components of the relative stress along the three principal directions [n, 1, 2] (1, 2 being two orthogonal
tangential directions) are expressed as

p n
iy @
3 c 7

where t is the stress vector on the contact surface, which can also be expressed as: t” = [1,, 7], with tT = [r;, 7,], where 1, is the
normal stress and 7 represents the tangential stress components (see Fig. 2(c)). The magnitude of the tangential stress is defined as:

= [24 2
T=14/7 + 75
2.2. Physical interpretation of the interface states

The proposed contact formulation distinguishes four different mechanical states of the interface, which naturally arise during
the loading process. Initially, the interface behaves elastically while the relative displacements remain within the admissible domain
defined by the cohesive law.

When the normal gap becomes positive, the interface progressively opens and transmits cohesive tensile stresses according to
the traction-separation law. Once the accumulated inelastic normal displacement reaches the prescribed critical value, the interface
is considered fully decohered and can no longer transmit tensile tractions.

Conversely, when the normal gap is zero or negative, the opposing surfaces remain in contact and compressive contact pressures
may develop according to the contact constraints. Under these conditions, sliding between adjacent layers may still occur if the
tangential stresses reach the interface failure criterion.

Tangential sliding is initiated when the coupled normal-tangential stress state reaches the quadratic failure surface. Beyond this
point, irreversible tangential displacements develop according to the adopted plastic flow rule, while the interface strength evolves
through the prescribed hardening or softening laws.

Finally, the proposed formulation naturally represents mixed-mode interface failure, in which opening and sliding simultaneously
contribute to interface degradation through the coupled quadratic failure criterion. Such mixed-mode conditions are frequently
encountered in 3DPC under bending, compression-induced lateral expansion, and other multiaxial loading configurations.

2.3. Cohesive law

The mechanical behavior of a contact pair is described using cohesive contact laws, which relate cohesive stresses to the relative
displacement between the two points.

The gap function g, which describes the relative displacement between the two points, can be additively decomposed to separate
elastic and inelastic components, following the elasto-plastic formulation proposed by Wriggers and Laursen [38]

g=g'+g" )

The first, elastic component g¢, corresponds to the stick condition, in which the two bodies remain in contact and deformations
are fully recoverable. The second, inelastic component g*, corresponds to the slip condition, during which relative motion occurs
between the bodies (Fig. 3(a)).

Fig. 3(b) schematically represents the adopted cohesive law, i.e. the traction-separation model. The values g; ., and gimax,
g;m“ denote, respectively, the maximum normal and tangential displacements in the elastic phase, while gj,max, gf’max, and g;mm
correspond to the displacements at complete interface separation. The values #**, and z{"**, 7,'** represent the maximum strength
of the interface in the normal and tangential directions, respectively.

The interface response is initially linear elastic; therefore the stress vector t and the gap function g are linearly related according
to

t=Kg°=K(g-g"), 6)

where K is the diagonal stiffness matrix, whose components K;; determined from direct tensile and shear tests. Under the assumption
of uncoupled elastic behavior, K is diagonal

Knn 0 0 &N
K=[ 0 Ky, 0 eg=]g| @
0 0 Kp )
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Fig. 3. Stick condition (above) and slip condition (below) (a). Cohesive law: interface traction-separation model (b).

Fig. 4. Failure surface in 3D space (a). Failure surface in the plane of normal-tangential stress (b), and of shear stresses (c).

In practice, the normal elastic stiffness K;; and the tangential elastic stiffnesses K;; (i=1,2) define the slope of the linear elastic
portion of the cohesive response, with the assumption that K;; = K,,. In the present work, the stiffness matrix has been calibrated
using classical peeling and shear delamination tests, and its coefficients are given by

max
T,

E 2
K= Kj=Kyp= , ()

e
0 2,max

where E denotes the elastic modulus of the concrete and ¢, is the contact thickness.

The elastic domain of the cohesive zone is bounded by a quadratic failure surface f(t, f, f;,x, #) < 0 (Fig. 4(a)), which explicitly
captures the coupling between normal and tangential stress components. When represented in the ¢, — = stress plane, this surface
provides a clear description of the normal-tangential interaction. It depends on the interface stress state, the normal and tangential
interface strengths (f),, f,, respectively), an internal variable x — commonly referred to as cumulative plastic slip — which governs
the evolution of energy dissipation within the cohesive interface, and the apex angle g (Fig. 4(b) and Fig. 4(c)).

The failure function can be expressed as

2
T qy(x) [ T ]
=n(—) + —|—+1,| 9K K) m 9
f‘"<n> 7. Lig® 409 4,(5)
where m denotes the ratio between the normal and tangential strengths of the contact surface, defined as: m = Q, and 7 is

a parameter dependent on the hardening and softening functions in the normal (peeling) direction, g,(x), and in the tangential
(shearing) direction, ¢ (), through

q,(x) 1
n= m—- —.
q5(x) 18(P)
The evolution of the interface strength is governed by the two scalar constitutive functions g,(x) and ¢,(x), which define the normal

and tangential evolution of the failure surface, respectively, as functions of the equivalent inelastic displacement parameter «,
according to

(10)

= a0 fp T = a0, 11

The two functions are calibrated using experimental data from peeling and shearing tests.
The normal response is characterized by progressive softening: after reaching the peak tensile strength f,, the normal cohesive
strength decreases until a prescribed residual value is attained. Conversely, the tangential response exhibits an initial hardening



G. Mazzucco et al. Engineering Fracture Mechanics 345 (2026) 112504

& 7
& --="N a
1 < JE—— =t =
\ 3 —k=0
& s —ap 5 3
\ —k=1
\ 41
—k=3
06 v
\ N
\ 3
0.4 \ K
\
. 2
02 L SV S [ ———
1
0 4 + 4
0 1 2 3 4 5 3 2 1 0 1
k [mm] t, [MPa]
(a) (b)

Fig. 5. Hardening/softening functions (a). Failure surface in the plane of normal-tangential stress (¢, - 7) for various values of x (b).
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Fig. 6. Two representative stress paths: monotonic loading in pure normal tension (1) and pure tangential shear loading (2).

stage, in which the shear strength increases up to 1.1f, in the example proposed in Fig. 5a, followed by progressive softening toward
a residual tangential strength. This residual strength is introduced to phenomenologically represent the remaining shear-transfer
capacity that may arise from mechanisms such as aggregate interlock or friction-like interactions after interface damage.

The combined evolution of g, and ¢, produces a continuous modification of the quadratic failure surface during loading, as
illustrated in Fig. 5b. Three representative values of the internal variable are considered for visualization: x = 0, corresponding to
the undamaged interface; k = 1, corresponding approximately to the maximum tangential strength; and « = 3, representing the fully
degraded state, where the interface reaches its prescribed residual strengths.

To illustrate the mechanical interpretation of the constitutive evolution, two representative stress paths are considered. The first
corresponds to monotonic loading in pure normal tension (Fig. 6, load path 1), whereas the second represents pure tangential shear
loading (Fig. 6, load path 2). These loading paths highlight the different roles of the constitutive functions g, and g, in governing
the degradation of the interface under Mode I and Mode II dominated conditions.

