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Abstract. Compressive ability is one of the most important mechanical properties of concrete material .The compressive
failure process of concrete is pretty complex with internal tension, shear damage and friction between cracks. To simulate the
complex fracture process of concrete at meso level, methodology for meso-structural analysis of concrete specimens is
developed; the zero thickness cohesive elements are pre-inserted to simulate the crack initiation and propagation; the constitutive
applied in cohesive element is established to describe the mechanism of crack separation, closure and friction behavior between
the fracture surfaces. A series of simulations were carried out based on the model proposed in this paper. The results reproduced
the main fracture and mechanical feature of concrete under compression condition. The effect of key material parameters,
structure size, and aggregate content on the concrete fracture pattern and loading carrying capacities was investigated. It is found
that the inner friction coefficient has a significant influence on the compression character of concrete, the compression strength
raises linearly with the increase of the inner friction coefficient, and the fracture pattern is sensitive to the mesostructure of
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concrete.
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1. Introduction

Concrete is a composite material consisting of
aggregates, cement matrix and interface transition zone
(ITZ). The macro mechanical behavior of concrete is
determined by its mesoscopic components. Therefore,
researches about concrete mutil-scale simulation have been

widely carried out to reveal the meso, macro-scale
mechanism of concrete.
In the traditional concrete simulation studies,

researchers mainly used the continuum solid elements
(Mohamed and Will 1999, Wriggers and Moftah 2006,
Zhang et al. 2015) or lattice elements (Van Mier et al. 2002,
Lilliu and Van Mier 2003, Grassl et al. 2012) to discretize
the components (aggregates, mortar, 1TZ) of concrete, crack
initiation and propagation of concrete were represented
using the deletion of failure elements (Shen et al. 2015,
Chen et al. 2015) or remeshing at the crack tip (Wang et al.
2000). Other new methods such as Meso element equivalent
method (MEEM) (Jin et al. 2012, Du et al. 20133, b), by
averaging the material properties of each component in the
element, was used to simulate the macroscopic mechanical
character of concrete without representing the expansion of
cracks. Other methods such as extended finite element
method (XFEM), using the improved shape function to
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avoid elements remeshing or deletion when crack
propagation occur, was used to analyze the fracture
character of concrete lately (Roth et al. 2015). Also, the
discrete element method (DEM) was adopted to simulate
the fracture process (Haeri and Sarfarazi 2016, Rangari et
al. 2018, Haeri et al. 2018, Nguyen et al. 2019) by using the
separated elements (such as particle flow) to discrete the
concrete mesostructure.

Recently, with the invention of the cohesive element,
some researchers used this element to simulate cracking and
separation of concrete (Caballero et al. 2006, Lépez et al.
2008a, b, Ooi and Yang 2011, Snozzi et al. 2011, Li and
Chen 2017). The cohesive element is a transitional element
between solid elements, its geometry thickness can be set to
any non-negative value including zero. So cohesive element
can characterize the ITZ and potential cracks in concrete.
There are only normal stress and shear stress existing in the
cohesive element which make the element be suitable for
describing the mechanical behavior of concrete cracks.
Recently, researches (Yang et al. 2009, Wang et al. 2015,
Wang et al. 2016) show that the element size of concrete
structure with cohesive elements has little effect on fracture
pattern and macro mechanical response of concrete, so the
cohesive element could adapt to various sizes of concrete
structures. Current researches about cohesive element
mainly focus on the tensile and shear fracture characteristic
of concrete. However, the compression fracture
characteristic is also an important mechanical indicator for
concrete. The fracture mode and mechanical behavior under
compression condition is more complex in contrast to one
under tensile and shear condition, especially the interaction
force between the cracks (normal compression stress, shear
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Table 1 The size distribution of aggregates in experiment
done by Van Vliet and Van Mier (1996)

Grain size (mm)

Unit content (kg/m®)  Volume content (%)

8~4 540 19.29
4~2 363 12.91
2~1 272 9.71
1~05 272 9.71
0.5~0.25 234 8.35

stress, and friction stress when cracks closed) has a
significant effect on compression characteristic.

