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Abstract. This paper focuses on studying the effect of the interface between the mortar
matrix and aggregate particles on the meso-scale behavior of steel fiber-reinforced con-
crete (SFRC). To achieve this, a phase field model enhanced by a cohesive law is applied
to this specific context. Initially, the model is evaluated under a basic scenario with a
single aggregate particle embedded in a homogeneous mortar matrix. The influence of
interface parameters on various volume fractions of aggregate is examined, considering
both the elastic and damage behavior of the material. The main findings are then applied
to the meso-scale level of SFRC and compared with experimental results as well as recent
models to validate the proposed effects.
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1. INTRODUCTION

Concrete has become the predominant material in construction today, thanks to its
many benefits, including affordability and ease of shaping. Despite these advantages,
concrete has some drawbacks, such as low tensile strength and high brittleness. To miti-
gate these issues, steel fibers are added to concrete, resulting in steel fiber-reinforced con-
crete (SFRC). The integration of steel fibers in the concrete matrix significantly enhances
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the composite’s ductility, toughness, and energy dissipation capacity [1-3]. The role of
the steel fibers becomes crucial after matrix cracking occurs, as they help resist crack
propagation. Even after cracking, the fibers maintain some load-bearing capacity, pre-
venting sudden failure of the composite. The application of this material has increased in
recent years, making it very attractive for many structures, such as airfields [4], industrial
slabs [5], bridges [6], tunnels [7], and many other civil engineering constructions.

The modeling of SFRC behavior has attracted significant attention within the scien-
tific community due to the inherent challenges. Concrete is a quasi-brittle material, and
its mechanical properties are greatly influenced by the initiation, growth, and coalescence
of microcracks. The addition of steel fibers introduces further complexity to material
modeling and complicates the analysis. For steel fiber-reinforced concrete, discrete [8]
or semi-discrete [9] fiber treatments are commonly utilized. This approach allows for
the observation of fiber distribution and the interaction between fibers and the concrete.
However, the complexity of this approach is very high due to the numerous fibers in the
concrete matrix, the nonlinear behavior of concrete, and the nonlinear behavior of the
fiber-concrete interface.

In [10], we introduced a cohesive law within the phase-field method to model the
damage behavior of SFRC. This method effectively simulates crack propagation by em-
ploying a scalar variable, ranging from 0 (intact state) to 1 (fully broken state), to repre-
sent material degradation. The cohesive law describes the bonding behavior at material
interfaces. Using this model, we successfully simulated the three-point bending test of
SFRC. However, the original model only considered the interface between fibers and the
mortar matrix, assuming a perfect bond between aggregates and the mortar matrix.

This paper revisits the model by incorporating imperfect interfaces for both fiber-
mortar and aggregate-mortar interactions. The paper is structured as follows. In Sec-
tion 2, a phase-field model for interfacial cohesive fracture is briefly summarized. Next,
in Section 3, a single circular aggregate embedded in a homogeneous mortar matrix is
analyzed to understand how the interface parameters influence the elastic and damage
behavior of the specimen. In Section 4, the effects of imperfect interfaces are evaluated by
comparing the results with experimental data and recent models of three-point bending
tests. Finally, Section 5 presents the conclusions and perspectives of the model.

2. THEORETICAL BASICS

In this section, a phase-field model for interfacial cohesive fracture is briefly sum-
marized. Consider a domain containing three phases: matrix, aggregate, and steel fiber,
along with the interfaces between the aggregate and matrix, and between the steel fiber
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and matrix. These phases are assumed to behave elastically and are characterized by stiff-
ness C(x). The brittle fracture behavior and cohesive fracture are described by fracture
energy g (x) and G([u], ), respectively. In a standard framework of sharp discontinuity,
the total energy of cracked heterogeneous solids is given by

E= / 1) dO + / .l + / ([u], x) dT. (1)

In the regularization framework, the phase-field variable d(x) represents a smeared
crack, and v, (d, Vd) denotes the crack density function per unit volume. The interfaces
between phases are considered imperfect and are characterized by a cohesive law ex-
pressed in Eq. (2)

t:W%t:t([[u]],K). @)

