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INTRODUCTION

The authors of this paper so far created their 
own procedure for determining the direction of 
crack propagation in brittle materials. The devel-
oped method cooperates with the eXtended Fi-
nite Element Method in the Abaqus FEA system 
[1]. It was programmed in Fortran language as 
Abaqus User Subroutine. The Abaqus system is 
an advanced engineering software package used 
for strength analysis of machine and structure el-
ements and for simulation of nonlinear problems 
of solid and fluid mechanics. It uses the finite ele-
ment method (FEM) to solve complex engineer-
ing problems. Several methods can be used to 

simulate crack propagation in the Abaqus system, 
the most popular of which is the XFEM method. 
The XFEM method in Abaqus allows for model-
ing cracks without the need to change the finite 
element mesh. It allows for simulation of crack 
propagation by modifying the shape function us-
ing the so-called enrichment function [2]. This 
method is versatile and can be applied to various 
materials, such as metals, composites and ceram-
ics. The XFEM method has the significant advan-
tage that it does not require mesh modification 
at each crack increase or the creation of models 
with a very dense mesh, as is the case with meth-
ods based on element removal or separation. The 
calculations using this method are relatively fast 
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because only the shape functions of those ele-
ments that are likely to crack are enriched.

For the purposes of this paper, a modifica-
tion of the existing procedure was proposed to 
simulate crack propagation in a non-homog-
enous material with modeled aggregate such 
as concrete. This paper also describes how the 
modified procedure handles exemplary simula-
tions, including different variants of the model 
with one and two aggregate grains. The main 
goal of the modification was to achieve a situ-
ation in which the crack bypasses the aggregate 
grain. The purpose of this article was therefore 
not to examine real samples with comparison to 
computer analysis, but only to present a modifi-
cation of a previously written procedure that, for 
materials modeled as homogeneous, gave results 
consistent with reality, as shown in the authors’ 
previous publications [3–5].

The effectiveness of the modified procedure 
was carried out on the basis of various simula-
tions of three-point bending of notched concrete 
beam. This test has been used for a long time, but 
it is still an important topic discussed in the lit-
erature. Up to now, various analyses are carried 
out on its basis [6, 7]. Modeling of non-homo-
geneous materials for computer simulations is a 
common topic in the literature. In theory, the re-
sults of the model analysis at the meso-scale and 
at the macro-scale should be similar in terms of 
the crack path shape and load values. The issue 
of the influence of scale on the results of fracture 
simulation was discussed, among others, by Van 
Mier and Van Vliet [8].

Publications [9, 10] describe methods for 
modeling aggregate in the context of geometry 
in concrete samples for simulation purposes. Pa-
per [11] presents a computational framework for 
modelling the fracture process in concrete. Other 
publications worth mentioning present the results 
of the fracture simulation of the aggregate model 
using FEM and DEM [12]. The results of [13] 
demonstrate the importance of modeling all ag-
gregate classes to obtain an accurate description 
of the fracture behavior of concrete. Of course, 
concrete is not the only topic of the publication. 
There are descriptions of FEM analysis method 
of concrete from recycled aggregate [14], alumi-
num alloy sheet with grains [15] and polycrystals 
[16]. There are also publications starting to ap-
pear in the literature that explore the use of neu-
ral networks to aid in the analysis of fracture in 
concrete samples, such as [17–19], although in 

this case it does not concern aggregate. Only a 
few publications deal with the fracture of inho-
mogeneous materials using the XFEM method. 
Paper [20] presents a modification of XFEM 
for testing concrete with fibers, [21] shows the 
XFEM implementation for simulation of fibre-
reinforced polymers and [22] is about simulating 
frozen clay soils with grains using an XFEM-
based computational homogenization. There is 
a lack of publications whose authors deal with 
the implementation of crack propagation crite-
ria in composite materials similar to concrete. In 
the literature describing methods for predicting 
the path of crack propagation in heterogeneous 
materials, for example, the work of Sukumar and 
Srolovitz [23], which describes the fracture of 
a crystalline material. In it, the authors used an 
FEM mesh consistent with the structure of the 
material and the crack was modeled by discon-
necting the mesh at the nodes without changing 
its geometry, which required a very dense mesh 
of elements. It did not use element partitioning, 
introducing mesh densification, or by using the 
XFEM method.