Under monotonic normal tension (Path 1 in Fig. 6), the interface behaves elastically until the tensile strength f, is reached.
Thereafter, the normal cohesive traction decreases according to the softening law g, until the prescribed residual tensile strength
(taken as 0.1 fp in the present example) is attained (Fig. 7a).

Under pure shear loading (Path 2 in Fig. 6), the interface initially responds elastically up to the shear strength f,. Subsequently,
the tangential response undergoes a hardening phase, reaching a peak value of 1.1/, followed by progressive softening toward the
prescribed residual shear strength (taken as 0.2f, in the present example), as shown in Fig. 7b.

Thus, this constitutive evolution enables the model to represent both the increase in shear resistance associated with inelastic
interface mobilization and the residual load-carrying capacity to phenomenologically account for post-damage shear transfer, mainly
(e.g., aggregate interlock and friction-like effects). The model itself does not explicitly simulate friction. In this regard, its validation
under combined compression—shear loading would require dedicated experimental data.

To preserve a constant apex angle f throughout the evolution of the response, the following condition must be satisfied

45(K) < q,(x) m 1g(p). (12)

The admissible range of § is constrained by: g~ (1/m) < f < z/2, as qualitatively shown in Fig. 8. Specifically, as § decreases, the
surface progressively approaches a conical shape, whereas increasing g results in a paraboloidal surface.
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The internal variable x = |tr(g”)| represents the cumulative inelastic displacement. When g,(x) = ¢,(x) = 1, the cohesive contact
law reduces to a perfectly elasto-plastic formulation.

The evolution of the plastic displacement vector g* is governed by a non-associated flow rule. Accordingly, the rate of the inelastic
gap function g* and the plastic potential w are defined as follows

2
s a2 q,(x)
g =ya—”t”, wz"(f%) *= [lgfm+<rn>+]—qs(mp(x)m, (13)

where y denotes the plastic multiplier.

From Eq. (13), it can be observed that under tensile normal stresses (¢, > 0), the Macaulay bracket is active ({z,), = t,) and
the plastic potential coincides with the failure surface. Consequently, plastic evolution occurs simultaneously in the normal and
tangential directions, enabling the coupled description of interface opening and sliding that characterizes mixed-mode fracture.
Conversely, under compressive normal stresses (f, < 0), the normal contribution to the plastic potential is suppressed by the
Macaulay bracket ({z,), = 0). As a consequence, the irreversible displacement evolves predominantly in the tangential direction
while the compressive contact pressure remains governed by the contact constraints. Physically, this reflects the fact that compression
tends to inhibit interface opening while simultaneously increasing the available shear resistance.

This leads to two distinct cases, illustrated in Fig. 9: (i) Tensile normal stress: the plastic potential coincides with the failure
surface, resulting in an associated flow rule; (ii) Compressive normal stress: the plastic potential surface degenerates into a cylindrical
shape, and the inelastic gap evolves exclusively in the tangential direction, i.e. ZTL: =0.

Thus, the proposed plastic potential allows the interface response to naturally transition between tensile-dominated and
compression-dominated loading conditions. This behavior is particularly relevant for interfaces in 3DPC, where compressive stresses
generated by bending or transverse expansion may significantly modify the sliding resistance between adjacent layers.

2.4. Elasto-plastic problem formulation and numerical solution

The elasto-plastic response is computed using a classical return-mapping algorithm (Fig. 10(b)). First, an elastic predictor is
evaluated to determine whether the current state remains within the elastic domain. If the consistency condition is satisfied, the

increment is purely elastic. Otherwise, a plastic correction must be applied, computed as yK%, by solving a nonlinear system that:
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Fig. 10. Solution to the cohesive contact algorithm in the elastic (a) and plastic (b) domain.

(i) enforces the consistency condition f(t,x); (ii) minimizes the residual vector r; and (iii) governs the evolution of the internal
variable x through the definition of an isotropic hardening variable h. These three conditions lead to the following system

f(tn+l’Kn+1) f(t’K) 0
b=t —t" +yKZ|=| r |=]|of, (14)
Kpt1 — Ky — K h 0

where the unknowns are the stress t, | and the internal variable «,; at the increment » + 1, and the plastic multiplier y. They are
collected in a vector x, with corresponding increment Ax. The solution is obtained iteratively; at iteration k, the state variables are
given by

=t oxr 7' axT =14t Ax, ay). (15)

Applying a first-order Taylor expansion to the vector b, and neglecting higher-order terms, yields

b(x* + 4x) = b(x*) + LYy wor—" (16)
ox Ixk
The matrix of partial derivatives of the vector b is defined as
of of of
Jat il's dy
ob Jr Jar or
=—== = = 17
ox ot ok oy a7
oh oh  oh
ot dJk dy
At this stage, the increment of the unknown vector x can be computed as
Ax = —(AF~Ib(xk) (18)
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Accordingly, at iteration k + 1, the updated variables are given by

XM= x4+ Ax.

Further, the inelastic gap function is updated as

k+1 k+1 )T
B

. ow
R
g = yR(trH—l ’ KrH—l

and

S — o o5
g, =g+

A convergence tolerance is prescribed, and the iterative procedure is continued until ||r|| < toll and |f]| < toll.
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19)

(20)

(21

Algorithm 1 PROCEDURE GETCONTACT

GETCONTACT(inc, ID, g,, 4g, g}, &, t,, K, LOPENCLOSE)
LOPENCLOSE =1
g1 =8, +48
g1 =8
Knt1 = Ky
4p = 4p(Kpp1)
qs = qs(Kn+1)
tn+| = K(gn+1 - g:,)
ftr = f(thrl’ Kn)
if 7 > 0 then
it = bt
res=1.0, y=0,r=0, h=0, 4k =0, x=0
while res > toll & f > toll do

af of
ot oK Jdy
or or or

A=15 & o
oh  oh  oh
ot ok ay

4x =A"'b

X =X + 4x

t, =x[1:3], x4 =x[4], y =x[5]

res = || 4x||

. 0

g=r5

8.1 =818

Ak = tr(g®)

f = f(tn+l’kn+l)

r=t, —t" +Kg

h =k, —K,— Ak
if g D> gjv’”m then
LOPENCLOSE = 0
tn+1 =0
return
end if "
K=Q 'K
end while
end if
g =8
Ky = Kpy1-

> Closed contact
> Elastic trial

> Plastic corrector: return mapping

> Variable update

> Contact opens

The cohesive contact formulation was implemented in the FE software Abaqus [35] through the UINTER user subroutine, which

collects the state variables of the two interacting surfaces and invokes the GETCONTACT procedure to evaluate interface stresses

and inelastic displacements. The GETCONTACT procedure also governs contact opening: when the inelastic normal displacement

&0 exceeds the limiting value g}, Lim? the tensile traction is set to zero and the contact is terminated.

10
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Table 1
Constitutive parameters of the interfaces of the studied concretes (HP: High-performance; FR: Fiber-reinforced; NS:
Natural sand).