The interface is also represented in a smeared sense, characterized by the interface
variable B(x) and the interfacial energy density function 4 (8, V). To regularize the
displacement jump [u], an auxiliary field v(x) is introduced. Consequently, the energy
functional is reformulated as

o d
E= /( uv)+gc”yd(dVd)+G(vK)7ﬁ(ﬁV,B)Jruca;l-a;;)dﬂ, 3)

where & > 0 ensures that the auxiliary displacement jump field remains constant in the
normal direction. The degradation function g (d) = (1 — d)? 4 k models the reduction in
material strength, with k being a small positive parameter to maintain numerical stability
in the fully damaged state. Assuming that the damage is created by traction only, Miehe
et al. [11] have proposed a model in which the elastic strain is decomposed into positive
¢t and negative ¢~ parts as follows

& =g 4, (4)
D, o D , o
=Y <gl> neon, &€ =) <sl> n'@n, (5)
i=1 + i=1 -
where ¢ and n' are the eigenvalues and eigenvectors of &, satisfying e‘n’ = ¢'n’, and

(x),. = (x =% |x]) /2. Its derivatives with respect to the elastic strain define two projection
tensors as

p* (&) =0 [ (£7)], (6)
which are isotropic tensors and nonlinear functions of &°, providing the nonlinearity in
the mechanical problem.

Therefore, the elastic strain density can be written as

Y (w,v) =g (d) " (u,0) + ¢ (u,0), (7)



Simulation of the effect of mortar-aggregate interface on meso-scale damage behavior of steel fiber-reinforced concrete 251

(4 /\ e 2 2
9 (o) = 5 [(Tr ()" + e { (65)°}, ®)
where A and y are the Lamé constants.

Applying the maximum dissipation principle and energy minimization to Eq. (2),
we obtain the set of coupled equations to determine the phase-field d (x) as follows:

2(1—d)H — 55 (d— tdPAd) =0, (Q)

g
d(x)=1, (T) ©)
Vd(x)-n=0, (0Q2)
and the displacement u(x), and the displacement jump v(x)
V-o(uvd) =0, (Q)
u(x) =1, (0Q2,)
o-n= ?, (aQF)
(t(v,x) — o - )_aal.al (Tp) (10

2;’3 ( ;]' "= ox, 0X, p

v(x:)

ox, 0, (arﬁ)

In (9), H is the history strain energy density function, introduced to describe a de-
pendence on history and possible loading-unloading [11]. This function is expressed as
follows

H (x, ) = max {¢p*" (x,1)}. (11)

T€[0,4]

The Cauchy stress ¢ in Eq. (10); is defined as

o= %lf: =g (d) (A(tre®) . 1+2ue"") + (A (tr &) _ 14 2ue). (12)

And the elastic strain is expressed as

& =e—¢& =Vu—n"R vy (B, VP). (13)

By considering variations in the phase field, displacement, and displacement jump,
we derive the weak form as follows

8 . =
/Q {(2#+8 ) dod+g.0va-vd (5d) } dO /Q 26HddO), (14a)
/ o e (u)dQ = [ F-oéudl, (14b)
Q (9]
A dv ddv v
— - g — . — =
/Q {')//3 (t (v,k)—0: ¢ ((57))) “axn o, } dQ /arﬁ o, ovdl’ = 0. (14c)



252 Hoang-Quan Nguyen, Bao-Viet Tran, Gia-Khuyen Le, Thi-Huong-Giang Nguyen

Egs. (9)-(10) are solved using a standard finite element procedure with a staggered
scheme at each time step or load increment. More theoretical and practical details are
available in [10].

