12t" International Conference on Fracture Mechanics of Concrete and Concrete Structures
FraMCoS-12
B.L.A. Pichler, Ch. Hellmich, P. Preinstorfer (Eds)

https://do1.org/10.2T0T2/FCT2. 1164
MS04:2

ROLE OF THE WEAK INTERFACE ON TOUGHENING IN LAYERED
BRITTLE MATERIALS: A COUPLED PHASE FIELD-COHESIVE ZONE
MODEL APPROACH TO FRACTURE

Aimane Najmeddine* and Reza Moini*

* Princeton University
59 Olden Str., Princeton NJ, USA
e-mails: an3801 @princeton.edu, rez.moini @princeton.edu

Key words: Brittle fracture, composite, interface, phase-field, CZM, deflection, penetration

Abstract. Interfacial properties in layered microstructures such as composites, rocks, and 3D-printed
brittle materials play a significant role in bulk fracture and failure mechanisms, and are critical for
the purposeful design of toughening mechanisms in architected materials. Capturing the role of the
interface in crack propagation of layered materials is challenging due to the need to incorporate in-
terface elements within the bulk while accounting for bulk fracture. A coupled phase-field and CZM
framework, previously developed by authors for crack impinging on an interface, was used to numer-
ically examine the significance of including vs. excluding the weak interface for accurate prediction
of crack propagation in layered and functionally graded materials. The crack penetration and deflec-
tion scenarios were examined and compared with LEFM theory for a crack tip present in the bulk. It
was found that the framework accurately captures the fracture and crack-interface interaction when
the crack is present in the bulk, while exclusion of the interface led to inaccurate fracture response.
Interfacial failure (i.e., debonding) in the case of crack deflection provides significant energy dissipa-
tion (toughness) —17 times greater compared to penetration and 4 times greater compared to the case
where the interface is excluded. These dissipative mechanisms from crack-interface interaction can
help engineer tougher layered composites. A strategically engineered weak interface can effectively
redirect crack propagation, transforming a catastrophic penetration failure into a more controlled de-
flection mechanism.

1 INTRODUCTION

Layered similar or dissimilar composites
(e.g., functionally graded) with interfaces are
prevalent in both natural and engineering ma-

and bulk materials, which govern this competi-
tion [4}5]]. Understanding and controlling these
mechanisms is critical for the purposeful en-
gineering of toughening mechanisms in archi-

terials, from rocks to layered concrete struc-
tures such as 3D-printed or repaired elements
[1,2]. These materials contain microstructures
with layered interfaces that introduce compet-
ing cracking phenomena: crack deflection into
the interface versus penetration into the bulk [3]]
(Fig. [Tp). The overall fracture response and
cracking mechanisms are fundamentally deter-
mined by the relative properties of the interface

tected materials [[6H8]].

Capturing the role of interfaces in layered
materials presents significant numerical chal-
lenges, particularly in incorporating interface
elements within the bulk while simultaneously
accounting for bulk fracture [9]. Various nu-
merical approaches have been developed to bet-
ter understand fracture in layered materials, in-
cluding phase-field methods [10-12] and cohe-
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sive zone model (CZM) approaches [13-16].
However, using either phase-field or CZM alone
has limitations: phase-field methods struggle to
represent interfaces effectively, while CZM ap-
proaches lack the ability to readily represent
fracture with a field quantity that specifically
represents damage and its gradient [17,18].

To address these limitations, several re-
searchers have established coupled phase-field
and CZM approaches to fracture [[17,/19,20].
In an earlier work, the authors developed a
comprehensive numerical framework capable
of handling both elastic and hyperelastic consti-
tutive relationships to understand fracture phe-
nomena in hard-soft architected multi-materials
[O]. This framework addresses limitations in
simulating interface fracture within a physics-
based formulation and leverages the advantages
of the potential-based CZM developed by Park,
Paulino, and Roesler [21]]. While the frame-
work was validated with Linear Elastic Fracture
Mechanics (LEFM) (Fig. [Ib) for crack imping-
ing on an interface, real natural or engineer-
ing materials often contain bulk defects or are
examined for fracture properties with a notch
present within the bulk. Here, we propose using
the previously developed framework to exam-
ine fracture in layered materials with an inter-
face for a pre-existing crack (notch) present in
the bulk (in the first layer). We assess the utility
of the framework and the role of the interface
by comparing simulations with and without the
interface against LEFM-predicted responses.