Type K., Ky =Ky 1y Sy B q, qs

[N/mm?3] [N/mm?] [MPa] [MPa] [°1 - -
Mat. 1 HP 32000 42 1.4 2.96 85 Fig. 11(a)
Mat. 2 FR 21600 42 1.25 2.96 85 Fig. 11(b)
Mat. 3 NS 22960 47 1.88 0.94 85 Fig. 11(c)

3. Numerical results on various case studies

Three case studies are conducted, simulating experimental campaigns reported by different authors, covering various materials
and testing methods. These data also allow for a comparison between two approaches to developing constitutive models for
interfaces. The first two studies [8,11] are based directly on experimental measurements, whereas the latter studies [5,19] follow
formulations provided in the CEB-FIP [39] and ACI [40] standards, which are typically used when experimental interface data
are not available. The validity of the numerical implementation described in Section 2 is assessed by comparing the computed
force-displacement responses with experimental results.

All numerical models are developed using Abaqus [35]. Experimental tests are reproduced by replicating specimen geometries,
boundary conditions, and loading configurations. The modeling strategy for each case follows these steps:

« Definition of the elastic properties of 3DPC and the plastic response using the Concrete Damage Plasticity (CDP) model [41,42];

» Specification of the constitutive model for the interfaces, based either on direct tensile and shear tests (when available) or on
established design standards;

» Construction of FE models with cohesive contact properties assigned to each interface;

» Comparison of numerical results with experimental data.

0 In addition to comparing numerical and experimental peak strengths and force-displacement responses, the stress state along the
interfaces is examined to identify the onset and mode of failure, distinguishing between shear- and tension-dominated mechanisms.

The constitutive parameters of the interfaces of the studied concretes are summarized in Table 1.

The constitutive parameters adopted for the cohesive interfaces were determined according to the available experimental
information for each material. The normal stiffness K,,, was calculated from the elastic modulus and the assumed interface thickness
according to Eq. (8), whereas the tangential stiffnesses K;; = K,, were calibrated from the initial elastic branch of the available
shear tests whenever possible; otherwise, they were estimated consistently with the reported interface strength and displacement
data. The normal interface strength f, was directly obtained from tensile interface tests for Materials 1 and 2, while for Material 3 it
was estimated from the concrete tensile strength using design-code-based relationships due to the absence of direct interface tensile
measurements. Similarly, the tangential strength f, was identified from experimental shear tests when available or, alternatively,
estimated from established design-code or literature-based formulations.

Depending on the modeling strategy, the deposition (D-) and transition (T-) interfaces in 3DPC may be assigned identical
or distinct mechanical properties. Specifically, D- and T- interfaces may exhibit different constitutive properties depending on
the printing process, material composition, and curing conditions. In the present study, in the case of Material 3, where both
interface types are involved, identical interface parameters were assigned to the D-interfaces and T-interfaces because the available
experimental campaigns did not provide independent characterization of the two interface types. This choice avoids introducing
additional unconstrained calibration parameters while allowing a consistent validation of the proposed constitutive framework.

The hardening/softening functions ¢, and ¢, were calibrated using post-peak experimental responses whenever these data were
available; otherwise, physically consistent degradation laws were assumed and explicitly identified as modeling assumptions. Finally,
the apex angle g was set equal to 85° for all simulations, providing a nearly parabolic failure envelope while ensuring numerical
stability and satisfying the admissibility condition of the proposed constitutive formulation.

It is specified that the constitutive parameters adopted in the present study should be interpreted as calibrated model parameters
rather than uniquely identified material properties. Their calibration follows the amount of experimental information available
for each material. Consequently, different parameter sets may produce similar global structural responses, particularly when only
macroscopic force-displacement curves are available. The objective of the present work is therefore not to establish a unique
inverse identification procedure, but rather to demonstrate that physically motivated interface parameters calibrated from available
experimental data provide consistent predictions across different loading configurations.

3.1. Calibration of concrete parameters for the CDP model
The compressive response of concrete is reproduced using the uniaxial formulation proposed in [43]

E
o = 0€c (22)

5
1+ ﬁ_z <E_C>+<£_C>
o) £ &

11
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Fig. 11. Computed hardening/softening functions of the studied concretes (see the corresponding case studies for detailed discussion).

where E, is the undamaged elastic modulus, o, and ¢, are the stress and strain in the concrete, while ¢, and ¢, denote the maximum
stress and strain within the elastic regime.

The tensile strength f,, is calculated using the equation provided by the CEB-FIP Model Code [39], as a function of the
characteristic compressive strength f.,

fr =03 (f)?°. (23)

In the absence of experimental data, the post-peak softening branch of the tensile stress—crack opening curve is reconstructed
following the formulation proposed by [44]

3 wy
o [1 - <c| o ) :| e Pwer — :;’ (1 —613) e 2, (24)

ftu cr cr

where ¢, is the tensile stress in the concrete, ¢; and ¢, are constants equal to 3.0 and 6.93 respectively, w;, is the crack width, and
w,, is the critical crack opening displacement (in mm) at which complete cracking occurs, calculated as

G

F

w,, =514 7o (25)
with G fracture energy, determined using the CEB-FIP relationship [39]

Gp=0.737218, (26)
with

Sem = feu +8 MPa. (27)

Once the uniaxial compressive and tensile behavior is determined, the corresponding damage coefficients are calculated as

do=1-22 d4=1-2 (28)
¢ f cu ’ ! f tu ’
where d, and d, denote the damage variables under compressive and tensile loading, respectively.
The inelastic strain curves are then derived by computing the elastic strain ¢,, = 6/E,, and obtaining the inelastic component as
the difference

Eip =E— &, (29

12
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Fig. 12. Inelastic strain curves for the Concrete Damage Plasticity (CDP) model.

Table 2
Elastic properties of the studied concretes (HP: High-performance; FR: Fiber-reinforced; NS: Natural sand).
Type Direction E, p feu i v
[MPa] [ton/mm?] [MPa] [MPa] -
Mat 1 HP - 32000 2.4E-09 78.0 - 0.2
Maz 0o N0 aamon 22 e o)
Mat 3 NS - 22960 2.5E-09 21.8 2.56 0.2

Fig. 12 provides a schematic representation of the CDP model.

The elastic properties of the studied concretes are reported in Table 2, where p is the specific weight, and v the Poisson’s ratio.

For completeness, the remaining parameters required to fully define the material for CDP implementation are: the dilation angle
a = 36° [45]; the parameter K, = 2/3 [46]; the biaxial-to-uniaxial compressive strength ratio f,,/f., = 1.16 [46]; the eccentricity
e =0.1 [5]; and the viscosity parameter ¢ = 0.0005 [5].

It should be emphasized that the role of the CDP model in the present work is to describe the constitutive response of the
bulk concrete matrix, whereas the anisotropic mechanical behavior of the printed material is introduced primarily through the
explicit modeling of the interlayer interfaces by means of the proposed cohesive contact formulation. This modeling strategy enables
the numerical framework to distinguish between matrix-dominated and interface-dominated failure mechanisms, depending on the
loading direction and the orientation of the printed layers. For example, in the direct tensile test of Material 2 along the D1 direction,
where the interfaces are parallel to the applied load, failure is governed predominantly by tensile damage within the concrete matrix
and is therefore controlled by the CDP model. Conversely, in the D3 direction, where the interfaces are loaded in tension, failure is
governed by interlayer decohesion and is controlled primarily by the cohesive contact formulation.

