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Phase-field approach is adopted to investigate numerically the fracture behavior of the plain concrete
beams under static load. Simply supported beams under three-point loads are examined. The implemen-
tation of the phase-field model is conducted within the commercial finite element software ABAQUS for
two-dimensional brittle mode-I fracture problems. The phase-field model is built on the rate-
independent variational principle of diffuse fracture. The implementation is based on both subroutines
user element (UEL) and user material (UMAT). The elastic displacement and the fracture problem are
decoupled and solved separately as a staggered solution. The main variables considered in this study
are the length scale parameter, the fracture energy Gy and stability parameter K. The method is verified
by comparing the results with a previous experimental study. The results have shown that the length
scale parameter have high effect on the ultimate load and it depends strongly on the mesh size. It is also
found that the ultimate load increases with increasing the fracture energy G; and the change of the
parameter K seems not to affect the ultimate load value and the behavior of beams. To investigate the
benefits and defects of the phase-field method, the analysis is compared with another numerical method
using the eXtended Finite Element Method.
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1. Introduction

Concrete structures are full of cracks. The concrete has compli-
cated failure mechanisms due to the multiscale and multiphase of
the material. The location of crack initiation and direction of crack
propagation are affected by the stress distribution. Several tech-
niques were based on Griffith’s linear elastic brittle fracture, which
was modeled using the energy release rate. Essentially, once the
energy release rate hits a critical value, the crack can grow or prop-
agate further but this is not sufficient for determining curvilinear
crack paths, crack kinking, and crack branching angles. In particular,
such a theory is unable to predict crack initiation. These defects of
the classical Griffith-type theory of brittle fracture can be overcome
by variational methods based on energy minimization [1-4]. The
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phase-field method PFM considerably reduces the implementation
complexity for fracture problems as it removes the need for numer-
ical tracking of discontinuities in the displacement field that is the
characteristic of discrete crack methods. This is accomplished by
replacing the sharp discontinuities with a scalar damage phase-
field that represents the diffuse crack topology, wherein the amount
of diffusion is controlled by a regularization parameter [5-9]. An
unbroken material is connected to broken materials by the phase-
field, a scalar variable. If its value reaches one, the material is fully
broken, thus both its stiffness and stress are reduced to zero. PFM
was founded by Francfort and Marigo [10] who proposed a varia-
tional theory of fracture based on energy minimization principles.
Bourdin et al. [11] provided a regularised formulation by introduc-
ing a length scale parameter that rendered the approach more suit-
able for numerical approximations. The variational formulation was
further modified and extended to multi-dimensional mixed-mode
dynamic brittle fractures [12,13]. The PFM for brittle fracture has
been implemented in the commercial software ABAQUS via a User
Element subroutine by Msekh et al. [5], which was later extended
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by Liu et al. [14]. Molnar presented a fully functional implementa-
tion as an ABAQUS/Standard UEL of the phase-field model to study
the quasi-static evolution of brittle fracture in elastic solids. The
phase-field model is not sufficiently used to investigate the fracture
of concrete material. Therefore, in this study, the fracture mechanics
analysis using a phase-field model has been carried out to analyze
plain concrete beam under three-point loads. The source codes
(UEL and UMAT subroutines) for the 2-dimensional model that were
used in this study were prepared by Molnar [15].

2. The Phase-field model
2.1. Variational formation of the Phase-field model

Griffith postulated that the total potential energy I1 of an elastic
body undergoing elastic fracture comprises the contributions of
the elastic strain energy and the fracture energy in addition to
the potential of external forces,

M, r):ne+nf+wm:/ l//edQ+/ 2edT + Weg (1)
Q T

where u is the displacement, I, is the elastic strain energy, Iy is
the surface fracture energy, Wey is the work done by the external
forces, y, is the elastic energy density and g is the critical fracture
energy density. Q is the domain of the body and I is the crack dis-
continuity surface [6], Fig. 1.

Phase-field modelling of fracture approximates the fracture sur-
face integral expression introduced in Eq. (1) with a volume inte-
gral defined over the entire deformable domain Q according to [6].

