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1.
I
n
t
r
o
d
u
c
t
i
o
n

‘
Concrete

is
the

m
o
s
t
widely

used
construction

material
in

the
world.

It
has

a
great

variety
o
f

applications
in

the
field

of
structural

engineering.
A

realistic
description

o
f

the
failure

m
e
c
h
a
n
i
s
m
s

is
very

important
to

ensure
the

safety
o
f
the

concrete
structures

[1]
.
H
o
w
e
v
e
r
,
d
u
e

to
the

highly
n
o
n
—
h
o
m
o
g
e
n
o
u
s

material
with

large
heterogeneities,

failure
m
e
c
h
a
n
i
s
m
s

of

concrete
structures

are
not

well
understood,

especially
under

c
o
m
p
l
e
x

stress
conditions.

Unlike

metal
materials,

there
is

a
nonnegligible

localized
d
a
m
a
g
e
z
o
n
e
m
a
d
e
of

micro-cracks
b
e
t
w
e
e
n

aggregates
or

through
aggregates

around
a
n
d
a
h
e
a
d
of

the
crack

tip
in

concrete-like
materials.

This
localized

d
a
m
a
g
e
z
o
n
e
w
h
i
c
h

is
also

k
n
o
w
n

as
the

fracture
process

z
o
n
e
(
F
P
Z
)

is
d
e
e
m
e
d

to
h
a
v
e
a

direct
relationship

with
the

m
a
c
r
o

fracture
behaviour

of
b
n

1e
materials

including

concrete
a
n
d

rock
[2,3].

M
a
c
r
o
-
c
r
a
c
k
propagation

in
concrete

a
n
d

rock
is

actually
caused

b
y

the
initiation,

micro-crack
coalescence,

a
n
d
d
e
v
e
l
o
p
m
e
n
t
of

the
fracture

process
z
o
n
e

[4].
A
s

a

consequence,
s
o
m
e
fundamental

properties
of

concrete,
including

fracture
energy

and
critical

fracture
toughness

are
affected

b
y

the
evolution

o
f

the
F
P
Z
.
S
o
m
e

researchers
[5,6]

also

concluded
that

the
existence

of
the

F
P
Z

in
front

of
a
g
r
o
w
i
n
g
crack

in
concrete

structure
m
i
g
h
t

be
the

intrinsic
reason

for
the

size
d
e
p
e
n
d
e
n
c
e
of

the
fracture

parameters.

D
u
e

to
the

important
role

o
f
the

F
P
Z

during
fracture

process
in

concrete,
various

m
e
a
s
u
r
e
m
e
n
t

techniques
are

already
e
m
p
l
o
y
e
d

to
track

the
fracture

process
in

concrete
experimentally,

for

example,
the

d
y
e

penetration
m
e
t
h
o
d

[7],
the

scanning
electron

m
i
c
r
o
s
c
o
p
y

m
e
t
h
o
d

[8],

acoustic
emission

(
A
E
)

techniques
[9],

a
n
d

digital
i
m
a
g
e

correction
(
D
I
C
)

m
e
t
h
o
d

[10].

A
l
t
h
o
u
g
h

all
the

experimental
investigations

described
a
b
o
v
e
can

generally
describe

the
shape

a
n
d

size
of

the
fracture

process
zone,

the
limitation

of
the

experimental
technique

itself
as

well

as
the

composite
nature

o
f

the
concrete

material
m
a
k
e
s

it
very

difficult
to

thoroughly

understand
the

detailed
local

behaviour
during

the
evolution

of
fracture

process
in

concrete,

Thus,
various

numerical
m
o
d
e
l
s
w
h
i
c
h
a
i
m

to
delve

the
m
e
c
h
a
n
i
s
m
s
underlying

the
evolution

of
fracture

process
z
o
n
e
have

b
e
e
n
developed

(e.g.
[1

1—1
3]).

Particularly,
Z
h
o
u
and

C
h
e
n

[14]

recently
p
r
o
p
o
s
e
d
a
m
o
d
e
l

in
w
h
i
c
h
a
direct

relationship
b
e
t
w
e
e
n
the

F
P
Z

parameters
a
n
d

the

size-dependent
nominal

strength
is

established
a
n
d
then

the
role

of
the

fracture
process

z
o
n
e

w
a
s
discussed

accordingly.