2 LEFM Conditions for Crack Propaga-
tion in Bi-Layer Systems

Understanding crack propagation in bi-layer
composites with weak interfaces requires first
establishing the conditions under which LEFM
theory applies. A critical factor in this assess-
ment is the interface process zone, character-
ized by its size, [,., relative to the pre-existing
notch length L [15,(17]]. This relative process
zone size, also known as the ‘fracture—length
scale [16], is defined as l"f = %Z;E where Gicnt
is the interface fracture energy, F is the bulk
material’s Young’s modulus, and o, is the in-

terface cohesive strength. LEFM theory applies
when this ratio approaches zero (I,,,/L — 0),
indicating a weak interface [16,|17]. For in-
terfaces with larger relative process zones, the
interaction between crack deflection and pene-
tration becomes more complex and cannot be
predicted by LEFM [17]]. This work focuses
on material assemblies with weak interfaces,
where the relative process zone size is negligi-
ble.

For a crack impinging on an interface be-
tween two materials (Fig. [Ib), the competition
between crack deflection and penetration de-
pends on two key parameters [4]]: (1) the ratio
of interface to bulk fracture energy, G / Gk,
and (2) Dundur’s elastic mismatch parameter,
a, defined as: o = % where E7 is the
plane strain Young’s modulus of material <.
When the interface is significantly weaker than
the bulk (G < Gbk), crack deflection dom-
inates. Conversely, higher interface toughness
promotes crack penetration. This theoretical
criterion is used to investigate the competition
between crack penetration and crack deflection
through the recently developed coupled phase-
field PPR CZM framework [9]].

3 Variational Framework for Crack Prop-
agation in Layered Structures

A variational formulation for modeling crack
propagation in layered assemblies composed of
hard constituents separated by interfacial zones
was recently developed by the authors [9]. The
key lines are recalled herein. The framework
considers a solid body (2 divided into two re-
gions (2§ and Q3) by an interface Ty, with each
region potentially having different constitutive
properties (Fig. [2p).

The kinematics involve a motion mapping
x = x(X,t) from the reference to current con-
figuration (Fig. [2p), with the displacement field
defined as u(X,t) = x — X. The body is
subject to body forces by and boundary con-
ditions including applied tractions t, and pre-
scribed displacements .

The total potential energy of the layered sys-
tem with interfaces is composed of three com-
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Figure 1: Fracture behavior in layered multi-material composites.

ponents:
(u,d) = ku(u, d) + 11" (u) +P(u) (1)

where I1%" represents the bulk energy contribu-
tions where £ refers to the number of layers
(i.e., material bulk regions) considered, IT"™ ac-
counts for interface energy, and P represents
external work.

The bulk contribution incorporates both the
strain energy and fracture energy:

1" (u,d) = / k\If"“(F,d)dV+ / GFAA (2)
Qg Qo

where U*(F, d) and G* are the Helmholtz free
energy and the fracture toughness of bulk mate-
rial k, respectively, and f % G’jdA denotes the
energy dissipated due to fracture phenomena at
the sharp crack Q.

The interface contribution is characterized

by a cohesive potential function '™

Hint(Au):/ O™ (Au)dA 3)
o

where Au represents the displacement jump
across the interface.

The equilibrium of the system is determined
through the principle of stationary energy, re-
quiring that the variation of the total potential
energy vanishes:

ST = STIY" + §TI™ + 6P = 0 (4)

3.1 Bulk Material Damage

Rather than modeling the sharp crack Qy, the
phase-field approach to fracture employs a dam-
age field d(X, ¢) that varies continuously from 0
(intact material) to 1 (complete fracture) over a
localized band B (Fig.[2b). As such, the energy
contribution from Qj is regularized through a
volumetric approximation of the integral evalu-
ation as follows [23]]:

GFdA ~ / GEyavaydV (5)
Qo Qf

with the crack surface density function:

Va,va) = é {%Md) +15Vd - Vd} (6)
where ¢y = 4f01 Vo(y)dy, and ¢(d) = d? is
a quadratic crack geometric function (AT2 for-
mulation). The length scale parameter [* con-
trols the diffuse damage band width, with Grif-
fith theory recovered as [¥ — 0.
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Figure 2: (a) Kinematics of a solid body containing an initial crack Q, and an interface Iy separating
two regions 2} and Q2 in the initial and Q! and Q? in the current configurations. (b) Substitution of
the sharp crack topology Q, with a diffuse representation B having a finite width over which a scalar
phase-field variable varies from O (intact) to 1 (fractured).