Many numerical methods have been presented to
investigate the fracture behavior of concrete mesostructure
under compression condition, including the tradition FEM
model with the application of concrete damage plastic
model (Shen et al. 2015, Jin et al. 2019), the lattice model
with the constitutive considering the tensile and
compression fracture (Guan et al. 2018, Karaveli¢ et al.
2019). However, these two methods all used the macro
tensile and compression constitutive to characterize the
fracture behavior of the concrete meso structure, without
considering the effects of shear damage and friction. In
addition, the DEM method was also used to simulate the
fracture behavior of concrete meso-structure under
compression condition (Rangari et al. 2018, Nguyen et al.
2019). The DEM method could roughly reproduced the
failure process of concrete, but this method has a difficulty
to quantitatively analyze the opening degree and dislocation
of cracks.

In this paper, we present a humerical model to analyze
the complex fracture characteristic of concrete. In this
model, pre-inserted zero thickness cohesive elements were
adopted to generate the concrete meso-structure, and a
constitutive governing the cohesive element was established
to describe the normal/shear stress and the friction inside
the fracture surfaces. The proposed model was solved in
ABAQUS with subroutine VUMAT. The simulation results
were comprehensively analyzed to investigate the influence
of key parameters, which may help improving design of
concrete structures.

2. Numerical model
2.1 Generation of concrete mesostructure

A random polygon aggregates generation algorithm
including polygon generation and aggregates overlap check
was adopted in this paper based on the work done by Gao
and Liu (2003), Du and Sun (2007). The central idea of
algorithm is to generate random aggregates in a repeated
manner, until the target area of aggregates is achieved.

The aggregates size distribution in the work done by
Van Vliet and Van Mier (1996) is adopted in this paper.
Assuming the density of aggregate is 2800 kg/m®, the size
distribution is listed in Table 1. For simplicity, only coarse
aggregates larger than 2 mm are considered in this study.
The typical numerical model of concrete mesostructure is
shown as in Fig. 1.
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Fig. 1 Typical numerical model of concrete mesostructure
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Fig. 2 Insertion of cohesive elements

2.1 Insertion of cohesive elements

After the numerical model being meshed by solid
element, the zero thickness cohesive interface elements
(CIEs or cohesive element) with 4 nodes are inserted into
the interfaces between the solid elements. The cohesive
elements are adopted to represent the ITZ and potential
cracks. The inserting method of cohesive elements can be
mainly performed by following three steps:

Stepl: Separate the solid elements and renumber the
nodes in all elements;

Step2: Insert the cohesive elements between the solid
elements;

Step3: Classify the cohesive elements based on the type
of solid elements on each side of the cohesive element.

There are three kinds of CIE in the model: CIE-AGG as
the CIEs inside the aggregates, CIE-MOR as the potential
cracks inside the mortar, CIE-ITZ as the interfaces between
the aggregates and mortar. The process of the insertion of
CIEs is shown in Fig. 2.

3. Constitutive behavior of cohesive element

The constitutive used in cohesive elements is
represented by the relation between the traction and
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Fig. 3 Bilinear damage model

displacement. The traction containing normal stress t, and
shear stress t;, and displacements containing normal
displacement &, and tangential displacement J,. There are
two phases in the traction-displacement relation: (1) elastic
phase, in which phase no damage occurred, and the traction
increase linearly with the increase of displacement. (2) non-
linear phase, the traction gradually decrease with the
increase of displacement until the cohesive element
completely losses the carrying capacity.

In elastic phase, the relation between traction and
displacement can be expressed as

I

n.dn’
3.5

S

@

I
=~

tn
tS
Where Kk, k. is the initial normal/shear stiffness, the value

of k,, k, must be set in a reasonable range. The value of

initial stiffness used in this paper is equal to 10° MPa/mm
according to the work done by Lopez et al. (2008).