METHOD OF PREDICTING THE CRACK 
PATH

The Abaqus system allows for the simulation 
of crack propagation using the XFEM method [1]. 
Several built-in criteria can be used to determine 
the initiation and direction of crack propagation, 
including MAXS (maximum nominal stress) or 
QUADS (quadratic nominal stress), but they are 
not suitable for analyzing brittle materials. The ap-
propriate criterion is MAXPS. Only four-node ele-
ments CPS4, CPS4R, CPX4, CPX4R are allowed 
for simulation, where S denotes a model in a plane 
stress state, X – an axisymmetric model, R – a re-
duced element with one integration point, as op-
posed to an element with 4 integration points. The 
direction of crack propagation determined by this 
criterion is the direction of normal stresses at the 
integration points closest to the crack tip. Abaqus 
rotates the stress tensor to the principal stresses, and 
the angle of rotation of the tensor is also the angle at 
which the crack will be guided for a given load in-
crement. The decision whether or not a crack should 
propagate depends on a simple condition [24]:
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where: μ – material effort, σ1 – maximum princi-
pal stresses (tensile stresses), ft – tensile 
strength of the material.

As proven in previous publications of the 
authors [3–5] this method has many disadvan-
tages, hence the criterion proposed by the authors 
has been created. It has already been described 
in detail in previous publications, therefore only 
brief information will be presented here, allow-
ing to understand this paper. The criterion for the 
minimum gradient of the effort field around the 
crack tip used here is described in previous au-
thor’s paper [25]. The algorithm for determining 
the direction of propagation is similar to Khan’s 
algorithm [26], which determines the direction 
of propagation based on the angle at which we 
find the shortest radius connecting the crack tip 
to the elastic region in an elastic-plastic material. 
For brittle materials, this criterion is inapplicable 
due to the lack of a plastic region. In the proposed 
criterion, we look for the angle at which the gradi-
ent of the strain field, calculated in the direction 
of this radius, has the greatest slope. For ductile 
materials, these criteria give identical results.

The own procedure was written in Fortran as 
one of the Abaqus User Subroutine, i.e. UDMGI-
NI (User Damage Initiation), which allows defin-
ing own propagation direction and crack initiation 
criterion. The main assumption of own method is 
to read the material effort value at a certain dis-
tance from the crack tip. For example, along the 
black bold line in Figure 1a. The range of reading 
the value along this circumference is from -90° to 
90° relative to the propagation direction obtained 
in the previous load increment. This angle should 
not be greater, because stresses too close to the 
already formed crack are too distorted.

Figure 1b shows the integration points in 
the immediate vicinity of the discussed line. At 
these points, stresses are read, principal stresses 

are determined, and material effort is calculated 
using material parameters according to formula 
(1). Additionally, material effort values are cor-
rected as if they were located at one distance from 
the crack tip using linear interpolation. A graph 
of the dependence of material effort on the angle 
around the crack tip is shown in Figure 1c. The 
algorithm fits a fourth-degree polynomial to these 
points, the minimum of this graph is found, and 
the angle for this minimum is passed to the pro-
gram further as the crack propagation angle. The 
minimum value of the graph around the crack 
tip can also be interpreted as the direction of the 
fastest drop in the material effort value from the 
crack tip, which is the same as the direction of the 
maximum material effort gradient. These calcula-
tions are performed for each load increment dur-
ing the simulation. Each time, the coordinates of 
the crack tip and the stress field around it change.

The size of the area from which the integration 
points are collected affects how many integration 
points will be included in the calculations. More in-
tegration points mean that the approximation poly-
nomial will be more accurately fitted, but this area 
cannot lie too far from the crack tip, because the 
stresses exactly at the crack tip are most important. 
It was therefore decided that the area of collecting 
integration points will be set in real time during the 
calculations, so that it includes between 40 and 50 
integration points. The described method is close 
to the analytical solution of the so-called Griffith’s 
crack [27], as shown in Figure 2.

The specified criterion offers two major ben-
efits compared to the standard approach: it con-
siders stresses from a wider range of points, not 
just those nearest to the crack tip. Additionally, 
the propagation angle in this method is unaffected 
by shear stresses. The built-in method determines 
the propagation angle by rotating the stress tensor 
making it highly sensitive to shear stresses, which 
are significantly disturbed near the crack tip.