3. EFFECT OF MATRIX-AGGREGATE INTERFACE ON EFFECTIVE MEDIUM

In this section, we analyze the effect of  Prescribed displacement u
the matrix-aggregate interface on the effective
medium properties, considering both elastic
and damage behavior. The model consists
of a circular aggregate with a radius R em-
bedded in a square matrix domain measuring
10x10mm. A uniform displacement is applied R
along the Y-direction at the top edge of the
specimen, while the bottom edge is fixed to re- Aggregate
strict any displacement in the Y-direction, as
depicted in Fig. 1. Plane strain is assumed.
The volume fraction of aggregate varies from
0 to 60% by adjusting its radius. The speci-
men is meshed with triangular elements, with
a minimum element size hpyi, = 0.25 mm and
hpmax = 0.5 mm is the maximum size in the
zone where no crack is expected. All simula-
tions were performed on a Dell machine with an Intel(R) Xeon(R) CPU @ 2.4 GHz and
64 GB RAM. Each simulation took approximately 2 hours.

Fig. 1. Geometry and boundary condition

First, the effect of fracture strength on the effective modulus of the specimen is repre-
sented in Fig. 2. The fracture energy of the interface is set to 0.5 times the fracture energy
of the matrix. Three values of fracture strength are considered: ¢, = 1 MPa, 5 MPa, and
10 MPa. For all volume fractions, specimens with a perfect interface exhibit a higher ef-
fective elastic modulus compared to those with an imperfect interface. For the imperfect
interface, increasing fracture strength enhances the effective elastic modulus. At a vol-
ume fraction of 0.1, the difference in effective elastic modulus is negligible, but it becomes
more pronounced as the volume fraction increases.

The influence of fracture energy on the effective elastic modulus is illustrated in
Fig. 3. The fracture strength is fixed at 5 MPa, while three fracture energy are analyzed:
8c = 0.58m,8c = gm, and g, = 2gy,. Similarly, for all volume fractions, specimens with
a perfect interface exhibit a higher effective elastic modulus compared to those with an
imperfect interface. However, contrary to the fracture strength, an increase in fracture
energy leads to a decrease in the effective elastic modulus of the specimen. As observed
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with fracture strength, specimens with a perfect interface consistently exhibit a higher
effective elastic modulus than those with an imperfect interface. However, unlike frac-
ture strength, increasing the fracture energy leads to a decrease in the effective elastic

modulus of the specimen.
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Fig. 4. Stress-displacement curves for different fracture strengths at a volume fraction of 0.2
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Fig. 3. Effect of fracture energy on the effective

To illustrate the effect of interface properties on the damage behavior of the speci-
men, the volume fraction is maintained at 0.2, and the fracture energy of the interface is
set to half that of the matrix. Three fracture strength values are examined: ¢, = 1 MPa,
5 MPa, and 10 MPa, representing progressively stronger interfaces. Fig. 4 presents the
stress-displacement curves for a volume fraction of 0.2. The curve for the perfect inter-
face exhibits the highest peak stress, reflecting ideal stress transfer between the matrix
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and the aggregate. For imperfect interfaces, increasing the fracture strength results in a
higher peak stress, indicating improved stress resistance.

Fig. 5 shows the initiation of cracks for different fracture strengths. For the per-
fect interface, cracks initiate in the matrix. For the imperfect interface, cracks initiate at
the interface between the matrix and the aggregate. Higher fracture strength leads to
shorter interfacial cracks, as the stronger interface resists crack propagation more effec-
tively. Fig. 6 illustrates the final crack patterns for all cases. In general, cracks propagate
perpendicular to the applied tensile load.

(a) Perfect interface (b) ty = 1 MPa, gy = (¢) ty = 5MPa, g4 = (d) t, =10MPa, g, = 0.5g1
O.ng O'ng

Fig. 5. Crack initiation for different fracture strengths at a volume fraction of 0.2

0.5

|0

(a) Perfect interface (b) ty = 1 MPa, ga = (c) t, = 5MPa, g = (d)t, =10MPa, g; = 0.5gm
0.5gm 0.5gm

Fig. 6. Crack patterns for different fracture strengths at a volume fraction of 0.2

4. MESO-SCALE MODEL FOR SFRC

This section examines the influence of the interface between the aggregate and the
matrix on the flexural behavior of Steel Fiber Reinforced Concrete (SFRC) through a three-
point bending test model. The geometry and boundary conditions of the test are illus-
trated in Fig. 7. The experimental and simulation results were previously conducted
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by Bitencourt (2019) [12] and Ribero (2023) [13]. To investigate the effects, calculations
were performed under two scenarios: considering and neglecting the imperfect interface
between the aggregate and the matrix, while consistently accounting for the imperfect
interface between the fiber and the matrix. For demonstration purposes, the interface
properties between the aggregate and the matrix are assumed to be identical to those be-
tween the fiber and the matrix. The material parameters are detailed in Table 1, while the
length scale ¢ is fixed at 0.5 mm.

