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Abstract. Concrete is the main construction material used for infrastructure
construction around the globe. Since it is a brittle material, applied loads on
concrete structures will result in sudden failure of the structure, and conse-
quently the service of the structure will be affected. To prevent such failure, it is
necessary to understand and predict the behavior and failure mechanics of
concrete. Recently, the concept of the cohesive zone model has been widely
applied to investigate various material failure phenomena. The potential-based
model has advantages over the non-potential-based cohesive model in that their
traction-separation relations are determined by taking the derivative of potential
(cohesive interaction) concerning normal and tangential opening displacements.
The purpose of this study is to evaluate the application of potential-based
cohesive model for the study of concrete fracture by employing a user element
in ABAQUS. The simulation is compared with reproduced experimental results
and good agreement has been found between load-displacement curves.
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1 Introduction

Fracture of construction materials has been a problem since the construction of man-
made structures has started. Nowadays the problem actually has become worse than in
the previous centuries because of the spread of advanced and technologically complex
construction. One of the most important aspects of fracture mechanics is to identify the
potential dangers whenever the structural complexity is increased (Anderson et al.
1971).

The application of fracture mechanics into concrete has helped to achieve uniform
safety margins and/or reliability. Fracture mechanics can help to understand the failure
of high strength concrete structures and concrete structures of unusually large sizes. It
has been discovered that many failures have been caused by pre-existing flaws in
materials that initiate cracks that grow and finally lead to fracture.
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The collapse and failure of these infrastructures result in significant accidents, life
loss, and damaging property and highly influence the local economy. To prevent such
disasters, it is necessary to understand and predict the deformation and failure mech-
anisms of concrete (Park 2009).

Previous studies have indicated that a two-dimensional cohesive model was
implemented in commercial software ABAQUS for different materials. However, the
built-in traction separation relations for cohesive elements in commercial software have
limitations since the tangent stiffness under the softening condition for the traction-
separation relationship leads to non-physical responses. This limitation can be solved
by providing a user element in ABAQUS. The user element (UEL) has been developed
based on potential-based cohesive elements proposed by Park et al. (2009). However,
the application of these elements for concrete fracture has not been examined.

The objective of this study is to implement a potential-based cohesive model for
concrete fracture using UEL subroutine in commercial software ABAQUS. That means
crack propagation phenomena is investigated through the potential based constitutive
model in association with robust and efficient computational method.

More specifically, this study addresses with comparing analytical solutions and
numerical simulation results by varying physical macroscopic fracture parameters, such
as the shape of softening curve.

2 Methodology

The general purpose finite element software ABAQUS and analytical computations are
used to investigate crack propagation phenomena of concrete through the user-defined
element subroutine of ABAQUS. The user element subroutine of the ABAQUS code is
written in FORTRAN. There are two approaches for inserting a cohesive element into
the mesh. One way is either inserting the cohesive element along the pre-selected
fracture path, by restricting the crack propagate where the user has specified or another
way is by inserting it between all bulk elements in a region of mesh, allowing the
fracture to propagate freely within that region (Daniel and Glaucio 2014).

The goals of this study will be achieved through the potential-based cohesive model
first proposed by Park et al (PPR) (2009) in conjunction with robust and effective
computational methods as the first step. The PPR model is a function of four basic
independent parameters in the normal and shearing fracture modes, namely cohesive
strength, fracture energy, the shape of softening curve, and the initial slope of the
traction—separation relationship. The potential (for 3D in general), \s, is given by (Park
and Paulino 2012)

W(An, Atl, Ar2) = min(dn, ¢t) + {fn(l - %) <§ + %)m + (pn — qﬁt)]
p .
/ At1)? + (AR2)? At1)? + (AR2)? (1)
NIV )&( ) %+ ( )&( ) + (¢t — ¢n)




Application of Potential Based Cohesive Model for Analysis 17

Numerical simulation of mixed-mode fracture is implemented in commercial
software ABAQUS with a user element subroutine. The rectangular plane stress ele-
ment (Q4) is used for the bulk element, while the cohesive surface element is inserted
along the crack path.

The rationale behind using this model is that the post peak behavior is captured well
using different parameters with the most powerful function called Potential Function.
A two dimensional simulations has been used by assuming a unit thickness to minimize
the computation time.
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Fig. 1. Flow chart

The flow chart show in Fig. 1 illustrates the basic steps that have been followed to
implement the user element. The procedure starts with receiving nine input data
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including thickness of a cohesive element. Those global coordinates are changed to
local coordinates. Next, normal and tangential cohesive traction are computed. Finally,
the cohesive interaction is defined in four chapters is Contact formulation, softening
condition, unloading/Reloading condition, and complete failure (Fig. 2).
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Fig. 2. General flow chart for UEL
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2.1 PPR Implementation in ABAQUS

To alleviate any confusions between the code and this paper is the description in detail
(Table 1 and Fig. 3):

Table 1. PPR UEL nomenclature and description

Paper Fortran Description
global displacement-separation
Be Be relation matrix
internal force vector of a cohesive
Jeok e surface element
tangent matrix of a cohesive surface
Kcoh Sc " —
Non-dimensional exponents in the
gk =55 PPR model
N ShapeN shape functional matrix
Te T cohesive traction vector
u U displacement field
nodal displacement vector in the local
U vl coordinates
a B alph, beta shape parameters in the PPR model
I'n,I't Gagaltn-m energy constants in the PPR model
normal and tangential final crack
on, ot dn, dt opening widths
deln max, maximum normal and tangential
Anmax, Stwex delt_max separations in the loading history
Initial slope indicators in the PPR
an, it In, It model
A R coordinate transformation matrix
normal and tangential cohesive
GMax, TMax Tnm Tt m strengths
normal and tangential fracture
on, ot Gn, Gt

energies
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3 Results and Discussion

3.1 Validation of the PPR Model

To validate the PPR model for quasi-brittle materials (like concrete), numerical sim-
ulation results are compared with reproduced experimental results from the three-point
bending test of plain concrete (Roesler et al. 2007), shown in Fig. 4. The cohesive
element size is taken to be 1 mm which is small enough to capture the local fracture

process (Tables 2 and 3).