The complete bulk contribution (Eq. [2)) be-
comes:

1" (u,d) = / Uk(F, d)dV
k
. @)
+/ G avadV
25
from which, the following variational expres-
sions with respect to displacement and phase-
field are obtained:

' OUk(F, d) d6u
b 1]
STV = /Q O X dv

k
ST = / wgddv
& (8)

G
+ / = Blg)0ddV
Q

’5 C¢lc

2G*1,
— / ——AddddV
of  Co
where Ad = V - Vd is the Laplacian of the
phase-field variable.

3.2 Interface Dissipation
To account for the interface contribution to
overall energy potential, a displacement jump
Au is defined across the interfacial region I',
with tangential and normal components: Au =
(Auy, Au,)". The interface potential energy is
then written in terms of the displacement jump
as:
1™(Au) = / ©™(Au)dA )

To

The interface variation therefore takes the
form:

:
STT™ = guT / (aaA—u“> TdA  (10)
1)

where T is the first Piola-Kirchhoff cohesive
traction vector, obtained as:

B 8g0int(Au)

_ T
T="" = = ()T D

4 Constitutive Relationships

This section presents the constitutive rela-
tionships corresponding to the bulk and in-
terface components of the coupled phase-field
CZM framework [9] .

4.1 Bulk

The constitutive behavior of the bulk is char-
acterized as a linear elastic material through the
following intact Helmholtz free-energy:

1
Y(F) = §E :C:E (12)
where E is the Green-Lagrange strain tensor
and C is the elastic stiffness tensor. To capture
different behaviors under tension and compres-
sion, the deformation gradient is decomposed
into volumetric and isochoric parts:
Fis, = (detF)~'/3F
Foo = (detF)Y?I

The strain tensor is similarly decomposed:
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Eiso =1 FT Fiso —1
? ( 180 ) (14)
Evol - §(F Fvol - I)

vol

The degraded elastic strain tensor incorpo-
rates damage through:

B (1—-d)E, if detF >1
@7 V(1= d)E + dB,,, otherwise

(15)

This formulation ensures that damage only

affects the volumetric component under dilation

and effectively handles tension-compression

asymmetry [24]. The final degraded Helmholtz
free energy function is:

1~ .

\I/(de) = §E(d) :C: E(d) (16)

The first Piola-Kirchhoff stress tensor is then
derived as P = g%

4.2 Interface

The detailed constitutive description of the
interface is provided in [9]]; we recall the
key aspects herein.  The interface behav-
ior is modeled using the Park-Paulino-Roesler
(PPR) potential-based cohesive zone model [21,
22|, which offers advantages over traditional
approaches by providing consistent work-of-
separation and physically meaningful fracture
parameters. The PPR potential is expressed as:

—min(G,, G+ )
{ ( f“”) (F5e)
G~ 6] x

(-5 G5

G 6]

(17)
where G,,, G, are Mode-I and Mode-II fracture
energies, and I',,, ['; are energy constants [21]].

Furthermore, m and n are exponents of the PPR
CZM model.

The normal and tangential tractions are de-
rived from this potential:

r, Aw,\"/m Au,\™"
negln(-50) (T %) -
. 1_Aun -l @+Aun " y
On T On

IAu |\ (n |Au\"
{rt@ ) (25

@—%ﬁ

G- 6] 2

(19)
where r and s are shape parameters that control
the softening behavior: r, s < 2 produces con-
cave traction-separation curves, while r, s > 2
yields convex curves typical of quasi-brittle ma-
terials. o, and J, are the final crack openings
in the normal and tangential directions, respec-
tively [21].

The constitutive relationships described for
the bulk and interface components have been
incorporated into the finite element (FE) soft-
ware ABAQUS/Standard [25] through the uti-
lization of a user-defined element subroutine
(UEL) [9]. In particular, user-defined elements
have been developed for four-node isoparamet-
ric quadrilateral plane-strain elements for the
material bulk, and zero-thickness elements for
the interface.