Figure 1. Method of determining the direction of crack propagation: (a) stress collecting area around the crack 
tip, (b) selected integration points, (c) material effort values in the considered area

a) b) c)
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COMPUTER SIMULATIONS

Description of the model

Figure 3 presents the model used for the 
simulation, which was intended to verify the 
effectiveness of own procedure for determin-
ing the direction of crack propagation. This is 
a simple three-point bending test of a notched 
beam. The sample dimensions were taken from 
the authors’ laboratory tests performed for ear-
lier analyses, which are: 320 × 97.3 × 90.22 mm 
(width × height × depth) and with a notch length 
of 25 mm. The loading was controlled by a ver-
tical displacement at the center of the top edge. 
The element type selected was CPS4. The finite 
element size varied from 0.5 mm to 15 mm. 
Initially, one 8 mm round aggregate grain was 
modeled approximately halfway up the predict-
ed crack propagation line, with a slight offset to 
the right to force the crack to go around the ag-
gregate grain on the left.

The goal of this research is to verify the ef-
fectiveness of own procedure for determining the 
direction of crack propagation in composite mate-
rials. Thus, material parameters do not reflect the 
actual parameters of mortar and aggregate. They 
were estimated and selected so that the Young’s 

modulus and tensile strength of the aggregate 
were greater than for concrete. The material pa-
rameters necessary for simulation are for cement 
mortar: tensile strength ft = 3.11 MPa, Young’s 
modulus E = 13.724 GPa, and for aggregate: 
ft = 15 MPa, E = 200 GPa. Common parameters 
form both materials are Poisson’s ratio ν = 0.1482 
and critical strain energy release rate in mode I of 
fracture GI0 = 0.04794 N/mm.

Model with one grain

The influence of aggregate grain on the crack 
direction

In this chapter, the simulation results of the 
above model will be presented. The Abaqus/
Standard module was used for calculations, the 
XFEM method was used to simulate the crack, 
and the above-described own method was used 
to determine the direction of crack propagation.

Below, the path of the crack formed during 
the simulation will be analyzed, divided into 
several significant stages. The phenomena and 
causes of the aggregate circling the crack will 
be described. Figure 4 shows a map of the maxi-
mum principal stresses at the initial stage of the 
crack, when the crack tip has not yet approached 

Figure 2. Griffith’s crack: (a) scheme of the task, (b) values of material effort around the crack tip

Figure 3. Simulation model
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the aggregate grain. The crack starts at the notch 
tip. Material effort depends linearly on the values 
of the maximum principal stresses (it depends 
on the tensile strength of the material). Figure 
4b shows the relationship between material ef-
fort and the angle around the crack tip. It is as-
sumed that angle 0° is the horizontal direction to 
the right and the angle increases clockwise and 
decreases counterclockwise. The angle of propa-
gation of the crack, i.e. the angle for which the 
minimum of the approximation polynomial to 
the points on the graph was obtained, is about 90° 
and this is the vertical direction upwards, which 
is consistent with the predictions. This minimum 
in the upward direction from the crack tip is also 
clearly visible in the Figure 4a.

When the crack reaches the aggregate grain, 
a problem occurs. The aggregate material has a 
much higher Young’s modulus than the cement 
slurry, which means that the aggregate will have 
much higher stresses for the same deformation. 
However, the aggregate also has a higher tensile 

strength, which according to the formula (1) 
means that there will be lower material effort 
values. This can be seen clearly in the Figure 1. 
The direction of crack propagation is the same as 
the value of the minimum of the approximation 
function. The graph shows that due to low val-
ues of material effort in the aggregate, it is for an 
angle of about -60°, i.e. toward the grain. In this 
case, in the simulation, the crack passed through 
the aggregate grain, instead of circling it. It was 
therefore decided to introduce a change in the al-
gorithm. Integration points belonging to the ag-
gregate grain are completely omitted during the 
polynomial fitting. In the programed subroutine, 
this is done by omitting points with a much lower 
material effort value. As can be seen in the graph 
in the Figure 5b, after omitting these points, the 
approximation curve has a minimum for an angle 
of -120°, which means that the crack will circle 
the aggregate from the left side.