Table 2. Hardened properties of the concrete

Modulus of elasticity (GPa) | 32
Compressive strength (MPa) | 58.3

Poisson’s ratio
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Fig. 3. Specimen dimensions and test configuration (Roesler et al. 2007)

Table 3. Specimen geometry of three-point test according to Roesler et al. (2007) experiment

Specimen dimensions (mm)

Beam Specimen ID
B150-80

Length (L)
700

Depth (D)
150

Thickness (t)
80

Notch (a,)
50

Span (S)
600

It has an initial notch (ao) of 50 mm and a length of 700 mm. The simply supported
beam mesh detail around the crack tip is shown in Fig. 4.
The finite element model of the beam is shown below which is created by the 2D
planar option. The following beam has 150 mm depth and 700 mm length. The notch
depth was taken to be 50 mm (Fig. 5).
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Fig. 4. 2D planar model mesh around the notch (b)

The following two-dimensional planar simply supported beams have been analyzed
in ABAQUS UEL configuration. Since this research is concerned with mode I fracture,
the crack is assumed to be propagated on a straight line in the vertical direction. As a
result, ABAQUS ODB file indicated the following damage (Fig. 6) propagation for 10
stepwise increments with a 0.01 mm/s loading rate. The post peak behavior and the
evolution of crack is independent of loading rate and thus taking this rate will be fair
enough. The support assumed to carry vertical load only (roller support). The figure
shows the stress distribution at the stated stage. Since the stress distribution shows
maximum values at the loading points, which are expected locations to attract maxi-
mum effect at an early stage of loading, the numerical analysis result will be
convenient.

Fig. 5. Damage level from initial loading
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At the final step of loading rate the cohesive element sweep in a vertical direction as
shown in the figure below. The connectivity of elements has been assured by equal
mesh size between the bulk element and cohesive element (Fig. 7).

Fig. 6. Damage level from initial loading to final

3.2 Effect of Shape Parameters

The effect of shape values for numerical analysis has been investigated. The load-
displacement relationship in Fig. 8§ illustrates different o values under the same load
control while other parameters were maintained. Initially, the load-displacement rela-
tionship of the analysis result has shown linear and similar behavior for different o
values with slightly different behavior near to peak loads. However, in the post-peak
region, the relationship of load-displacement for different o values has shown different
behavior. As it can be seen from the graph, the experimental and the numerical analysis
result has shown a good agreement when the value of o becomes greater than two.
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Fig. 7. Load vs displacement curve for different shape values (o = 1.5, 2, 5)
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Based on the comparison between numerical and experimental values for peak
load, the error has found to be 1.7%. Since the error is insignificant, this shows that the
numerical simulation in ABAQUS UEL is acceptable.

3.3 Effect of Fracture Energy

The change in o value on potential function will also affect fracture energy. For each of
the following cases, the fracture energy is calculated according to the PPR polynomial
function. The area under the cohesive interactions corresponds to fracture energy:

= /(M Tn(An,0)dAn (2)
0

The following normal traction curve is generated from Matlab GUIDE which
indicates the value of fracture energy at the atomistic level.

Normal Traction

Traction (MPa)

Fig. 8. Normal traction curve for alpha = 5
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The normal traction Tn is expressed as:

l_ﬂdﬂ—‘rg mfl_ 1_& a—1 ﬂ—‘r&m
" on o on * on o on

*[1/“1<1 —?tty(Z + §:>n+(¢t— ¢n>1
3)

Although the two-dimensional potential model captures fracture behavior by changing
the softening curve, the models do not have the same fracture energy in modes I and II
(Fig. 9).
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Fig. 9. Fracture energy comparison between numerical and experimental simulation

The above figure shows the fracture energy value of the experimental result and
numerical analysis results with different alpha (o) values. When it has compared
between numerical and experimental values of fracture energy with alpha equal to 5,
the error has found to be 1.52%. This error is also insignificant like the load-
displacement relationship error found with experiment and analysis results. This can
have confirmed that ABAQUS can simulate the real post-peak behavior of concrete in
the PPR model.

4 Conclusion

From the analysis results, it has been found that there is good agreement between the
load-displacement curve obtained from the experiment and numerical simulation. And
the shape factor is the most determinant factor in the PPR model. So far polynomial
PPR function that represents the best fit for numerical simulation in softening curves is
o = 5. Again the maximum load has also a good agreement between the two simu-
lations. The good agreement between alpha value and compressive strength are not
related directly or inversely.

For o greater than two, the cohesive traction separation relationship has a convex
shape, which can be utilized for plain concrete.



Application of Potential Based Cohesive Model for Analysis 25

It should be noted that one of the key contributions of this research is to link the
experimental fracture properties with the numerical fracture properties with PPR and
implement into finite element in UEL subroutine to predict crack propagation and
behavior. In addition to this, the evolution of crack is related with critical stress of the
crack tips. Whenever the stress at initial crack is critical, the micro crack will created by
connecting another element which reached with critical stress.
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