The adoption of an isotropic CDP model implies that possible anisotropic effects within the printed filaments themselves
are neglected. Consequently, the proposed formulation may underestimate or overestimate the contribution of printing-induced
anisotropy associated with the bulk material. Nevertheless, this assumption is considered appropriate for the present validation
cases, since the dominant source of anisotropy arises from the interlayer interfaces, whose behavior is explicitly modeled through
the cohesive contact algorithm. For materials exhibiting pronounced intra-filament anisotropy, however, a direction-dependent
constitutive model, such as an orthotropic damage or plasticity formulation, would provide a more realistic representation of the
bulk material response and could be naturally combined with the proposed interface formulation.

3.2. Case study 1: high-performance concrete

The direct tensile and losipescu shear tests presented in [8], used to characterize 3DPC interfaces, are adopted in this study. The
material considered is a purpose-designed high-performance concrete, whose elastic properties correspond to Material 1 in Table 2.

The experimental results from the tensile test indicate a brittle response of the material, reaching peak stress linearly and
then failing completely, without any development of strength in the plastic phase. Consequently, among the interface constitutive
parameters, only those associated with the elastic phase can be uniquely identified. These parameters are summarized in Table 1
and referred to as Material 1.

In the normal direction, three hardening/softening functions are defined to investigate the influence of plastic evolution on the
mechanical response (see Fig. 11(a)). The values of the inelastic accumulation variable x are set to 0.001 mm for dp1> 0.003 mm for
4,2, and 0.005 mm for g,3. As k increases, the fracture energy — represented by the area under the hardening/softening curve —
increases accordingly, resulting in a more pronounced softening phase.

13
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Fig. 14. Material 1: force-displacement results for the direct tensile test (a) and the Iosipescu shear test (b).

In the tangential direction, it is not possible to directly reconstruct the function ¢, from the available experimental data.
Therefore, a linear degradation of the shear strength is assumed, decreasing to zero at x = 0.005 mm, consistent with the value
adopted for g,3, as shown in the same figure.

All test specimens were mechanically extracted from a single 3D-printed wall in order to ensure consistency of the key printing

and material parameters, including climatic conditions, layer height, nozzle speed, nozzle stand-off distance, and the time interval
between successive layer depositions.

3.2.1. Direct tensile test

The direct tensile test is performed on the notched prism shown in Fig. 13, with a tensile load applied in the y-direction at a
displacement rate of 0.25 mm/min. The imposed displacement and the corresponding force were recorded throughout the test.

In the numerical model of the direct tensile test, the lower surface is fully constrained, that is: U, = U, = U, = 0. All nodes on
the upper surface are coupled to a reference point via a coupling constraint, to which a vertical displacement of 0.06 mm is applied.

The force-displacement curves reported in Fig. 14(a) show the total reaction force and the displacement of the reference point
along the loading direction for the three hardening/softening functions considered. The influence of the different assumptions
adopted for the plastic evolution in the contact law is clearly evident, as increasing the fracture energy leads to higher peak loads.
Specifically, for an experimental peak load of 1214 N occurring at a displacement of 0.00194 mm, the third hardening/softening
law provides the closest agreement with the experimental response, yielding a peak load of 1192 N at a displacement of 0.0022 mm.
By comparison, the first and second softening laws result in peak loads of 978 N and 1146 N, respectively.

The stress distribution in the loading direction at peak load is shown in Fig. 15(a). The stresses reach the maximum interface
normal strength of 1.4 MPa before the onset of plasticity, as obtained by dividing the experimental peak force of 1214 N by the

interface area (A = 900 mm?). The same stress level is attained at the central interface, whereas all other interfaces exhibit lower
peak stress values (Fig. 15(b)).
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Fig. 15. Material 1: maximum stress distribution in the loading direction in the direct tensile test (a); maximum interface pressure distribution
in the direct tensile test (b).

Fig. 16. Schematic representation of the Iosipescu shear test configuration.

3.2.2. Iosipescu shear test

The Iosipescu shear test is performed on the notched prism shown in Fig. 16. The load is applied as a displacement-controlled
input at a rate of 0.25 mm/min in the y-direction and is transmitted through two connected cylindrical rollers that are free to
rotate. The primary objective of this test is to induce a nearly pure shear stress state at the central interface, with negligible bending
moment, leading to a Mode II failure of the specimen.

In the numerical model of the Iosipescu shear test, two lower supports are introduced, where the displacements U, = U, = U,
are fully constrained. A reference point, aligned with the central interface, is subjected to a prescribed displacement of 0.1 mm. The
reference point is connected to two 10 mm-wide loading surfaces corresponding to the roller positions through a coupling constraint.

Based on the results obtained from the direct tensile test, the hardening/softening function 4y associated with 43 (Fig. 11(a)) is
adopted for the interface response.

The force-displacement response is reported in Fig. 14(b), where the reaction force in the loading direction at the reference
point is plotted against the tangential displacement of a node located on the central interface. A satisfactory agreement with the
experimental results is observed in the elastic regime, up to a peak load of 1682 N at a displacement of 0.066 mm, compared to
the experimental values of 1775 N and 0.07 mm.

In the numerical simulation, once the elastic limit is reached, complete failure occurs with full separation of the specimen into two
parts. Consequently, as in the experimental test, the post-peak (plastic) branch of the force-displacement curve cannot be captured
numerically, although the maximum shear strength is accurately reproduced.

The contour plot in Fig. 17(a) shows the von Mises stress distribution at the peak load, revealing a diagonal failure pattern across
the central interface, which is characteristic of this testing configuration. Following failure, the specimen separates into two distinct
parts, as shown in Fig. 17(b).

An analysis of the tangential stresses developing along the interfaces indicates that failure is localized at the central interface,

while the remaining interfaces do not reach the maximum shear strength (Fig. 18(a)). This behavior is consistent with the
experimentally observed failure mode shown in Fig. 18(b).
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Fig. 17. Material 1: von Mises stress distribution at peak load (a) and at failure (b).
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Fig. 18. Material 1: maximum shear stress distribution along the interfaces (a) and experimental specimen failure observed in [8] (b).

3.3. Case study 2: fiber-reinforced concrete

The second material considered is taken from the study by [11]. The experimental campaign includes direct tensile tests in the
D1, D2, and D3 directions, as well as four-point bending tests. The material is a fiber-reinforced concrete, whose elastic properties
correspond to Material 2 in Table 2. Depending on the printing direction of the deposited filaments, the elastic properties differ
depending on whether the loading direction is longitudinal (D1) or orthogonal to the laying plane (D3).

For interface characterization, only the D2 and D3 directions are relevant. Specifically, the transverse direction (D2) is not
considered in the present study because the force-displacement curves required to reconstruct a traction-separation law are not
reported. Further, the tests were performed on specimens composed of single filaments, which do not form an interface between
adjacent layers. The constitutive parameters adopted for the interface are summarized in Table 1 and are referred to as Material 2.

For Material 1, the hardening/softening functions were assumed due to the absence of complete post-peak experimental data.
For Material 2, the post-peak response in the normal direction is available and exhibits an exponential decay, which enables the
definition of the g, function. In the tangential direction, the ¢, function is again assumed and is defined to follow the same trend
as g,, as shown in Fig. 11(b).