/ gedl ~ / gcFr(c, V c)d @)
T Q

where c=c(x) € [0, 1] VX € Q is the scalar phase field representing
crack and vyc is the gradient of damage variable.
The functional Fr assumes the following generic form

Fi(c, Vo) - (w(c)l+2lo|Vc|2> 3)
Cw 21,
where I, € R (damage diffuse region) is a length scale parameter,
Fig. 2, and w(c) and c,, are the generic crack geometric function
and associated constant; these assume different expressions based
on the type of fracture surface energy approximation used [2].
With the introduction of the crack surface density function in
Eq. (3), the discrete description of a sharp crack I'" in Fig. 1 is trans-
formed onto a diffused crack description as shown in Fig. 3 via the
regularized crack functional I'; (c) which is scaled by the length
scale parameter lo,

Fig. 1. Cracked Body and boundary conditions.
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() = /Q Fr(c, Ve)dQ (4)

The length scale parameter I, is the regularization length over
which damage diffuses.

An exponential function was introduced to approximate the
non-smooth crack topology as shown in Fig. 2 [15]:

c(x) = e W/l (5)

2.2. Length scale parameter (l,)

The length scale plays a key role in determining the phase-field
approximation. I, is introduced to facilitate the solution using
numerical methods and to prevent any mesh dependence of the
crack path [16,17]. The basic idea is that as the length scale
approaches zero, the crack turns into the sharp crack topology as
shown in Fig. 4.

The determination of I, value is an unclear issue. Many strate-
gies in literature were assumed by researchers. It may be consid-
ered that the length scale is chosen to be approximately more
than twice the length of the smallest element size of the mesh
[1,5], but this strategy is suitable for models of small dimensions
only. Borden et al. (2012) and Zhang et al. (2017) as cited in Ref.
[19], proposed an analytical solution for the critical tensile stress
o, that can be sustained as:

9 [EG,
O-”_E 3710 (6)

There is an apparent singularity when [, tends to zero, i.e. in case of
a sharp crack, which is physically meaningless. However, assuming
all other parameters except l, are known, Eq. (6) can be solved for I,:

27EG,

b= 25602 @

where G, is the critical energy release rate, E is modulus of elasticity
and o, is the critical stress which can be approximated by the ten-
sile strength.

This strategy is widely accepted that the length scale I, may be
considered as a material parameter [18], but the calculated length
scales yield erroneous results since they are usually too large con-
cerning the dimensions problem. Mandal et al. in 2019 [17],
assumed that the length scale I, may be used depending on the
dimensions of the model, it may be considered about one-
hundredth of the largest dimension of the sample and the length
scale to mesh size (h) ratio (I, /h) equals 5-10.

In this study, the length scale is studied in two strategies: the
first using Eq. (7) and the second which is assumed that the length
scale depends on the sample dimensions to investigate which one
is more accurate in determining the length scale.

3. Experimental beam

The beam tested by Grégoire et al. [20] is used to demonstrate
the applicability of the phase-field model. The beam is subjected to
three-point loads. Fig. 5 depicts the geometry, loading, and bound-
ary conditions of the beam, the thickness of the beam is 50 mm.
The notch length-to-depth of beam ratio is 0.2 and the notch width
is 2 mm. The material properties parameters of concrete are listed
in Table 1.

The fracture energy was not given in the Ref. [20]. Therefore, the
fracture energy Gy may be estimated according to CEB- FIP MC 90
based on the compressive strength of concrete and maximum
aggregate size as:
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Fig. 2. Diffuse crack at x = 0 modelled with function c(x) and length scale parameter I, [15].

Fig. 3. The length-scale parameter [, and boundary conditions are used to describe
a diffused crack [15].

0.7
Gy = Gy, Gm )
cmo

where, Gy is fracture energy (N/mm), Gy, is the base value of fracture
energy which depends on maximum aggregate size dn.x as given in
Table 2, f,, is the mean value of concrete cylinder compressive
strength (MPa) and f,,, equals 10 MPa (constant). The fracture
energy (Gy) is calculated depending on the maximum aggregate size
dmax of 14 mm as used in the experimental test [20]. The resulting
fracture energy from Eq. (8) equals 0.079 N/mm.