Returning to the example presented at the 
beginning of this chapter, the Figure 6 shows a 

Figure 4. Initial stage of cracking of a model with one aggregate grain: (a) map of material effort 
values, (b) graph of the dependence of material effort on the angle around the crack tip

Figure 5. Example of determining the direction of crack propagation near the grain: (a) crack line, 
(b) graph of material effort
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further stage of crack propagation as it approach-
es the aggregate grain. After removing the points 
belonging to the aggregate (dark grey elements), 
it can be seen that the material effort in the cement 
slurry is greater near the grain, so that the poly-
nomial minimum shifts to the left and the crack 
turns to the left.

In the subsequent stages shown in the Figure 
7, a smooth change of the crack propagation angle 
circling the grain can be seen. In the Figure 7c, 
when the crack is already high above the grain, 

the crack line is vertical, the stress field around the 
crack tip is similar to that at the very beginning of 
the simulation. The Figure 8 shows the last stage 
of the simulation when the crack approaches the 
edge of the sample. The integration point collec-
tion area around the crack tip largely goes outside 
the model, meaning that data for a large range of 
angles are missing (Figure 8b), but the procedure 
is still able to fit a polynomial to the existing points 
and thus find the minimum of the polynomial. The 
Figure 8c shows the complete crack path.

Figure 6. The stage where the crack approaches the aggregate grain: (a) map of material effort values, 
(b) graph of the dependence of material effort on the angle around the crack tip

Figure 7. Next stages of crack propagation: (a) at the height of the grain, (b) above the grain, 
(c) much above the grain

Figure 8. The final stage of simulation: (a) map of material effort values, (b) graph of the dependence of material 
effort on the angle around the crack tip, (c) full crack path

b)a) c)
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Problem of crack branching

Work on the XFEM method has been on-
going for years. Unfortunately, the possibility 
of crack branching is still a problem that vari-
ous authors have been trying to solve recently. 
There are proposals to implement the fracture 
branching support in the XFEM method [28, 
29], but in the Abaqus system only one crack is 
available. The possibilities of subroutines appli-
cation in Abaqus system are also limited. Sub-
routine UDMGINI requires to provide the con-
dition of initiation and direction of propagation. 
If crack branching phenomenon were possible, 
developers would also have to redesign the way 
subroutines work. For this reason, the author’s 
method of predicting crack propagation direc-
tion does not allow for branching. In the case 
of the simple three-point bending problem of a 
notched beam, this phenomenon does not oc-
cur because the crack is directed symmetrical-
ly vertically upwards. However, in the case of 
meso-scale simulations, where aggregate grains 
are present, the stress field is more complicated 
and the crack will branch, especially near the 
aggregate grains. This will also be the case in 
the presented simulation.

Figure 9a shows a map of the maximum 
principal stresses around the crack tip. Looking 
at the colours indicating the stresses, it can be 
seen that the location of the minimum stresses 
will change depending on the distance from the 
crack tip to the area of collecting integration 
points. For a small area around the crack tip, it 
is visible that the fastest decrease in the maxi-
mum principal stresses will be towards the right, 
downwards, i.e. towards the aggregate grain. For 
a large area, the minimum value of the principal 

stresses is visible at the top of the figure and re-
sembles a typical stress field without aggregate 
grain (see Figure 4). It can therefore be assumed 
that there are two views of the stress map around 
the crack tip - a more global one – when the 
crack goes vertically up, it depends on the model 
shape and loads, and a more local one, which 
is significantly influenced by the nearby grain. 
This causes the material stress graph to have two 
minima (Figure 9b), which would suggest crack 
branching. Since Abaqus cannot handle crack 
branching, the subroutine can only pass one 
crack propagation angle further to the calcula-
tion. For this reason, to unify the algorithm, it 
was decided to let the program code choose the 
smaller of the two minimum values. Moreover, 
it was also noticed that it is closer to the angle 
from the previous load increment.

Adjusting the size of the integration point area 
in the calculations allows controlling the crack. 
The direction Abaqus should choose in the case 
of branching can be determined. Increasing the 
integration point area moves closer to the global 
view, which can be seen in Figure 10.

In the case of a small number of integration 
points, the crack bends towards the aggregate 
grain and then the calculations are interrupted 
due to the inability to find a solution. For a larger 
area, the crack directs upwards to the upper edge 
of the model, bringing the simulation to an end. 
This means that in the case of crack branching, 
the more desirable result is the one obtained with 
a more global approach. Unfortunately, this gives 
rise to further problems, which will be described 
later. For further calculations, it was decided to 
choose 40 to 50 integration points around the 
crack tip at each load increment.