Assuming there are only two kinds of damage modes in
non-linear phase: tensile damage mode in normal direction
and shear damage mode in tangential direction, the damage
initiates when the following condition is met

) >

Where <> is the Macaulay bracket.

The bilinear damage model is adopted to express the
relation between the traction and displacements in the non-
linear phase as shown in Fig. 3.

The normal and tangential initial damage displacements
dno, 5o Can be calculated through

—
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The area under the curve in Fig. 3 stands for the
normal/tangential fracture energy G,/Gs, according to

geometric relationship. The normal/tangential failure
displacement d,¢/d can be expressed as
2G, 2G,

5nf = t ! 5sf :T (4)

no s0

When damage initiates, the displacements meet the
square law similar to Eq. (2), assuming the displacements
follow the same law when element is completely failure, the
initial damage surface and failure surface which are

8
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Fig. 4 Damage surfaces for the cohesive element

illustrated in Fig. 4 can be expressed as
2 2
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(failure surface)
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As shown in Fig. 4, the point B (0nmax: Osmax) IS the
historic ~ maximum  displacement  point, where

5, 2+6,.2 is the historic maximum displacement

during the loading process, and d,max (Jsmax) 1S the normal
(tangential) component of the historic maximum
displacement. The point A (Jn1, Js1) is the relative initial
damage displacement point, which is obtained by finding
the intersection point of vector OB and initial damage
surface. The point C (dna, Js2) iS the relative failure
displacement point, which is the intersection point of vector
OB and the failure surface. The components of the point A
and C can be calculated according to the geometric
relationship in Fig. 4
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So the relative displacement can be calculated by

5max:\j 5n,max2 +5s,max2 !
8, =82 +0.7 ™
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Fig. 6 The composition of total shear displacement

Where dnmax is the historic maximum displacement during
the loading process, dq is the initial relative initial damage
displacement, o is the relative failure displacement.
According to the bilinear damage model, the definition
of the damage factor D could be express as
(5 _50)5f

max

" 61 —8)m ®)

So the normal/tangential stiffness during loading can be
calculated according to

‘- (1-D)k, ¢&,>0
"k 5,<0 9)

k, = (L- D)k,

The total shear stress during loading is composed of the
shear stress in undamaged area and the frictional stress in
damaged area as shown in Fig. 5. Especially, frictional
stress only exist under the compression condition.

According to the friction law, the frictional stress in
damaged area is equal to the shear stress caused by shear
deformation J,qe before the shear stress reaching the
maximal frictional stress zma.x, Which means the damaged
area can be considered as undamaged in this case. The
maximal frictional stress 7., can be obtain with the
coefficient of internal friction f

Toax =T o(~t,)=f ok o(-5,) (10)

max

The frictional stress in damaged area is equal t0 7y if
the shear stress caused by shear deformation is greater than
Tmax, and the relative slip J; i, occurs in this condition. So
the total shear displacement Js in damaged area is composed
of deformation displacement Js 4 Which cause the friction
stress and Jsgip as in Fig. 6.

The frictional stress Tqin damaged area can be calculated
according to

5/
s,def I, ’
z-max ’ Tmax < ks b 5s,def
Tf = §s,def (11)
L ' L ’
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(a) The concrete specimen under uniaxial compression

(b) The mesh of typical numerical sample
Fig. 7 Numerical model tests

Where ., is the shear deformation, which can be
obtained with d; and Jsgip (N0t updated):

5's,def = 53 - 5s,slip (12)

The relative slip dsqip, should be updated after the
calculation of T; according to the geometric relationship in
Fig. 6

Sy =0, — D2 (7 <K e
k

s;slip = Ys max —

’
5s,def

) (13)

The traction is composed of the stress in the damaged
area and undamaged area, so the normal stress t, and the
tangential stress t; can be calculated according to

tn = kn§n
t, =k, +DeT, (14)

4. Results and analysis

Uniaxial compression tests of 100 mmx100 mm
numerical specimens were modelled in this study (Fig.
7(a)). All the models were placed between two rigid plates,
the plate below the specimen was fixed and the plate above
was subjected to a uniform displacement loading. Friction
exists between the surface of the concrete and the rigid
plate, the friction coefficient of the interface of the
concrete and the plate under low friction condition (LF
condition) is 0.001 and the one under high friction condition
(HF condition) is 0.25. All tests were ended as a
displacement d=1 mm (¢=0.01).