8)

4. Beam modelling
The ABAQUS model of a 2-dimensional simply supported beam

is shown in Fig. 6. The beam is discretized into quadrilateral ele-

"'q

3

ments with smaller element size at the expected crack path.
Fig. 7 shows the FE mesh in which elements are in the refined zone.
There are two length scale parameters are used, the first length
scale value (I,) is calculated by Eq. (7), it equals 20 mm (Model
No. 1), the element size is of h=1, /10. The second length scale
value is calculated at about one-hundredth of the largest dimen-
sion of the beam which becomes 2.5 mm (=250/100) (Model No.
2), the element size is of h =1, /5.

5. Analysis results and discussion
5.1. Phase-field analysis

To verify the fracture behavior of 2-dimensional beam modelled
using the phase-field method, a comparison is carried out with an
experimental study conducted by Grégoire et al. [20]. The stability
parameter (K) is used as 0.001. The concrete material is considered
isotropic and homogeneous. The details of the mesh with the
length scale values are listed in Table 3.

The results of the ultimate load are presented in Table 4 for the
two values of length scale parameters. Fig. 8 shows the load-de-
flection relationships obtained from the current study with two
length scale parameters along with the experimental one [20].
The figure depicts good agreement between numerical and exper-
imental results. The result of the phase-field model with length
scale of 2.5 mm is the closest to the experimental test. The propa-
gation of the crack for the two length scale parameters I, at the
ultimate load are shown in Fig. 9. The propagation of the crack at
several load levels for model with value of [, of 2.5 mm is shown
in Fig. 10. The crack initiates at load 2.4 kN while the ultimate load
is 3.72 kN.

b) diffusive crack

Fig. 4. Crack Topology.
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Table 1
The characteristics of concrete.

g. 5. Notched beam: Geometry, loading, and boundary conditions.

Table 3
The length scale parameters with the smallest element size.

Modulus of
elasticity
E, (GPa)

423 0.21 37 3.9

Poisson’s
ratio (v)

Compressive
strength f. (MPa)

Splitting tensile
strength (MPa)

Table 2
The base value of.Gy, .

dmax (mm) 8 16 32
Gpo (N/mm) 0.025 0.030 0.058

5.2. Comparison of the Phase-field method with XFEM

To emphasize the benefits and defects of the phase-field
method, the analysis is compared with another numerical analysis
using the eXtended Finite Element Method (XFEM).

Model No. Length scale I, (mm) Mesh size h in region I, (mm)
1 20 2
2 2.5 0.5

The software ABAQUS is adapted to simulate the crack propaga-
tion using XFEM, taking into account materials nonlinearities using
concrete damage plasticity CDP criteria. Crack initiation criteria
must be specified in the XFEM. The maximum principal stress
and fracture energy are very important properties in damage.
The maximum principal stress damage is used with a value of
the ultimate tensile strength f; as maximum principal stress at
cracking. The predefined crack was located at the mid-span of
the beam with a crack length of 5 mm. The ultimate loads for
two models of phase-field, experimental, XFEM and the linear
strength of material approach are presented in Table 5. It seems
that the PFM predicts the ultimate load more accurately than

Fine

Coarse mesh

Fig. 7. Discretization of beam.
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Table 4
The ultimate load for two models.

Model No. Ultimate load (kN) Ultimate load ratio
Experimental 3.60 1
1 3.18 0.88
2 3.72 1.03
= = = Experimental PFM- length scale = 2.5 mm PFM- length scale = 20 mm
4
3.5 7\
344
1
Z 2.5 - 1 ~
~
S 244 =
] \
]
3 15 4 == -
1 4 ~ o
0.5 - e
0 T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection (mm)

Fig. 8. Variation of mid-span deflection with load.

XFEM. However, increasing the length scale leads to understimate
the ultimate load. The linear strength of material approach gives
good estimate for ultimate load.

The results clearly demonstrate that the load-deflection rela-
tionships obtained from the XFE-analysis and the analysis using
phase-field are in good agreement with the experimental one as
shown in Fig. 11. The crack propagation using XFEM is shown in
Fig. 12.