S Numerical simulations

The capability of the coupled phase-field
PPR framework [9] to numerically simulate the
crack propagation mechanisms in layered hard-
hard composites is evaluated and compared
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Table 1: Material and interface properties used in the hard-hard bi-layer composite

Bulk Interface
E v Gc le gn gt Omax Tmazx
(GPa) (N/mm) | (mm) | (N/mm) | (N/mm) | (MPa) | (MPa)

Material A 70 0.3 0.05

0.005

Set® | Material B | 210 | 03| 005 |0005| %9 0.05 1 170 170
| Material A | 70 | 03| 005 | 0.005
Set () | \raterial B | 210 | 03| 005 | 0005 | 01 0.01 170 170

against the LEFM theory from Section [2| The
analysis is carried out by examining how the
framework captures the competition between
crack deflection and penetration in bi-layered
hard-hard composites containing weak inter-
faces and a notch within the bulk first layer.
Furthermore, the importance of incorporating
the CZM component within the overall frame-
work to simulate the correct crack propagation
mechanism in such composites as predicted by
LEFM theory is demonstrated.

5.1 Deflection vs. Penetration

The case of a two-dimensional (2D) bi-layer
hard-hard composite separated by an interface
is considered, containing a pre-existing notch
(i.e., initial crack) in Material A behind an inter-
face and loaded under direct tension, as shown
in Fig. Bp. The general case of a composite
comprising two dissimilar materials with vary-
ing constitutive properties is considered.

A 1 x 1 mm? bi-layer single-edge notch con-
figuration is analyzed, consisting of two lay-
ers of hard materials with distinct properties,
separated by an interfacial boundary. Here,
the notch in the first layer (i.e., Material A),
unlike the conventional case of a crack im-
pinging on an interface, extends only through
half the width of the left layer (0.25 mm in
length), as depicted in Fig. Bp. The compos-
ite is subjected to uniform tensile loading via
prescribed displacement along both the top and
bottom edges of the domain. For the bulk ma-
terials, plane-strain four-node quadrilateral el-
ements are implemented (Fig. [3p), which in-
corporate the constitutive relationships detailed
in Section The interface between the two

material layers is modeled using zero-thickness
cohesive elements (Fig. 3h), governed by the
PPR constitutive relationships described in Sec-
tion @ In this implementation, both initial
slope indicators /,, and [; are set to 0.015, while
the shape parameters r and s are assigned the
value of 2. To ensure accurate crack profiles as
well as mesh-convergent solutions, local mesh
refinement was used in the vicinity of the inter-
face and in regions where bulk fracture is antic-
ipated. In particular, the mesh size in these crit-
ical regions was set to 0.0025 mm, i.e., half the
phase-field characteristic length scale reported
in Table [T}

Two distinct sets of material and interface
constitutive properties is investigated, specif-
ically selected to demonstrate different crack
propagation mechanisms as predicted by LEFM
theory [4]]. Set (i) is configured to promote
crack penetration, while set (ii) is chosen to
advance crack deflection. The two property
sets are plotted on the He-Hutchinson diagram
(Fig.[3b). The complete material and interface
properties for both sets are detailed in Table

The numerical simulations using set (i),
yield results that align with LEFM predictions,
as demonstrated by the phase-field and vertical
displacement contours shown in Fig. 3. Upon
reaching the critical displacement threshold, the
crack initiates at the tip of the pre-existing
notch, propagates through the first layer (i.e.,
Material A), then penetrates the interface and
continues propagating into Material B, ulti-
mately resulting in complete fracture along the
bi-layer center-line. This penetrative failure
mechanism, while successfully predicted by the
numerical framework, can be an undesirable
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Figure 3: (a) Geometry, boundary conditions, and FE mesh for a plane-strain bi-layer hard-hard
single-edge notch composite containing an interface loaded by a prescribed displacement in tension,
(b) locations of the theoretically expected crack propagation mechanism for the two sets of material
properties selected, (¢) and (d) computationally simulated phase-field and vertical displacement con-
tours at the end of the simulation for the case of crack penetration and deflection, respectively, viewed

on the undeformed configuration.

mechanism in composite material design. Such
direct through-material failure occurs abruptly,
bypassing potential interface interactions that
could otherwise enhance the composite’s load-
bearing capacity through more gradual energy
dissipation along the interface, preventing brit-
tle fracture.