M
o
d
e
l
l
i
n
g
of

concrete
at

the
mesoscale

w
h
i
c
h

considers
the

concrete
compositions

as
coarse

aggregates,
mortar

matrix
a
n
d
the

interface
transitional

zone
(ITZ)

is
d
e
e
m
e
d

to
be

a
powerful

m
e
a
n
s

for
the

understanding
of

the
physical

processes
underlying

the
macroscopic

strength
a
n
d

failure
behaviour

o
f
the

composite
materials

under
various

loading
conditions

[15].
Generally,

three
types

of
mesoscale

concrete
models,

n
a
m
e
l
y

distinct-element
m
o
d
e
l
(
D
E
M
)
,

lattice-

element
m
o
d
e
l
(
L
E
M
)
a
n
d
finite—element

m
o
d
e
l
(
F
E
M
)
can

be
referenced

in
the

literature.

H
o
w
e
v
e
r
,
a
k
e
y

factor
that

determines
the

extent
to

w
h
i
c
h
the

m
e
s
o
s
c
o
p
i
c

failure
m
e
c
h
a
n
i
s
m
s

m
a
y

be
realistically

represented
is

the
modelling

o
f
fractures.

In
lattice

models,
a
fracture

is

generally
represented

b
y
continuingly

breaking
(removing)

the
lattice

m
e
m
b
e
r
s
(
b
e
a
m
or

truss

elements)
w
h
e
n

a
failure

criterion
is

met.
This

approach
is

suitable
for

crack
opening,

but
it

cannot
a
c
c
o
m
m
o
d
a
t
e
possible

crack
closure

w
h
i
c
h
could

h
a
p
p
e
n
during

the
c
o
m
p
l
e
x
evaluation

of
d
a
m
a
g
e

within
the

bulk
of

concrete,
not

to
m
e
n
t
i
o
n
reversed

loading.
T
h
e

discrete
element

or
particle

m
o
d
e
l
s
possess

inherent
advantages

in
a
c
c
o
m
m
o
d
a
t
i
n
g
crack-induced

discontinuity

[16];
h
o
w
e
v
e
r

its
ability

in
modelling

the
c
o
n
t
i
n
u
u
m
a
n
d

partially
d
a
m
a
g
e
d
phases

o
f
concrete

is
very

m
u
c
h

subject
to

the
equivalent

description
o
f
the

c
o
n
t
i
n
u
u
m

properties
through

point

contacts,
a
n
d
such

equivalent
description

is
difficult

to
generalize

for
different

stress
conditions.

M
e
s
o
s
c
a
l
e
m
o
d
e
l
s

in
a
finite

element
f
r
a
m
e
w
o
r
k
are

clearly
superior

in
representing

the
nature

of
concrete

as
a
n
o
n
—
h
o
m
o
g
e
n
o
u
s
c
o
n
t
i
n
u
u
m

to
start

with.
A
s

in
the

general
F
E

m
o
d
e
l

o
f

concrete
as

a
h
o
m
o
g
e
n
e
o
u
s
m
e
d
i
u
m
,

cracks
m
a
y

be
described

using
either

a
s
m
e
a
r
e
d

or
a

discrete
approach.

Previous
research

has
s
h
o
w
n
s
o
m
e

long—lasting
problems,

such
as

m
e
s
h

size

dependency,
and

limited
deformation

m
o
d
e
s
of

the
standard

c
o
n
t
i
n
u
u
m
elements

in
the

s
m
e
a
r
e
d

crack
approach

w
h
e
n

the
softening

behaviour
is

involved
[17].

M
o
r
e

recently,
a
c
o
n
t
i
n
u
u
m
-

based
mesoscale

concrete
model,

with
e
n
h
a
n
c
e
m
e
n
t
b
y

a
nonlocal

treatment
is

developed
in

[14],
thus

the
evolution

of
the

F
P
Z
during

the
fracture

process
of

notched
concrete

b
e
a
m
s
w
a
s

successfully
captured.

In
order

to
ensure

a
m
e
s
h

independent
result

for
both

global
response

a
n
d

local
fracture

process,
a
non-local

approach
with

a
micro

characteristic
length

R:
w
a
s

introduced
into

the
c
o
n
t
i
n
u
u
m
-
b
a
s
e
d
mesoscale

concrete
model.

H
o
w
e
v
e
r
,

as
it
w
a
s

pointed

out
in

[18],
the

determination
o
f
the

characteristic
length

for
the

mesoscale
concrete

m
o
d
e
l

is

not
straightforward

a
n
d

can
be

case
dependent.