Figure 9. The problem of crack branching with 20–30 integration points: (a) map of material effort values, 
(b) graph of material effort values around the crack tip
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Problem of material parameters

One of the most important problems that arise 
during the simulation are the material parameters 
of the cement slurry and aggregate, and in par-
ticular the ratio between the Young’s moduli of 
these two materials. In addition to the already as-
sumed Young’s modulus of 200 GPa, it was also 
decided to perform the above simulation with the 
assumed Young’s modulus for the aggregate of 40 
GPa, which is three times the Young’s modulus of 
the cement mortar.

Figure 11 shows the predicted fracture di-
rection for two given values of the aggregate’s 
Young’s modulus. A higher Young’s modulus 
of the aggregate causes less grain deformation, 
which means that the same loads will cause 
greater stresses in the mortar near the grain. This 
causes the material effort values in the vicinity of 
the grain to be higher, which causes the minimum 
of the approximation curve to shift to the left, 
causing the crack to turn to the left. (see Figure 
6). Less stress around the aggregate grain means 
the crack won’t turn to the left as much. It won’t 

be “pushed” away from the grain. Therefore, in 
the case of a small aggregate Young’s modulus, 
the crack will turn towards the grain, which may 
be a desirable result in laboratory tests, especially 
for large grains, but the aim of this paper was to 
propose an algorithm that will lead to circling of 
the aggregate grain, therefore a high value of the 
aggregate Young’s modulus of 200 GPa was cho-
sen for further simulations.

The explanation of this phenomenon can also 
be observed in the graph in Figure 11c. The mate-
rial effort values at the integration points do not 
indicate this phenomenon, but the locations of the 
minimum of the approximation curves confirm 
this phenomenon.

Other examples with one grain

Before proceeding to the full grain analysis, 
it was decided to run several more simulations to 
fully investigate all the mechanical phenomena 
occurring during the simulation and to ensure the 
effectiveness of the procedure. Figure 12 shows 

Figure 10. Calculated crack path around the grain: (a) 30–40 integration points included, (b) 40–50 integration 
points included

Figure 11. Problem of material parameters: a) crack path for E = 200 GPa, b) crack path for E = 40 GPa, 
c) graph of material effort values around the crack tip when the crack tip is below the grain
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the results of the fracture simulation using own 
method for predicting the direction of crack prop-
agation with different horizontal aggregate grain 
positions: grain in the center, shifted 2 mm to 
the right and shifted 5 mm to the right. All three 
simulations mainly differ in the position of the 
crack tip relative to the aggregate grain before it 
passes through. As it can be seen, no problems oc-
curred here. For a grain positioned exactly in the 
middle, and therefore symmetrically, the choice 
of the propagation direction was certainly influ-
enced by the finite element distribution. In actual 
laboratory test with such grain position, the crack 
should branch at the lower edge of the grain, but 
the grain should also stay on one side, causing the 
branch on only one side to continue propagating, 

just like in simulation. The next step was to test 
the performance of the procedure with different 
vertical grain orientations and different grain 
sizes. These simulations prove that grain size in-
fluences the magnitude of stress around the grain 
in the mortar. Small grain (4 mm in simulations) 
is almost unnoticeable on the stress map. In the 
case of simulation with small grain (Figure 13a) 
it does not seem to significantly affect the crack 
line, therefore with small grain the procedure 
copes correctly. This is also in accordance with 
the literature [30, 31], where a significant effect 
of grain size on the shape of the cracked concrete 
sample is observed.

In the case of a large aggregate grain (16 mm 
in the simulation, Figure 13b), the problem of 

Figure 12. Crack simulations for different horizontal positions of aggregate grain: (a) grain in the middle, 
(b) grain shifted 2 mm to the right, (c) grain shifted 5 mm to the right