Similarly, the simulations using set (ii)
demonstrate agreement with LEFM theoretical
predictions, exhibiting the anticipated crack de-
flection mechanism. Fig. [3d illustrates this be-
havior, which aligns with the predictions shown
in the He-Hutchinson plot (Fig.[3b). The crack
initiates at the pre-existing notch and propa-

gates through Material A; however, unlike in
the penetration case, rather than penetrating
through Material B, the crack deflects in two
directions along the interface, travels along the
depth of the domain, and finally kinks symmet-
rically into Material B at a relatively distant
location away from the center (near the upper
and lower edges of the composite). Notably,
while crack deflection is the primary mecha-
nism, the complete crack propagation path re-
veals a subsequent penetration through Material
B at a later stage in the loading process. This
delayed penetration occurs only after significant
interfacial deflection has taken place, as evi-
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Figure 4: Comparison of the crack propagation process (viewed on the deformed configuration) and
the force-displacement curves corresponding to the two mechanisms of fracture investigated in the
bi-layer hard-hard composite, i.e., crack deflection and crack penetration.

denced by the phase-field contours in Fig. 3d.
The delay in complete fracture represents a sig-
nificant advantage from the perspective of the
design of failure modes, as the interfacial de-
flection and associated energy dissipation along
the interface effectively postpone catastrophic
failure. This behavior is in contrast with the im-
mediate penetration observed for set (i), high-
lighting how purposeful material and interface
property selection can enhance the composite’s
overall fracture resistance through controlled
crack path modification and energy dissipation
mechanisms. Note that the deflection mecha-
nism observed results in sliding of the upper and
lower left blocks with respect to their rightward
counterpart as evidenced by the discontinuous
vertical displacement field shown in Fig. [3d.

The force-displacement response reveals a
distinct contrast between crack penetration and

deflection mechanisms, as illustrated in Fig. Eb
The deflection case demonstrates superior me-
chanical performance, achieving both higher
peak loads and greater displacement before final
failure compared to the penetration case. This
improved performance manifests in the work-
of-fracture (Fig. E|c), calculated from the area
under the force-displacement curves. Specif-
ically, the deflection mechanism generates a
work-of-fracture of 0.27 J, approximately 17
times greater than the 0.0165 J observed in the
penetration case. When normalized by the frac-
tured surface area, this difference translates to a
6-fold increase in fracture toughness, with val-
ues of 0.13 J and 0.022 J for the deflection and
penetration cases, respectively.

Note that the process of crack penetration
and deflection described above can be fur-
ther visualized through the phase-field evolu-
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Figure 5: FE mesh corresponding for the case when (a) zero-thickness cohesive elements were imple-
mented at the interface and assigned PPR CZM constitutive properties, and (b) the interface was not
simulated and therefore no cohesive elements were implemented at the inter-layer boundary between

the two material blocks.

tion shown in Fig. @, which illustrates the de-
tailed progression of both fracture mechanisms
through stages i-v and i’-iv’ for the deflection
and penetration cases, respectively.

The distinct mechanical responses observed
for penetration and deflection underscore the
critical role of interfacial properties in the de-
sign of layered brittle composites. A strate-
gically engineered weak interface can effec-
tively redirect crack propagation, transforming
a catastrophic penetration failure into a more
controlled deflection mechanism. This behav-
ioral modification not only enhances the com-
posite’s load-bearing capacity but also signifi-
cantly improves its overall fracture toughness
through progressive, rather than catastrophic,
failure.

5.2 Significance of incorporating CZM
constitutive relationships

To further demonstrate the importance of in-
corporating the interfacial constitutive relation-
ships (i.e., PPR CZM) into the coupled frame-
work, the previous crack deflection case is re-
visited (set (ii) in Table |I[) and a comparative
analysis is conducted by removing the cohe-
sive interface elements while maintaining all
other parameters constant. In the case for
which the cohesive interface elements were not

included, the FE mesh simply did not con-
tain zero-thickness cohesive elements at the
inter-layer boundary between the two material
blocks. Fig.[5]illustrates the two FE mesh rep-
resentations.