As in the previous case study, all specimens are extracted from a single 3D-printed element to ensure consistent printing
parameters throughout the experimental campaign.

3.3.1. Direct tensile test

Direct tensile tests were conducted along the principal directions D1 and D3, with the results reported as force-CMOD curves,
where CMOD (Crack Mouth Opening Displacement) is the crack opening measured at the failure zone using clip gauges.

For the longitudinal (D1) and perpendicular (D3) directions, the same notched prism geometry shown in Fig. 13 is adopted. A
schematic representation of the test configuration in the D1 direction is shown in Fig. 19.

The numerical models are subjected to the same boundary and loading conditions adopted for Material 1 (Section 3.2), with
the lower surface fully constrained (U, = U, = U, = 0) and the upper surface connected to a reference point, to which a vertical
displacement of 2 mm is applied in the D1 direction and 0.45 mm in the D3 direction.

Direction D1
Failure in the D1 direction is governed by the tensile strength of the bulk concrete, as the interfaces are oriented parallel to

the loading direction, and the presence of interfaces has a negligible influence on the ultimate capacity. The results obtained for
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Fig. 20. Material 2: results of the direct tensile tests in the D1 (a) and D3 (b) direction.

the D1 direction are shown in Fig. 20(a), where the total reaction force in the loading direction at the reference point is plotted
against the corresponding displacement. Good agreement with the experimental data is achieved, with a numerical peak load of
2414 N at a displacement of 0.0073 mm. The experimental test reports a maximum force of 2113 N at a displacement of 0.0064 mm,
corresponding to a difference of approximately 14%. This result confirms that the CDP model accurately reproduces the material
response in the D1 direction.

An analysis of the normal and tangential stresses at the interfaces at peak load indicates that both remain within the elastic
regime, with tensile failure occurring entirely within the concrete matrix (Fig. 21(b) and Fig. 21(c)). The stresses in the loading
direction increase up to a maximum value of 2.88 MPa (Fig. 21(a)), compared to 2.45 MPa measured experimentally, marking the
onset of tensile damage that propagates through the central zone until complete failure.

Direction D3

The D3 direction characterizes a loading perpendicular to the interfaces, which activates interlayer decohesion and limits the
attainable tensile strength to that of the interfaces. Thus, in this case failure is governed by the tensile capacity of the interfaces,
leading to premature cracking.

The results obtained for the D3 direction are shown in Fig. 20(a) as force-CMOD curves. In this case, a clear softening branch
develops after the peak strength, extending from a CMOD of 0.0032 mm up to 0.43 mm, which allows for a complete definition of
the interface constitutive model.

The juxtaposition of numerical and experimental results demonstrates strong agreement with the experimental observations. The
maximum force obtained numerically is 1106 N, compared to 1007 N in the experiment, corresponding to a difference of 9.83%.
The displacements are 0.0034 mm and 0.0032 mm, respectively, representing a variation of 6.25%.

At peak load, the stress distribution along the loading direction is shown in Fig. 22(a), with the maximum normal stress at the
central interface reaching 1.25 MPa (Fig. 22(b)). Subsequently, the softening branch develops until complete specimen separation.
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Fig. 21. Material 2: contour plots of the direct tensile test in direction D1: maximum tensile stresses (a); maximum interface pressure distribution
(b); maximum shear stress distribution along the interfaces (c).
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Fig. 22. Material 2: contour plots of the direct tensile test in direction D3: maximum stress distribution in the loading direction (a); maximum
interface pressure distribution (b).

3.3.2. Four-point bending test

Four-point bending tests were conducted on the specimens, as illustrated in Fig. 23, with the load applied in the y-direction via
two loading cylinders spaced 50 mm apart. The same loading protocol used for the direct tensile tests was applied: a displacement
rate of 0.2 mm/min during the elastic phase, 0.01 mm/min to capture the peak strength, and 0.1 mm/min to characterize the
post-peak softening behavior.

All results are presented as force-CMOD curves. The investigated directions include the longitudinal direction D1 (Fig. 23(a))
and the perpendicular direction D3 (Fig. 23(b)).

In the numerical models, the boundary conditions consist of two linear supports: one fully restraining all translational degrees of
freedom, and the other allowing horizontal translation. Loads are applied at the same positions as in the experimental setup, with
imposed displacements of 3 mm for direction D1 and 1 mm for D3. To obtain the numerical force-CMOD curves, the reaction forces
in the loading direction at the loading points and the horizontal displacement of a control node at the notch are extracted from the
simulations.

Direction D1

The numerical model for direction D1 produced the force-CMOD curve shown in Fig. 24(a). Agreement with the experimental
peak load of 982 N is observed, with a numerical value of 913 N, corresponding to a 7% deviation. This result confirms that
the flexural strength in the longitudinal direction is primarily governed by the tensile strength of the printed concrete, while the
contribution of the interfaces is minimal.

Analysis of the stresses in the z-direction and the evolution of tensile damage shows that, once the peak tensile strength of
2.5 MPa (approximately f,, of Material 2) is reached (Fig. 25(a)), tensile damage initiates (Fig. 25(c)) and progressively evolves
until complete failure of the specimen (Fig. 25(d)). Although the interfaces are subjected to shear forces due to layer sliding, the
maximum tangential stress never exceeds the shear strength at peak load (Fig. 25(b)), confirming that their effect in this loading
direction is negligible.
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Fig. 24. Material 2: results of the four-point bending tests in the D1 (a) and D3 (b) direction.
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Fig. 25. Material 2: contour plots for the four-point bending test in direction D1: tensile stresses at the onset of damage (a); maximum shear
stresses distribution along the interfaces (b); initiation of tensile damage (c); specimen failure (d).
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Fig. 26. Material 2: contour plots for the four-point bending test in direction D3: maximum tensile stresses (a); specimen failure (b); maximum
interface pressure distribution (c).

Direction D3

In direction D3, failure is governed by the normal cohesive strength of the contact surfaces, as bending induces tensile stresses
orthogonal to the interfaces.

Fig. 24(b) compares the experimental and numerical force-CMOD curves. The peak forces obtained are 444 N and 427 N,
respectively, corresponding to a difference of 3.83%. The numerical model also captures the post-peak behavior, which exhibits
an exponential softening trend, consistent with the modeling assumptions and the tensile test results along direction D3.

Specimen failure localizes along the central interface once the ultimate tensile stress is reached (Fig. 26(c)), followed by
decohesion leading to complete fracture (Fig. 26(a) and Fig. 26(b)). It is noteworthy that the maximum stress in D3 is approximately
50% lower than in D1, and the failure is brittle: once cracking initiates, it rapidly propagates along the interface separation line.

Finally, as an illustrative exercise, the force-CMOD curve obtained for Material 2 is compared with that predicted using the
interface properties of Material 1 (Section 3.2). As shown in Fig. 27, differences in the hardening/softening functions influence
not only the post-peak behavior but also the flexural strength in D3 direction. Specifically, using the interface parameters from
Material 1 yields a peak load of 371 N, which is 13.11% lower than that obtained for Material 2.