Figure 13. Crack simulations for couple different situations: (a) 4 mm grain, (b) 16 mm grain, 
(c) grain set high, (d) grain set low
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crack branching, which was discussed earlier, re-
turns. A large aggregate grain causes the stresses 
in the mortar near the grain to increase signifi-
cantly, which means that the importance of the lo-
cal minimum of the approximation curve increas-
es. Increasing the size of the aggregate grain is 
therefore identical to reducing the area of collect-
ing integration points around the crack tip. The 
solution to this problem could be to increase this 
area again. Unfortunately, this is not an ideal so-
lution because the developed procedure was to be 
universal, and therefore should work for any ag-
gregate size. By increasing the area of collecting 
integration points around the crack tip, the prob-
lem of crack branching can be solved for a large 
grain, but this also poses a risk that small grains 
will be unnoticed during calculations. In addition, 
in theory, the most important stresses are infinite-
ly close to the crack tip, so further moving away 
from it will lead to increasingly incorrect results 
in a global perspective. For these reasons, it was 
decided to stick to the collection region of 40–50 
integration points. In the future, it is planned to 
solve the problem of crack branching in a differ-
ent way, which will be discussed in the summary.

Figure 13c shows the crack path for a grain 
positioned near the top edge of the model. In this 
case, no irregularities are observed. The fracture 
correctly reaches the top edge of the model, lead-
ing the simulation to completion. There occurs 
also a phenomenon shown in the Figure 8, when 
the integration point collection area goes beyond 
the model, but this does not prevent the proce-
dure from finding the correct direction of crack 
propagation.

Figure 13d shows the fracture line for a low-set 
aggregate grain. Unfortunately, the fracture line is 
incorrect. The explanation for this phenomenon is 
given in Figure 14. Here, it can be seen that the 
highest drop in the maximum principal stresses is 
on the right side of the crack, instead of on the 
left. This is probably due to the close proximity 
of the notch, which means that the stresses around 
the crack tip cannot stabilize properly. Perhaps 
with different aggregate grain sizes or different 
horizontal positioning of the aggregate grain, this 
problem will not occur, but it was initially stated 
that a solution to this problem could be to refine 
the mesh near the top of the notch.

Model with two grains

The above chapters describe the phenomena 
and behavior of the crack line using own method 
for predicting the direction of crack propagation 
with one aggregate grain. The main goal of the 
above analyses was to show that own procedure 
can circle the grain. The next analyses will be 
performed for two aggregate grains and will in-
volve checking how the algorithm copes with a 
more complicated stress field. First, a model was 
analyzed in which there are two grains on the 
predicted crack path at a certain distance from 
each other, i.e. at different vertical levels, what 
is shown in Figure 15a. In this case, the simula-
tion worked correctly because the grains had no 
significant influence on each other.

The next simulation is two grains next to 
each other, symmetrically positioned in the sam-
ple (Figure 15b). Due to symmetry, the crack is 

Figure 14. Explanation of the phenomenon occurring at low grain setting: (a) map of material effort values, 
(b) graph of material effort values around the crack tip

a) b)
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also expected to be symmetrical, i.e. vertical. 
However, an interesting phenomenon occurs 
here. The crack line passes correctly between the 
grains, but after bypassing them, a stress field 
appears similar to the one described in the ex-
planation of crack branching. The stresses in the 
vertical upward direction increase, which causes 
the minimum of the approximation curve to shift 
to the left or right. The fracture line bends for 
a moment but stabilizes in the next load incre-
ments (Figure 15b).

An interesting phenomenon occurs when in 
the above simulation one grain is smaller than 

the other. The stress field is not symmetrical. The 
maximum principal stresses are greater for larger 
grain (the effect of grain size on the stress mag-
nitude in the cement slurry near grain has been 
discussed earlier). This means that the crack line 
will be “pushed” away from the larger grain (Fig-
ure 16). This movement of the crack away from 
the larger grain will be greater for a larger grain 
size ratio, for smaller distance between grains or 
for a larger Young’s modulus of the aggregate (in-
creasing the Young’s modulus will significantly 
increase the stress around the larger grain and 
slightly increase the stress around the smaller 
grain). The dependence of the value of the aggre-
gate Young’s modulus on the crack path is shown 
in Figure 17b-d. In contrast to Figure 11, in this 
case the more expected crack path is for a smaller 
Young’s modulus.

The solution to this problem seems to be to 
refine the finite element mesh, which would re-
sult in more elements between the grains. Simula-
tions were performed for finite elements twice as 
small. In the case of a low Young’s modulus of 
the aggregate, the crack path is also correct (Fig-
ure 18a). In the case of a high Young’s modulus 
of the aggregate, the crack path correctly passes 
between the grains, instead of turning below them 
as previously for larger finite elements. Unfortu-
nately, the problem of crack branching returns 
here (Figure 18b). For smaller finite elements, the 
integration point collection area around the crack 
tip also decreases. The ratio of grain size to the 
integration point collection area increases and the 
same situation as in the Figure 9a and Figure 13b 
appears. This means that the size of the finite el-
ements has a strong influence on the crack line, 
or rather on the decision which path the program 
will choose when the crack branches.