Fig. [6] compares the phase-field con-
tours, vertical displacement fields, and force-
displacement responses obtained for the two
cases examined (i.e., with zero-thickness cohe-
sive elements assigned PPR CZM constitutive
properties, and without interface and thus no co-
hesive elements implemented at the inter-layer
boundary). When the cohesive elements are im-
plemented between the two material blocks, the
theoretically predicted deflection mechanism is
recovered as previously discussed, wherein the
crack redirects along the interface before even-
tual penetration through Material B. This be-
havior manifests in the force-displacement re-
sponse through sustained load-bearing capacity
and enhanced displacement before final failure.

In contrast, removing the interface cohe-
sive elements fundamentally alters the predicted
crack propagation responses. Without the co-
hesive zone implementation, the crack inac-
curately penetrates directly through both ma-
terials, bypassing the deflection mechanism
entirely and failing to capture the physically
expected deflection mechanism from LEFM
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Figure 6: Comparison of the crack profiles and force-displacement curves corresponding to the two
cases: when the cohesive elements were not implemented (i.e., when the CZM was not incorporated)
and when the cohesive elements were implemented (i.e., when the CZM was incorporated). Inaccu-
rate crack propagation is observed for the case when the CZM is not implemented.

(Fig.[3b). This direct penetration results in pre-
mature failure at a significantly lower displace-
ment level, as evidenced by the abrupt drop in
the force-displacement curve in Fig. [} funda-
mentally misrepresenting the composite’s ac-
tual mechanical behavior. Evidently, the work-
of-fracture is underestimated by 4-fold when
the cohesive elements are not implemented, fur-
ther indicating that not incorporating the inter-
facial constitutive properties leads to inaccurate
quantification of energy dissipation and fracture
behavior. The phase-field contours clearly illus-
trate this difference, showing continuous crack
propagation through Material B rather than the
interfacial deflection and separation observed in
the properly simulated case (i.e., the case with
proper interface implementation). This penetra-
tive behavior directly contradicts LEFM theo-
retical predictions for the given material prop-
erty set (ii), which anticipates crack deflection
as shown in Fig. [3p.

The findings underscore that accurate cap-
ture of composite failure behavior requires
proper implementation of interfacial energy
contributions through CZM relationships, as
formulated in Eq. [l This finding has signif-
icant implications for computational modeling

10

of composite materials, where interface behav-
ior plays a crucial role in determining overall
mechanical performance and failure character-
istics.

6 CONCLUSIONS

This work demonstrates the critical impor-
tance of properly accounting for the interfa-
cial constitutive relationships in predicting the
fracture behavior of brittle hard-hard compos-
ite materials such as 3D-printed cementitious
materials. Through detailed phase-field simula-
tions incorporating cohesive zone modeling, it
is highlighted that crack propagation pathways
are significantly influenced by the interplay be-
tween bulk material properties and interface
characteristics (i.e., crack-interface interaction
along the propagation path). The results re-
veal that strategically designed weak interfaces
(i.e., architected interfaces) can effectively redi-
rect crack propagation from potentially catas-
trophic penetration to more controlled deflec-
tion mechanisms, substantially enhancing the
composite’s load-bearing capacity and energy
dissipation capabilities.

The comparative analysis between mod-
els with and without interface implementation
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clearly demonstrates that omitting the interface
not only fails to capture the correct crack prop-
agation mechanism according to LEFM the-
ory, but also significantly underestimates the
composite’s mechanical performance and en-
ergy dissipation capacity. The results under-
score the critical necessity of incorporating in-
terfacial energy contributions through proper
CZM implementation, and have profound im-
plications for the computational modeling of
composite materials, functionally graded ma-
terials/interfaces, and 3D-printed brittle/quasi-
brittle materials such as concrete, emphasiz-
ing that accurate prediction of failure mecha-
nisms requires explicit consideration of inter-
facial behavior through appropriate constitutive
relationships.

7 Appendix

The following supplementary videos have
been appended:

* Video 1. Phase-field  profile
for the «crack deflection scenario:
https://youtu.be/rhQOFF11JKI

* Video 2. Phase-field profile for
the crack  penetration  scenario:
https://youtu.be/cV3ahVXW3Ds
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