3.4. Case study 3: natural sand concrete

In the third case study, the experimental tests reported by [19] are reproduced numerically. The elastic properties of the 3DPC,
listed in Table 2 as Material 3, are consistent with those of an ordinary concrete made with natural sand. Compression tests and
four-point bending tests were performed on 3D-printed specimens under loading applied along three orthogonal directions, and
the results are compared with those obtained from homogeneous (cast) specimens. All 3D-printed specimens were mechanically
extracted from a previously manufactured plate.

Given the limited availability of force-displacement data from direct tensile and shear tests on 3D-printed elements, the third
case study characterizes the material interfaces following the approach proposed by [5], based on design standards such as CEB-FIP
Model Code [39]. In this approach, the interface tensile strength f, is assumed equal to the concrete tensile strength f,,, while the
concrete compressive strength f,, is taken as the average value of the experimentally measured compressive strengths along the
three principal loading directions, equal to 21.8 MPa.
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Fig. 28. Compression test loading directions: X (a), Y (b), and Z (c).

The shear strength of the interfaces is calculated following the CEB-FIP Model Code [39] as: f, = 7, + u o,, where 7, represents
the adhesive bonding and mechanical interlocking stress between the two contact surfaces, y is the friction coefficient, and o, is
the confining pressure. The value for f, reported in the literature is adopted and set equal to 0.94 MPa.

The tangential softening function ¢ is defined according to a triangular traction-separation cohesive law, as illustrated in Fig.
3(b), with a peak displacement gimax = g;max = 0.02 mm followed by a linear softening up to gi',max = 0.08 mm. This
corresponds to a tangential elastic stiffness of K|, = Ky, =47 N/mm>.

In the normal direction, the elastic stiffness K,,, is set equal to the elastic modulus of the concrete E,. No post-peak inelastic
phase is defined for the normal direction; the normal softening function g, is assumed based on a study by [6], with a maximum
separation g; = 0.01 mm.

The complete set of cohesive law parameters is summarized in Table 1 as Material 3, and the corresponding hardening/softening
functions are plotted in Fig. 11(c). Unlike the classical triangular traction-separation law, where the stress drops to zero at the
ultimate displacement, the present model assumes residual normal and tangential strengths equal to 0.1/, and 0.1f,, respectively,
leveraging the extended capabilities of the implemented code.

— oS
- g2,max

3.4.1. Compression test

The specimens used for compression testing are cubic, with a side length of 100 mm, and are composed of filaments 20 mm
wide and 10 mm high. The specimens are loaded along the three principal directions defined in Fig. 28.

In the analyzed specimens, both deposition interfaces (D-interfaces) and transition interfaces (T-interfaces) are present, with
orientations that depend on the loading direction. In the absence of experimental evidence distinguishing the mechanical behavior
of the two interface types, they are assumed to share identical contact properties.

The boundary conditions are identical for all three models and are applied to different surfaces according to the considered
loading direction. A vertical displacement of 1 mm is imposed on the top surface, while translational degrees of freedom in the
plane orthogonal to the loading direction are restrained. The bottom surface is fully fixed, with U, =U, =U, = 0.

Fig. 29(a) shows the stress—displacement curves obtained from the numerical simulations of the three compression tests on the
3DPC samples, alongside the results from the cast specimen. The peak stresses are extracted from these curves and compared with
the experimental measurements (Fig. 29(b)). The comparison demonstrates that the anisotropic behavior of the material is accurately
captured, with F, > F, > F,, particularly for F, and F_. The largest deviation is observed in the F, direction.

Fig. 30 shows the interface shear stress (Fig. 30(a), Fig. 30(d) and Fig. 30(g)) and normal pressure (Fig. 30(b), Fig. 30(e) and
Fig. 30(h)) at peak compressive load, along with the tensile damage (Fig. 30(c), Fig. 30(f) and Fig. 30(i)) in the concrete at the end
of the analysis.
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Fig. 29. Material 3: results of the compression tests (a) and comparison with experimental peak stresses (b).

In all loading directions, failure is governed by interfacial shear, while the concrete tensile strength is never exceeded. Shear
failure occurs on both D- and T-interfaces in the X direction, is concentrated on T-interfaces in the Y direction, and on D-interfaces
in the Z direction. Consequently, when separation surfaces are oriented orthogonally to the loading direction, failure is triggered by
interfacial sliding due to the Poisson effect (transverse expansion). This likely explains the discrepancy observed in the Y direction,
where the global compressive response depends on the transition interfaces, which were assumed to share the same properties as
the deposition interfaces, though they may differ in reality.

3.4.2. Four-point bending test

The flexural strength of the material is evaluated through four-point bending tests performed on prismatic specimens with
dimensions of 90 x 90 x 360 mm. Both homogeneous (cast) and 3D-printed specimens are considered; the latter consist of filaments
30 mm wide and 15 mm high. The load is applied through two loading cylinders spaced 90 mm apart, while the supports are
positioned at a distance of 270 mm. This testing configuration is employed to investigate the flexural response of beams for different
filament orientations with respect to the loading direction. The three loading configurations examined in this study are illustrated
in Fig. 31. In the numerical models, a uniform vertical displacement of 0.5 mm is applied at the load transmission points defined in
the experimental setup. One of the two support points is fully constrained in all translational degrees of freedom (U, = U, = U,),
while the other support is allowed to move freely in the horizontal direction to prevent spurious constraint effects.

The resulting load—deflection curves are shown in Fig. 32, where the applied load is plotted against the midspan deflection of
the beam.

Since experimental load-deflection data are not available for this study, the comparison is carried out in terms of peak flexural
stress, calculated according to ASTM C78 [47], which was followed in the experimental campaign, that is: o, = %, where o is
the flexural (cracking) stress, F, is the measured peak load, L the span length, and b and d are the specimen width and depth,
respectively.

The results show that the anisotropic mechanical response of the material is consistently captured by the numerical model
in terms of flexural strength. The lowest flexural strength is observed in direction F,, in agreement with the trends reported in
Section 3.3 for the four-point bending tests conducted on Material 2. This direction exhibits the most brittle behavior, as bending
induces tensile stresses perpendicular to the interfaces, leading to failure by tension and separation along the interlayer boundaries.
Conversely, in directions F, and F,, the flexural strengths are comparable to those obtained for the homogeneous (cast) specimen.

Fig. 33 shows the distributions of normal and shear stresses at peak load for all three loading directions, together with the
corresponding tensile damage contours.

In direction X, tensile decohesion localizes along the T-interfaces (Fig. 33(b)), confirming that this is the dominant failure
mechanism when interfaces are parallel to the loading direction. Tensile damage develops only at the final stage of the analysis
and propagates from the opening that forms between adjacent interfaces (Fig. 33(c)).

In contrast, in directions Y and Z the interfaces are primarily subjected to shear stresses induced by interlayer sliding, while
failure occurs when the tensile strength of the concrete is exceeded. In both cases — along T-interfaces in direction Y (Fig. 33(d))
and D-interfaces in direction Z (Fig. 33(g)) — the maximum shear stress remains below the critical value, indicating a limited
contribution of the interfaces to the overall flexural strength. This explains why the flexural strength in directions Y and Z closely
matches that of the homogeneous specimen and why the presence of interfaces does not significantly influence the ultimate load.