Figure 15. Crack paths for the model with two 
aggregate grains: (a) grains at different levels, 

(b) grains symmetrically next to each other

Figure 16. Explanation of the phenomenon occurring when two aggregate grains are placed next to each other: 
(a) map of material effort values, (b) graph of material effort values around the crack tip

a) b)

a) b)
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Figure 17. Simulations with two aggregate grains of different sizes: (a) map of material effort values, (b) crack 
path for aggregate with E = 40 GPa, (c) crack path for aggregate with E = 100 GPa, (d) crack path for aggregate 

with E = 200 GPa

Model with actual grain distribution

Random distribution generation

The last stage of the work is to conduct a sim-
ulation on a model with the actual grain distribu-
tion. In order to determine the correct distribution 
and proportions of aggregate grains in the concrete 
mix, the Fuller cumulative curve was used [32]. 
For the purposes of the discussed simulation, the 
authors wrote a Python script that generates ran-
dom grain distribution in the Abaqus model. The 
script works as follows: the algorithm generates 
random coordinates and the diameter of the aggre-
gate grain based on the user-specified limit values. 

Then, it checks whether the newly generated grain 
does not overlap with any previously generated 
grain, also taking into account the user-specified 
minimum distance value. If it overlaps, the grain 
is rejected. The program repeats the algorithm un-
til the percentage ratio of the grain surface to the 
total surface area of the model exceeds the user-
specified value. Then, it creates the so-called “par-
tition face”, i.e. the division of the part into sub-
elements in Abaqus. Then, the aggregate material 
is manually assigned to the created circles.

The following parameters were set for the 
script: dmin = 2 mm – minimum grain diam-
eter, dmax = 10 mm – maximum grain diameter, 

Figure 18. Simulations with two aggregate grains of different sizes for dense mesh: (a) crack path 
for aggregate with E = 40 GPa, (b) crack path for aggregate with E = 200 GPa
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minimum distance between grains = 1 mm, 
minimum grain to total area ratio = 0.2. It turned 
out that the distribution obtained using the pro-
grammed script (Figure 19b) is very similar to the 
one proposed by Fuller (Figure 19a). Variable on 
the graph are: d0 – diameter of the current grain, 
pc(d < d0) – number of grains with diameters 
smaller than d0, Pk – the number of all grains.

For the purpose of this simulation, the average 
finite element size was assumed to be 0.3 mm. A 
section of the model mesh is shown in Figure 20. 
In order to save computational time and computer 
power, the grain distribution in the area only on 
a small width along the predicted crack path was 
generated. The rest of the model is filled with ho-
mogenized material.

Simulation results

The fracture simulations of the above pro-
posed model with actual grain distribution were 
performed using own method for predicting the 
direction of crack propagation. Unfortunately, the 
simulation failed. The calculations were inter-
rupted around the second or third passed grain, 
by the inability to find a finite element solution. 
The resulting crack path is unrealistic. The simu-
lation was performed multiple times for different 
random grain distributions, without any apparent 
success. The Figure 21 shows examples of failed 
simulations. Attention should be paid to the very 
complex, almost chaotic stress field, which re-
sults from the many aggregate grains occurring 

Figure 19. Aggregate grain distribution curve in concrete: (a) curve proposed by Fuller, (b) curve obtained 
for simulation purposes

Figure 20. An actual grain distribution: (a) small section of the model, (b) wider view

a) b)
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nearby. The map of maximum principal stresses 
is too complicated to find the minimum of the 
graph of material effort approximation curve. Ad-
ditionally, all the above-mentioned phenomena 
occur here, which made the above simulations 
difficult for one and two aggregate grains: the 
problem of crack branching, the problem related 
to the values of Young’s modulus of the aggre-
gate, the problem of “repulsion” of the crack from 
the aggregate grain in the case of two different 
grains close to each other. The issue of selecting 
the size of the integration point collection area 
relative to the grain size near the crack tip is very 
important here.