Triangular solid elements of aggregates and mortar were
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assumed with linear behavior. The constitutive presented in
this study were used in the cohesive elements. As the
weakest region (without considering the pores and initial
cracks) in concrete, the mechanical properties of the ITZ are
very important to this study. Due to the difficulty to
determine the local mechanical of the ITZ with the existing
measurement techniques (Scrivener et al. 2004, Mondal et
al. 2009), the researchers mainly adopted empirical material
parameters to characterize the mechanical behavior of the
ITZ (Setiawan et al. 2017, Yu et al. 2018, Pan et al. 2018,
Zhang et al. 2018). In terms of mechanical properties, 1TZ
is normally considered as a weakened mortar. According to
the existing researches (Lépez et al. 2008a, b, Kim and Al-
Rub 2011, Nitka and Tejchman 2015, Shen et al. 2015,
Wang et al. 2016, Peng et al. 2019), the ratio of material
parameters between ITZ and mortar is normally be set as
0.5~0.8. According to the work done (Lépez et al.2008a, b,
Wang et al. 2016) with the similar model, the ratio adopted
in this paper is 0.5.

Based on the similar research works (Lopez et al. 2008a,
b, Wang et al. 2016) and repeated trial calculations, the
material parameters used in this study are: E=60 GPa
(aggregate), E=25 GPa (mortar) and v=0.2(both) for solid

elements; k_ =k, =10° MPa/m, t,;=1.5 MPa, t,=5.25 MPa,
G,=40 N/m, Gg=10 G, f=0.45 for the cohesive elements of
the 1TZ; k, =k, =10° MPa/m, t,c=3 MPa, t,=10.5 MPa,
G,=80 N/m, G=10 G, for the mortar-mortar cohesive
elements; for the aggregate-aggregate cohesive elements,
the linear elastic behavior were used: k_ =k_ =10° MPa/m.
A series of simulations were conducted to investigate
the effects of key parameters on the statistical response of
numerical specimens. The numerical specimens using the
polygon aggregates with P,g=32% as mentioned in Table.1.
For each group of tests, 5 samples were modelled and
analysed to reduce the accident error. The typical numerical
sample and its mesh with average element size=1 mm is
shown in Fig. 7(b). All numerical samples were calculated
using ABAQUS/Explicit solver with user subroutine
VUMAT based on the constitutive presented in this study.

4.1 Typical compression failure behavior of concrete

The basic results obtained are shown in Figs. 8-10. In
Fig. 8, the resulting average stress-strain curve under LF
condition and HF condition is depicted, together with
experimental results of Van Vliet and Van Mier (1996). The
detailed of crack evolution at various loading stages under
LF condition (marks A, B, C in Fig. 8) and under HF
condition (marks D, E, F in Fig. 8) are represented in Figs.
9-10. The cracks in those plots are marked in red, and the
final deformed shape of the model are shown in Fig. 9(d)
and Fig. 10(d).

The stress-strain curve under LF and HF condition (Fig.
8) is similar to the experimental one, with a sharp initial
post-peak drop and a long horizontal tail under LF
condition, and a gentle post-peak descending segment under
HF condition.

The stress-strain curve under LF and HF condition (Fig.
8) is similar to the experimental one, with a sharp initial
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60 | ®  Experimental curve HF
D Numerical mean curve LF
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Fig. 8 Average stress-strain curve under compression
condition

¢

(a) Loading stége A'in Fig. 8 (b) Loading stége B in Fig. 8

Fig. 9 typical fracture process of concrete under LF
condition

post-peak drop and a long horizontal tail under LF
condition, and a gentle post-peak descending segment under
HF condition.