The numerically predicted failure mode in direction X is in excellent agreement with the experimental observations reported in
[19]. In directions Y and Z, failure localizes along only one of the two potential crack paths identified numerically. Nevertheless,
the overall agreement is satisfactory, demonstrating that the proposed numerical models can accurately reproduce the experimental
behavior.
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Fig. 30. Material 3: numerical results of the compression test with loading along X (a—c), Y (d-f), and Z (g-i): maximum shear stress distribution

along the interfaces; maximum interface pressure distribution; tensile damage at failure.
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Fig. 31. Four-point bending test loading directions: X (a), Y (b), and Z (c).

A parametric study is finally conducted to assess the influence of interface properties on the flexural strength. Four scaling factors
— 0.25, 0.5, 1.0, and 2.0 — are applied to the cohesive strengths f, and f,. The results reported in [19] show that reducing the
cohesive strengths leads to a nearly proportional decrease in flexural capacity.

In direction X, the flexural response is primarily governed by the tensile strength of the T-interfaces, as evidenced by the normal
stress distributions shown in Fig. 34(a)-Fig. 34(c). For scaling factors of 0.25 and 0.5, the peak load is reached when the interface

23



G. Mazzucco et al. Engineering Fracture Mechanics 345 (2026) 112504

8000 T 3.5
= —FX i
z f T WEXP = Num
£ 7000
o FY s 3
6000 =k ® 25
Cast
5000 +
2
4000 +
15
3000
1
2000 +
1000 H 05
0 t } i 0
0 0.1 02 03

Midspan displacement [mm] Loadlng dlrectlon

(a)

(b)

Fig. 32. Material 3: results of the four-point bending tests (a) and comparison with experimental flexural strengths (b).

Table 3
Quantitative validation of the proposed cohesive contact model against experimental results.
Material Test Experimental Numerical Relative Experimental Numerical Relative
Peak load Peak load error (%) Peak disp./CMOD Peak disp./CMOD error (%)
1 (HP) Direct tension 1214 N 1192 N 1.8 0.00194 mm 0.00220 mm 13.4
1 (HP) Tosipescu shear 1775 N 1682 N 5.2 0.070 mm 0.066 mm 5.7
2 (FR) Direct tension (D1) 2113 N 2414 N 14.3 0.0064 mm 0.0073 mm 14.1
2 (FR) Direct tension (D3) 1007 N 1106 N 9.8 0.0032 mm (CMOD) 0.0034 mm (CMOD) 6.3
2 (FR) 4-point bending (D1) 982 N 913 N 7.0 NR NR NR
2 (FR) 4-point bending (D3) 444 N 427 N 3.8 Force-CMOD curve Force-CMOD curve Good agreement
3 (NS) Compression NR NR NR NR NR NR
3 (NS) 4-point bending NR NR NR NR NR NR

HP = High-performance concrete; FR = Fiber-reinforced concrete; NS = Natural sand concrete.

NR = Not reported in the original experimental study.

For the four-point bending test in the D3 direction, only the agreement of the complete force-CMOD response is reported, since peak CMOD values are not
explicitly available.

tensile stress attains the corresponding limits 0.25f, and 0.5f,. In contrast, for the case 2f, (Fig. 34(c)), the interfacial tensile strength
exceeds that of the concrete, and the failure mode becomes comparable to that of the homogeneous specimen.

In direction Y, a reduction in the shear strength f, of the T-interfaces results in a clear decrease in flexural strength, with lower
values of f, causing earlier failure in shear-dominated regions (Fig. 34(d) and Fig. 34(e)). For f, = 1.0f, and 2.0f,, the interface
shear strength no longer governs the response, as it exceeds the maximum shear stress attained in the simulations. A similar behavior
is observed in direction Z (Fig. 34(g)-Fig. 34(i)), where in this case the D-interfaces dominate the shear failure mechanism.

These results confirm that interface properties play a critical role in controlling the flexural response of 3DPC when the failure
mode is interface-driven.

4. Discussion

The proposed cohesive contact formulation was validated against a series of experimental case studies involving direct tension,
shear, compression, and four-point bending tests on three different 3D-printed concrete materials. A quantitative comparison
between the experimental and numerical responses is summarized in Table 3.

For the case studies where numerical values are available, the proposed model accurately predicts the peak load. In particular,
the direct tensile test performed on the high-performance concrete (Material 1) exhibits a numerical peak load of 1192 N compared
with the experimental value of 1214 N, corresponding to a relative error of only 1.8%. Similarly, the Iosipescu shear test yields
a peak load of 1682 N compared with the measured value of 1775 N, resulting in a relative error of 5.2%. The predicted peak
displacements also show satisfactory agreement with the experiments, with relative errors of 13.4% for the direct tensile test and
5.7% for the shear test. These results demonstrate that the proposed cohesive contact formulation provides an accurate prediction
of the onset of interface failure under both tensile and shear loading conditions.

For the fiber-reinforced concrete (Material 2), both force-displacement and force-CMOD responses are reproduced with good
accuracy. In the direct tensile test along the D1 direction, failure occurs in the bulk concrete, and the numerical model predicts a
peak load of 2414 N compared with the experimental value of 2113 N, corresponding to a difference of approximately 14%. The
corresponding peak displacement is 0.0073 mm, compared with the experimental value of 0.0064 mm.

Particular attention should be paid to the direct tensile test in the D3 direction, where failure is governed by the interlayer
interfaces and the response is reported in terms of force-CMOD curves. The proposed model predicts a maximum load of 1106 N
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Fig. 33. Material 3: numerical results of the four-point bending test with loading along X (a-c), Y (d-f), and Z (g-i): maximum shear stress
distribution along the interfaces; maximum interface pressure distribution; tensile damage at failure.

compared with the experimental value of 1007 N, corresponding to a relative error of 9.8%. More importantly, the CMOD at peak
load is predicted as 0.0034 mm, compared with the experimental value of 0.0032 mm, corresponding to a relative error of only
6.3%. Moreover, the numerical model successfully reproduces the entire post-peak softening branch, extending from a CMOD of
approximately 0.0032 mm to about 0.43 mm, thereby accurately describing the progressive degradation of the interlayer bond after

crack initiation.

The proposed model also provides an accurate description of the flexural behavior. For the four-point bending tests on Material 2,
the numerical peak load in the D1 direction is 913 N, compared with the experimental value of 982 N, resulting in a deviation
of approximately 7%. In the D3 direction, where the structural response is governed by interface decohesion, the numerical and
experimental peak loads are 427 N and 444 N, respectively, corresponding to a relative error of only 3.8%. Furthermore, the
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Fig. 34. Material 3: influence of interface parameters on the maximum interface pressure distribution and maximum shear stress distribution
along the interfaces in the four-point bending test with loading along X (a—c), Y (d-f), and Z (g-i).

numerical force-CMOD curves correctly reproduce the experimentally observed exponential post-peak softening, confirming the
capability of the cohesive formulation to capture fracture energy dissipation during interface separation.