Unfortunately, the solution to the problem 
cannot be the reduction of finite element size. In 
the case of such a large number of grains in the 
vicinity of the crack tip, the area of collecting in-
tegration points should not be moved far away, 
while too small an area will cause an even more 
pronounced phenomenon of selecting the wrong 
crack path in the case of branching. 

Another very important problem related to 
reducing the size of finite elements is the compu-
tation time and insufficient computer resources. 
This problem is related to the limitations that the 
Abaqus system gives the user for programming 
subroutines. Reading stresses in the model is 
done by opening each increment the “results” text 
file with data at all integration points in all pre-
vious load increments. This file for large models 
can grow to several gigabytes, and the number of 
increments in the simulation range from hundreds 
to thousands.

Only a twofold reduction in the finite element 
size leads to a fourfold increase in the number 
of elements and a twofold increase in the num-
ber of load increments. This means that the re-
sult file will be 8 times larger. This file will be 
read twice as often, so it can be estimated that 

the calculations will be 16 times longer. Unfor-
tunately, time itself is not the only problem. At a 
certain stage, the computer is unable to save and 
read such large text files. Unfortunately, at the 
stage of writing the subroutine, the user has no 
influence on the results file, so it seems that the 
solution to this problem can only be to create own 
software, on which the programmer can have full 
control. For this reason, the next stage of work 
will be to find a way to determine the correct 
crack line in the model with the real grain dis-
tribution without increasing the number of finite 
elements. The own procedure, as proven in previ-
ous publications, copes very well with predicting 
crack propagation in macro-scale models with a 
very small number of finite elements.

CONCLUSIONS

For the purpose of this paper, own procedure 
for predicting fracture propagation in Abaqus using 
XFEM to simulate the fracture was improved and 
tested. This improvement consisted in adapting the 
algorithm to simulate concrete-like materials with 
modeled aggregate. Several models with one and 
two aggregates were analyzed. The simulations 
performed mostly gave correct results of crack 
paths and allowed to describe many phenomena 
occurring during fracture of such materials.

Unfortunately, it turned out to be impossible 
to simulate the actual distribution of aggregate 
grains in the model due to the very chaotic stress 
field. One of the most important reasons is the 
problem related to the crack branching phenom-
enon, which the XFEM in Abaqus software does 
not allow. Branching is strongly related to mesh 
size or grain size, because the ratio between the 
grain size and the size of the area of collected 
integration points changes. The solution to the 

Figure 21. Examples of failed simulation results
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problem of crack branching may be to force the 
crack to pass very close to the grain, so that the 
crack does not have the opportunity to turn to-
wards the grain (see Figure 9). Unfortunately, the 
XFEM method does not allow for guiding the 
crack exactly between two finite elements but re-
lies on dividing one element. Maybe it is possible 
to force the crack to pass as close as possible to 
the grain edge using an additional weaker layer 
between the mortar and the grain (ITZ layer) with 
a thickness of one finite element.

The material parameters are also a problem 
– the crack passes through the aggregate with a 
low Young’s modulus, but it avoids the aggregate 
with a high Young’s modulus.

In the next stage, a number of improvements 
to the discussed simulations are planned: model-
ing the ITZ layer between the aggregate and the 
concrete, as mentioned above, so that the area of 
collecting integration points can be reduced to 
a minimum. Another idea is to try to transform 
the programmed criterion so that it is not neces-
sary to remove integration points in the aggregate 
(e.g. another way of finding the minimum of the 
material effort diagram). In the case of success-
ful simulations after the introduction of the above 
plans, it is also worth considering: performing 
simulations with a grain shape other than circu-
lar, performing laboratory tests to precisely deter-
mine the material parameters (especially Young’s 
modulus and tensile strength of aggregate and 
cement), performing laboratory tests of the ana-
lyzed simulations to compare the fracture lines, 
performing simulations using other methods for 
comparison (e.g. the Concrete Damage Plasticity 
method in the Abaqus system).

It is also possible that XFEM is completely 
not suitable for simulating the cracking of models 
with aggregate. Despite the unsuccessful simula-
tion of models with modeled real aggregate dis-
tribution, it can be considered that the goal of 
the paper set at the beginning has been achieved. 
Own method of predicting the direction of crack 
propagation can cope with the model with aggre-
gate grain, because the crack line goes around the 
grain. However, this is not the end of the work 
and it is necessary to implement further ideas.
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