As shown in Fig. 9, micro cracks started developing by
ripping through the loading surfaces (top and bottom
surface) and ITZ. The cracks and the loading direction form
a slight angle. The micro cracks were continually opening
and getting separated during the loading process. At final
stage, the main crack eventually cut through the middle
part, two sides of specimen perpendicular to the loading
direction. The loading surfaces finally were cut through by
several cracks.

Fig. 10 shows how micro cracks initiated and developed
under HF condition. Unlike LF condition, micro cracks
started from left and right sides of specimen. The loading
surfaces were relatively complete during the fracture
process, and the crack opening degree was smaller than the
one under LF condition due to the limiting friction effect of
the loading surfaces.
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(a) Loading stage D in Fig. 8 (b) Loadlng stage E in Fig. 8

(c) Loading stage F in Fig. 8 (d) Flnal deformed shape

Fig. 10 Typical fracture process of concrete under HF
condition
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Fig. 11 The influence of tensile strength on the compression
mechanical behavior

4.2 Influence of tensile and shear strength

To investigate the influence of the tensile strength t,g
and shear strength t, a series of numerical samples were
analyzed with different tensile strength (1.5 MPa, 2.25
MPa, 3.0 MPa) and shear strength (5.25 MPa, 7.88 MPa,
10.5 MPa) respectively. The effect of tensile strength t,, of
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(b) Average stress-strain curve (Mortar)

Fig. 12 The influence of shear strength on the compression
mechanical behavior

ITZ and mortar-mortar interfaces were shown in Fig. 11. It
can be seen that the compression mechanical behavior of
concrete is hardly affected by the tensile strength, and the
tensile strength of the mortar-mortar interfaces has a larger
effect than the one of the ITZ on the compression
mechanical behavior of concrete. This is because the load
capacity of concrete under compression condition is mainly
depended on the shear strength and friction of concrete.

The effect of the shear strength ty of ITZ and mortar-
mortar interfaces were shown in Fig. 12. It can be seen that
the load capacity of concrete under compression condition
is sensitive to the shear strength. Like the tensile strength,
the load capacity is more sensitive to the shear strength of
mortar-mortar interfaces than the one of ITZ. It indicates
that the mechanical behavior of concrete under compression
condition is mainly determined by the mechanical behavior
of mortar.

4.3 Influence of inner friction coefficient

The influence of the inner friction coefficient f was
investigated by analysing the samples with different f (0.25,
0.35, 0.45, and 0.55) under LF condition. The micro cracks
distribution of different f at final stage are shown in Fig. 13.
It can be seen that the numbers of micro cracks decreases
with the increase of the inner friction coefficient f. It means
that micro cracks of concrete are easier to develop with the
lower f wunder compression condition, because the
constraints caused by inner friction become smaller.

It is noteworthy that the inner friction coefficient f
basically has no effect on the tensile strength of samples.
Fig. 15(a) compares the stress-strain curve for 4 different f.
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(c) =0.45

(d) f=0.55

Fig. 13 The concrete fracture pattern of different f under LF
condition
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Fig. 14 The influence of f on compression mechanical

It can be seen that the tensile strength remains unchanged
with the increasing of f in Fig. 15(b). This is because the
stress between the cracks under tensile condition is mainly
tensile and shear stress. So the friction is basically non-
existent between the cracks without the compression stress.
Fig. 16 shows the typical crack pattern of samples under the
tensile condition: the main crack run through the sample
perpendicular to the loading direction.
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Inner Friction Factor

(b) Average peak stress
Fig. 15 The influence of f on tensile mechanical behavior

Fig. 16 Typical tensile fracture pattern of concrete

4.4 Influence of specimen size

Simulations under LF condition and HF condition with
three different specimen size from 100 mmx100 mm to 200
mmx200 mm were carried out, all simulations were ended
in £¢=0.01 for analysis. Fig. 17 shows the numerical samples
with three different size.