Beyond the prediction of peak strength, the numerical simulations reproduce the global mechanical response observed experi-
mentally. In all investigated cases, the initial elastic stiffness is accurately captured, indicating that the adopted interface stiffness
parameters provide a consistent representation of the interlayer interaction before damage initiation. The post-peak response is
also satisfactorily reproduced through the proposed hardening/softening formulation. For the direct tensile tests, the calibrated
softening law successfully describes the progressive degradation of the interface after peak load, while in the Iosipescu shear tests
the simulations correctly predict the abrupt brittle failure associated with complete interface separation.

For the validation cases reported in terms of force-CMOD curves, the proposed model also provides a satisfactory prediction of
the crack mouth opening displacement throughout the loading process. Although complete numerical values of the peak CMOD are
not available for all experimental studies, the comparison of the experimental and numerical force-CMOD curves shows that the
proposed cohesive formulation accurately reproduces both the onset and the subsequent evolution of crack opening. This agreement
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is particularly significant because CMOD directly reflects the progressive degradation of the interlayer interface and is therefore
highly sensitive to the adopted traction-separation law.

The proposed model also reproduces the experimentally observed failure mechanisms. In the direct tensile tests, failure is
correctly predicted as localized tensile fracture at the central interlayer interface, where the normal interface strength is first
reached. Likewise, the numerical simulations of the losipescu tests accurately reproduce the localization of shear stresses at the
central interface and the subsequent separation of the specimen into two distinct parts. For the remaining validation examples,
including four-point bending and compression tests, the simulations correctly capture the dominant failure mechanisms reported
experimentally, namely interface-controlled flexural cracking and compressive crushing.

Overall, the proposed cohesive contact model accurately reproduces the global mechanical response observed in the experiments.
Peak-load errors remain below approximately 10% for most interface-dominated problems and below 7% for the bending validation
cases, while the CMOD evolution and post-peak softening are also captured with good accuracy. Further, the model correctly predicts
the governing failure mechanisms, including interface tensile fracture, interface shear failure, compressive crushing, and flexural
cracking along the interlayer interfaces, demonstrating its capability to reproduce both the global response and the local failure
processes of layered concrete structures.

5. Conclusions

This work presents a comprehensive numerical framework for the mechanical characterization of 3D-printed concrete, explicitly
accounting for the role of interlayer interfaces through a cohesive contact formulation. The proposed model combines the Concrete
Damage Plasticity approach for the bulk material with an elasto-plastic cohesive zone model for interfaces, implemented in Abaqus
via a user-defined contact subroutine. The formulation captures the coupled normal-tangential response of interfaces and allows for
the description of hardening, softening, and residual strength effects.

The numerical framework is validated against three independent experimental campaigns involving different materials, printing
configurations, and testing methodologies.

When experimental force-displacement curves from direct tensile and shear tests are available, the cohesive traction-separation
laws can be accurately calibrated to reproduce the observed interfacial response. Once calibrated, the same interface formulation
yields reliable predictions for structurally more complex loading conditions, such as four-point bending, without requiring any
additional parameter tuning. In this regard, the numerical results obtained for Materials 1 and 2 demonstrate the consistency,
robustness, and transferability of the proposed cohesive interface model across different loading configurations.

In the absence of experimental interface data, the proposed modeling framework can be extended by adopting interface properties
derived from design standards and established formulations in the literature. Although this approach necessarily introduces
additional assumptions, the numerical simulations performed for Material 3 are still able to capture the experimentally observed
anisotropic mechanical behavior, particularly under compressive and flexural loading. This confirms the applicability of the proposed
methodology also in situations where direct interface characterization is not available.

Overall, good agreement is achieved between numerical and experimental results in terms of peak loads, force-displacement (or
force-CMOD) curves, and observed failure modes for direct tensile, shear, compression, and four-point bending tests.

The results demonstrate that the proposed cohesive contact model accurately reproduces the experimentally observed post-peak
response for those case studies in which complete softening data are available. For the remaining validation cases, the model is
shown to reliably predict the peak strength and the governing failure mechanism, whether controlled by interlayer decohesion or
by damage initiation within the concrete matrix.

The simulations confirm the strongly anisotropic mechanical behavior of 3D-printed concrete. In tension and bending, the
structural response is governed either by the tensile strength of the bulk concrete or by the cohesive strength of the interfaces,
depending on whether the interfaces are oriented parallel or orthogonal to the loading direction. Under compressive loading, failure
is predominantly controlled by interfacial shear resulting from transverse expansion, emphasizing the critical role of interface sliding
— particularly along transition interfaces (T-interfaces) — in determining the compressive response.

A parametric analysis further demonstrates that the cohesive strengths of the interfaces have a direct and proportional influence
on flexural capacity when failure is interface-driven. When the interfacial strength exceeds that of the bulk material, the mechanical
response approaches that of a homogeneous specimen. Conversely, weaker interfaces promote early decohesion and a marked
reduction in load-bearing capacity. These findings highlight the central role of interface properties in governing the structural
performance of 3D-printed concrete elements.

In conclusion, the proposed cohesive contact formulation provides a robust and versatile framework for the numerical simulation
of 3D-printed concrete structures. The validation against different experimental campaigns demonstrates that the model accurately
reproduces not only the peak strengths but also the force-displacement (or force-CMOD) responses, post-peak softening behavior,
and the governing failure mechanisms under direct tension, shear, compression, and four-point bending. The coupled normal-
tangential constitutive formulation further enables the realistic simulation of mixed-mode interface failure, making the proposed
approach suitable for the analysis of complex loading conditions commonly encountered in layered concrete structures.

The applicability of the proposed methodology is primarily limited by the extent to which the adopted effective interface
constitutive law can represent the mechanical response observed under the loading conditions of interest. Although the model
parameters can be identified from experimental interface tests, their transferability across different printing configurations, material
batches, curing conditions, and loading paths cannot be assumed a priori. In particular, different combinations of stiffness, strength,
and hardening/softening parameters may reproduce a similar global response while leading to different predictions of damage
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initiation, localization, and post-peak dissipation. The identified parameters should therefore be regarded as effective quantities
associated with a specific experimental and manufacturing context rather than as intrinsic material constants. Moreover, the
proposed formulation does not explicitly resolve microstructural features such as pore distribution, local defects, surface roughness,
moisture gradients, or other printing-induced imperfections. Their combined influence is represented only implicitly through the
effective interface response, which may reduce the predictive capability of the model when applied outside the range of conditions
used for its identification.

Finally, in the absence of independent evidence supporting distinct constitutive descriptions, the deposition (D-) and transition
(T-) interfaces were assigned the same effective mechanical properties. This assumption was sufficient for the validation cases
considered here, but it should not be interpreted as implying mechanical equivalence between the two interface types. Its adequacy
depends on the extent to which differences arising from the local deposition history, filament arrangement, surface morphology,
and loading orientation affect the structural response. Accordingly, the present formulation is most reliable when such differences
have a secondary influence at the scale of interest. In configurations where D- and T-interfaces govern different failure mechanisms,
separate constitutive descriptions may be required. The current model also represents the printed filaments as isotropic continua
and adopts a simplified treatment of interface behavior under combined compression and shear; therefore, effects associated with
filament anisotropy, frictional contact, and aggregate interlock are included only through the effective calibrated response.
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