Table 1. The material parameters in three bending test

Elastic Poisson Fracture Interface  Volume
modulus ratio energy strength  fraction
(GPa) (kN/mm) (GPa) (%)
Aggregate 47 0.2 1.2e-5 - 35
Three
point Cement mortar 20 0.2 3e-6 - 64.25
be?eiit“g Steel 210 0.3 le-2 - 0.25
Interface - - le-3 -
225 L 225
50
150
5
Macroscale 2 5|-| Macroscale
2 5‘ Simulation zone 25

Fig. 7. Geometry and boundary conditions of the three-point bending test

Fig. 8 compares the stress-displacement curves for different approaches. The numer-
ical simulation results are in good agreement with the experimental results. It is observed
that when only the interface between the fiber and matrix is assumed to be imperfect, the
present model closely matches both the experimental data and the numerical models
from the literature. However, when all interfaces are assumed to be imperfect, both the
peak load and stiffness of the specimen decrease. This behavior is consistent with the
results observed in the single aggregate case discussed in the previous section. In gen-
eral, the interface represents the weakest point of the specimen. When both interfaces
are considered imperfect, cracks form more easily, resulting in a reduction in both the
specimen’s stiffness and peak load.



256 Hoang-Quan Nguyen, Bao-Viet Tran, Gia-Khuyen Le, Thi-Huong-Giang Nguyen

25
=== Bitencourt et al. (2019) (Exp.)
— = Bitencourt et al. (2019) (Num.)
20 ©  Ribeiro etal. (2023)
=== Present model (fiber/matrix interface only )
—~ Present model (interface)
Z 15
N
N’
o
S 10 -
’_] —————————
.:U-——-‘ -_:::::::::::_—:_—::
N ]
~a
0 1 || 1
0.0 0.5 1.0 1.5

CMOD (mm)

Fig. 8. Comparison of stress-displacement curves for different approaches

5. CONCLUSION

This paper examines the impact of the interface between aggregate and mortar on
the damage behavior of Steel Fiber Reinforced Concrete (SFRC). The damage behavior
of SFRC is modeled using a cohesive fracture approach enhanced with the phase field
method. The model’s performance is evaluated through two examples: (i) a circular
aggregate embedded in a homogeneous matrix and (ii) a three-point bending test of SFRC
at the mesoscale level. Based on the numerical results from the proposed model, the
following conclusions can be drawn:

- A perfect interface between the aggregate and mortar matrix results in a higher
effective modulus of the medium. When the fracture energy remains constant, a higher
fracture strength enhances the effective elastic modulus. Conversely, when the fracture
strength is constant, an increase in fracture energy reduces the effective elastic modulus
of the specimen;

- Regarding damage behavior, fracture strength affects the localization of crack initi-
ation. With a perfect interface, cracks initiate in the matrix. Conversely, with an imperfect
interface, cracks initiate at the interface between the aggregate and mortar matrix. Higher
fracture strength results in shorter interfacial cracks;

- When only considering the interface between fiber and matrix, the proposed model
aligns well with experimental results and previous numerical models. However, when
both the fiber/matrix and aggregate/matrix interfaces are taken into account, the pro-
posed model exhibits lower stiffness and lower peak load.
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In this paper, the cohesive law is considered only at the interface between phases,
while the behavior of steel is assumed to be elastic. In future research, the proposed
model will be enhanced by incorporating factors such as the cohesive law throughout
the entire medium and the plastic behavior of steel fibers to more accurately simulate the
behavior of SFRC.
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