The typical fracture patterns of three different cubic size
under LF condition are shown in Fig. 18. The fracture
patterns are similar to the one in Fig. 9 with micro cracks all
ripping through the loading surfaces, middle part and
left/right sides of specimens, but the number of cracks
increases with the increasing of cubic size. Fig. 19 shows
the stress-strain curves of different cubic size. It can be seen
that the compression strength and pre/post peak behavior
are similar. It means that the cubic size influences the
concrete fracture pattern but basically has no effect on the
compression mechanical behavior of concrete under LF
condition.

Fig. 20 shows the typical fracture patterns under HF
condition: unlike LF condition, the cracks mainly happened
at the left/right side of specimens due to the friction
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100mm

150mm

200mm

Fig. 17 Numerical samples with three different size

(c) Size 200x200 mm

Fig. 18 The concrete fracture pattern of different size under
LF condition

40

—=—Size 100mmx100mm|
—e— Size 150mmx150mm|
—+— Size 200mmx200mm)

Fig. 19 Average stress-strain curve of different size under
LF condition

constraint of the loading surfaces. The number of cracks
and cracks open degree increase with the increase of
specimen size. The stress-strain curves under HF condition
are shown in Fig. 21. The strength of small size is higher
than the one with larger size, and the peak strain increases
with the decreasing of specimen size. This is because the

(c) Size 200x200 mm
Fig. 20 The concrete fracture pattern of different size under

HF condition
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Fig. 21 Average stress-strain curve of different size under
HF condition

loading surfaces with larger specimen size has smaller
constraint effect on the cracks development of specimen.

4.5 Influence of aggregate volume fraction

The influence of aggregate volume fraction P,y oOnN
compression behavior is investigated by analyzing the
samples with different P,gq from 22% to 42%. The final
fracture patterns of specimens with different P,y under LF
and HF condition are compared in Fig. 22. It clearly shows
that, as aggregate volume fraction increased, the number of
micro cracks increases under LF and HF condition. This is
because the region of ITZ increases with the increase of
Pagg » @nd it makes the cracks easier to develop by passing
through ITZ.

Fig. 23 depicts the average stress-strain curves, the
results shows that as P,y increased, the compression
strength and peak strain decreases slightly, but post peak
drop become flatter. It is because the higher P,y makes
more region of ITZ with lower tensile/shear capacity, which
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(d) Pagg=22% (HF condition)
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Fig. 23 Average stress-strain curve of different P,y

cause the decrease of cohesive in the concrete.

5. Conclusions

Numerical models of concrete with random polygon
aggregate and constitutive relation governing the cohesive
element have been developed in this study. The fracture
process was simulated by ABAQUS with subroutine vumat.

() Pagg=32% (HF condition)

(f) Pagg=42% (HF condition)
Fig. 22 The concrete fracture pattern of different P

The influences of key parameters on concrete compression
mechanical characteristic are analyzed. The main
conclusion are:

(1) The friction between the concrete surface and

loading plate has a significant influence on the

compression character and fracture pattern of concrete.

So it is important to consider the surface friction effect

when analyzing the compression problem.

(2) Concrete compression bearing capacity is highly

sensitive to the shear strength (ITZ and mortar-mortar

interfaces) and inner friction coefficient. The strength of
mortar-mortar interfaces has a larger effect on concrete
compression mechanical behavior than the one of ITZ.

Furthermore, there is a linear relationship between

compression strength and inner friction coefficient

under LF condition.

(3) Compared with the surficial friction effect and

material parameters, the mesostructure of concrete

(cubic size, aggregate content) has a small influence on

the compressive strength of concrete. However, the

fracture pattern is sensitive to the mesostructure.

In this study, a 2D model with the modified constitutive
has been applied in the simulation of concrete fracture
process under compressive condition. Although the fracture
pattern and mechanical behavior obtained shows
reasonable, the 2D model still remains limited to solve the
planar problem. The further study via 3D model is required
and ongoing to solve the more complex problems such as
the multiaxial compression problem.
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