In the XFEM, the crack is included in the numerical model with-
out modifying the discretization, as the mesh is generated without
taking into account the presence of the crack. In addition, the
model can be implemented with coarse mesh properly. It is also
available and ready to be implmented in the ABAQUS program.
The drawback of the XFEM is that it requires a predefinition of
the crack and this requires more computational effort.

In the phase-field method, to capture the crack pattern prop-
erly, the mesh was refined in areas where the crack is expected
to propagate. The important benefit of the phase-field method is
that it does not require a predefined crack. The phase-field model
is not available yet in the software programs.

5.3. Investigating larger dimensions

To understand the effect of the length scale parameter clearly,
larger dimensions are studied. The dimensions of the beam are
1000 mm length, 200 mm depth and the 50 mm thickness. The
notch length-to-depth of beam ratio is 0.2 and the notch width is
2 mm. The material properties parameters of concrete are listed

Materials Today: Proceedings xxx (Xxxx) Xxx

(a)  Time step =0. crack size =0.

(b)

Time step =0.25 at 2.4 kN, crack size = 2.5 mm

(c)

Time step =0.5 2.64 kN. crack size =20 mm.

3.11 kN. crack size = 50 mm.

(d) Time step=0.75

(¢) Timestep=1 at3.72 kN, crack size =55 mm.

Fig. 10. The propagation of the crack at several load levels for [, = 2.5 mm.

in Table 1. Three length scale parameters are studied. The first
two values are calculated using the same previous strategies for
the two models 1 and 2, i.e. Eq. (7) and 1/100 of larger dimensions
respectively. In addition, a new value of I, = 40 mm for Model 3 is
used to investigate the larger value of the length scale (I,). The ele-
ment size is chosen as h=1,/10 expect for Model 2 in which the

Fig. 9. The propagation of the crack: a. I, =2.5 mm and b. [, =20 mm.

5
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Table 5

The ultimate load for two models of phase-field, experimental, XFEM and the linear

strength of material.

Method Ultimate load (kN) Ultimate load ratio
Experimental 3.60 1

PFM-I, = 2.5 mm 3.72 1.03

PFM-I, =20 mm 3.18 0.88

XFEM 3.85 1.07

Linear strength of material® 3.33 0.925

" load P=4 MJL, M =£; 1]y, f; = 3.9 MPa.

0.12

== == == Experimental . PEM - length scale = 2.5 mm
PFM- length scale =20 mm XFEM
5 4
4 -
N
g
= N
=2 ~
]
=] S~ -
Hy - ==
o T T T T T 1
0 0.02 0.04 0.06 0.08 0.1
Deflection (inm)

Fig. 11. Variation of mid-span deflection with load for the concrete beam using the

Phase-field method and XFEM.

PHILSM
+1.354e+01
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value [, /5 is used as before. The details of the mesh with the length
scale values are listed in Table 6.

Fig. 13 shows the load-deflection relationships for the three
length scale parameters. The length scale parameter of 40 mm
gives ultimate load less than those for the other [, values. The prop-

Table 6
The length scale parameters with the smallest element size.
Model No. Length scale I, (mm) Mesh size h (mm) in region I,
1 20 2
2 10 2
3 40 4
19 ~———Length scale =10 —— Length scale =20 ———Length scale =40
10 A
Z2°
= 6]
<
= 4
2 B
0 T T T
0 0.05 0.1 0.15 0.2
Deflection (mm)

Fig. 13. Variation of mid-span deflection with load for the concrete beam.

+1.128e+01
+9.025e+00
+6.768e+00
+4.512e+00
+2.256e+00
-7.486e-05
-2.256e+00
-4,512e+00
-6.7692+00
-9.0252+00
-1.1282+01
- -1.354e+01

PSILSM

- +2.6922+00
42.0510+00
+1.4102+00

L 4+7.692e-01
+1.282e-01
-5.128e-01
-1.154e+00
-1.7952400
-2,436e+00
-3.077e+00
-3.718e+00
-4,359¢+00

-5.000e+00

STATUSXFEM
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
- +5.833e-01
+5.000e-01
+4.167e-01

+2.500e-01
+1.667e-01
- +8.333e-02
+0.000e+00

Fig. 12. Crack propagation of the concrete beam using XFEM.
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a. l,=10 mm

b. [,=20 mm

c. l,=40 mm

Fig. 14. The propagation of the crack for length scale: a. [, = 10 mm, b. [, = 20 mm and c. I, = 40 mm (Phase-field propagation).