Moreover,
there

are
still

s
o
m
e

inherent

deficiencies
o
f
the

nonlocal
treatment

at
a
mesoscale

level,
such

as
the

b
o
u
n
d
a
r
y
problem,

the

t
i
m
e
-
c
o
n
s
u
m
i
n
g
calculation

process
a
n
d

the
‘blurred’

d
a
m
a
g
e
process

in
terms

of
the

initiation

a
n
d
propagation

o
f
the

fracture
process

zone.
All

of
these

tend
to

render
the

non-local
approach

to
be

of
a

limited
purpose.

A
n
d

non—local
based

approach
performs

m
o
r
e

poorly
in

d
y
n
a
m
i
c

loading
condition

w
h
e
r
e

stress
w
a
v
e

effect
is

involved.
T
o

tackle
these

problems,
a
variety

of

techniques
h
a
v
e
b
e
e
n
developed

for
regularization

a
n
d

tracking
of

cracks.
B
u
t
n
o

universal

m
e
t
h
o
d

is
in

sight
yet

for
solving

a
general

fracture
p
r
o
b
l
e
m

for
concrete-like

materials.



In
contrast

to
the

a
b
o
v
e
c
o
n
t
i
n
u
u
m
d
a
m
a
g
e
-
b
a
s
e
d
technique

to
m
o
d
e
l

fracture
within

a
finite

element
f
r
a
m
e
w
o
r
k
,
the

discrete
approach

can
explicitly

follow
the

initiation
a
n
d
propagation

of
multiple

cracks.
T
h
e

potential
cracks

in
this

approach
are

introduced
via

zero-thickness

interface
elements

e
q
u
i
p
p
e
d
with

a
fracture

based
constitutive

law,
w
h
i
c
h
m
a
y
be

inserted
along

all
the

grid
lines

o
f
the

m
e
s
h
.
T
h
e
s
e

interface
lines

can
branch,

coalesce,
a
n
d
eventually

f
o
r
m

n
e
w

free
surfaces

Understandingly,
because

of
the

high
heterogeneity

o
f
concrete

composites,

the
local

stress
field

within
the

F
P
Z

is
usually

subjected
to

the
m
i
x
e
d
-
m
o
d
e

I-II
stress

conditions
instead

of
pure

m
o
d
e

I
or

pure
m
o
d
e

II
loading

e
v
e
n
u
n
d
e
r

ideal
e
x
t
e
m

load.
In

the

case
of

m
i
x
e
d
-
m
o
d
e

fracture,
the

evolution
o
f
micro-cracks

within
the

F
P
Z

is
affected

b
y
the

combination
o
f
the

tensile
and

shear
stress

conditions.
T
h
e
shear

response
ofmicro-cracks

o
fi
e
n

involves
the

sliding
a
n
d

friction
m
e
c
h
a
n
i
s
m
s
b
e
t
w
e
e
n
the

cracking
surfaces.

É
‘
M
o
s
t

recently,
Z
h
o
u
a
n
d
L
u

[19]
developed

a
robust

mesoscale
fracture

m
o
d
e
l

that
decohesion

a
n
d

friction
can

be
explicitly

m
o
d
e
l
l
e
d

in
the

transaction
z
o
n
e
b
e
t
w
e
e
n
aggregate

a
n
d
mortar

phase
during

the
fracture

process.
T
h
e
m
o
d
e
l
has

s
h
o
w
n

its
advantage

in
modelling

the
micro-

crack
initiation

a
n
d

macro-crack
propagation

during
the

fracture
process

in
concrete-like

materials
u
n
d
e
r
various

c
o
m
p
l
e
x
loading

conditions.
In

the
present

study,
this

m
o
d
e
l

is
further

e
n
h
a
n
c
e
d
b
y
extending

the
cohesive

plus
friction

m
o
d
e
l

into
the

mortar
phase,

since
lots

of

microcracks
can

be
also

observed
f
r
o
m
experimental

evidence.
Therefore,

by
extending

the

cohesive
plus

contact
approaches

used
in

I
T
Z

into
the

mortar
matrix,

the
local

fracture

m
e
c
h
a
n
i
s
m
s

including
cohesion

a
n
d

friction
developed

during
the

failure
process

in
concrete

c
a
n
be

explicitly
simulated.