Table 7
The ultimate load for different values of G
dnax (Mm) Gfo (Nfmm) G{N/mm) Gy Ratios Ultimate Load (kN) Load Ratio
8 0.025 0.069 1 10.50 1
14 0.029 0.079 1.16 10.63 1.01
16 0.030 0.083 1.20 10.85 1.03
32 0.058 0.161 2.33 11.23 1.07
o0 ——ofo0e oo —orote 32 mm, respectively. From Table 7, it is clear that the ultimate load
12 slightly increases with increasing the Gr. The increase of Gyvalue by
10 | 2.33 times leads only to an increase in ultimate load by 1.07 times.
- In Fig. 15, different simulations are conducted to display the
é & effect on the load-deflection curve of different values of fracture
2 6 1 energy. The figure illustrates also that slight increase in the tough-
S 4 ness of the beam is obtained as a result of the increase in the frac-
5 | ture energy. However, the behavior of the specimens with different
values of Gyis approximately the same in the first linear stage up to
0 " i i the initiation of the crack.
0 0.05 0.1 0.15 0.2
Deflection (mm)

Fig. 15. Variation of mid-span deflection with load for the plain concrete beams
with different fracture energies.

—K=0.01 —K=0.001 —K=0.0001
12
10 |
-
g °
N’
= 6
g
= 47
2 4
0 . . . .
0 0.05 0.1 0.15 0.2 0.25
Deflection (mm)

Fig. 16. Variation of mid-span deflection with load for the plain concrete beams
with different stability parameters K.

agation of the crack for different length scale parameters I, are
shown in Fig. 14. Fig. 14 reveals that the value of I, = 10 mm with
element size h =2 mm in [, region gives the better representation
of crack propagation.

5.4. Investigation of the fracture energy Gy

To understand the influence of Gy on fracture behavior of con-
crete beams, three beams were investigated with the same dimen-
sions and properties, but with four different values of Gy The used
value for I, is 10 mm and for the stability parameter (K) is 0.001.

The calculated Gris 0.069 N/mm, 0.079 N/mm, 0.083 N/mm, and
0.161 N/mm for four sizes of aggregate, 8 mm, 14 mm, 16 mm and

5.5. Investigation of the stability parameter K

To investigate the effect of the stability parameter Kvalue on the
ultimate load, three different values of the K parameter are chosen
with the fracture energy Gy of 0.079 N/mm. Fig. 16 depicts the
obtained load-deflection relationships. The change of the parame-
ter K seems not to affect the ultimate load value and the behavior
of beams.

6. Conclusions

In this research, a phase-field approach is used to investigate
the mechanical properties and fracture behavior of mode-I fracture
of plain concrete beams. Using the phase-field approach, the crack-
growth simulation was done by using a mesh that is much easier to
create and does not require predefined contact surfaces to deter-
mine a crack path compared with the XFEM. To validate the
phase-field approach, a comparison is carried out with an experi-
mental study. It is clear from the results that the length scale is
very important parameter in determining the crack pattern and it
also affects the ultimate load value. Choosing high value of the
length scale parameter gives less accurate results. Therefore, the
choice of the length scale value depending on the dimensions of
the model is better, because this strategy gave more acceptable
results comparing to the experimental test. The formation of the
crack does not mean the failure, the crack initiates at load of 2.4
kN and the ultimate load is 3.72 kN for [, of 2.5 mm. It is also found
that the ultimate load slightly increases with increasing the frac-
ture energy Gy An increase in value of Gy of about 2.33 times leads
to increase in ultimate load of only about 7%. The change of the
parameter K seems not to affect the ultimate load value and the
behavior of beams. The big complaint about phase-field models
is their high computational cost.
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