T
h
e

objective
of

this
w
o
r
k

is
to

contribute
to

the
i
m
p
r
o
v
e
d

understanding
of

local
fracture

processes
b
y
numerically

track
the

evolution
o
f
the

F
P
Z

for
concrete

structures.
Three-point

bending
b
e
a
m
s
with

different
sizes

a
n
d

geometries
w
e
r
e
simulated

using
a
mesoscale

model,

in
w
h
i
c
h
concrete

is
m
o
d
e
l
l
e
d

as
a
r
a
n
d
o
m
heterogeneous

three-phase
material

consisting
of

coarse
aggregate,

mortar
matrix

a
n
d

the
w
e
a
k

interfacial
transition

z
o
n
e

(ITZ).
Here,

the

fracture
process

z
o
n
e

is
naturally

described
by

the
z
o
n
e
c
o
m
p
o
s
e
d

by
microcraeks

w
h
i
c
h

are

b
e
t
w
e
e
n

aggregates
or

through
aggregates

in
the

mesoscale
f
r
a
m
e
w
o
r
k

during
the

fracture

process.
T
h
e
m
a
c
r
o
response

of
stress-strain

curves,
as

well
as

the
shapes

a
n
d

sizes
of

fracture

process
zones

calculated
f
r
o
m
numerical

results
are

verified
against

experimental
observations.

T
h
e

influence
of

the
local

stress
field

a
n
d

friction
effect,

as
well

as
the

s
p
e
c
i
m
e
n

size
o
n

the

evolution
of

fracture
process

z
o
n
e
w
a
s

identified
a
n
d

discussed
accordingly,

T
h
e

remaining

paper
is

organised
as

follows.
In

Section
2,

a
holistic

2
D

mesoscale
m
o
d
e
l

is
developed

in

w
h
i
c
h
cohesive

elements
a
n
d

friction
effect

are
incorporated

to
a
c
c
o
m
m
o
d
a
t
e
the

initiation
a
n
d

evolution
of

the
fracture

process
T
h
e
numerical

m
o
d
e
l
setup

with
parameters

investigation
a
n
d

m
o
d
e
l

verification
are

given
in

Section
3.

In
Section

4,
the

evolution
of

the
fracture

process

zone
a
n
d

the
size

effect
o
n

the
fracture

process
z
o
n
e

are
investigated

and
discussed

based
o
n

the
numerical

results.
Finally,

concluding
remarks

are
presented

in
Section

5.

2.
N
u
m
e
r
i
c
a
l
a
p
p
r
o
a
c
h

2.1
M
e
s
o
-
s
t
r
u
c
t
u
r
e
g
e
n
e
r
a
t
i
o
n

Several
studies

o
n

the
generation

of
r
a
n
d
o
m

meso—structure
in

concrete
s
p
e
c
i
m
e
n
both

in
2
D

a
n
d
3
D

can
be

f
o
u
n
d

in
the

existing
literatures

[15,19,20].
Previous

studies
[14,19,21]

have

indicated
that

as
far

as
attention

o
n

the
evolution

o
f
fracture

process
z
o
n
e

is
mainly

focused,
a

2
D

mesoscale
concrete

m
o
d
e
l

is
sufficient

Therefore,
w
e

shall
c
o
n
fi
n
e

ourselves
to

a
2
D

mesoscale
m
o
d
e
l

for
the

present
investigation

o
n

the
fracture

process
of

concrete
using

a

cohesion
plus

contact
interface

approach.
T
h
e
mesoscale

structure
of

concrete
is

represented

b
y
a
stochastic

distribution
of

aggregates
e
m
b
e
d
d
e
d

in
the

mortar
matrix.

T
h
e

aggregates
are

m
o
d
e
l
l
e
d
b
y
r
a
n
d
o
m
p
o
l
y
g
o
n

particles,
a
n
d
the

nominal
size

of
the

individual
aggregates

o
b
e
y
s

a
given

grading
curve.

T
h
e
generation

o
f
the

mesoscale
g
e
o
m
e
t
r
y
follows

a
c
o
m
m
o
n
l
y
adopted

take-and-place
procedure

[22],
satisfying

non—overlapping
and

m
i
n
i
m
u
m

g
a
p

requirements.

T
h
e

procedure
is
p
r
o
g
r
a
m
m
e
d

using
Matlab.

T
h
e

density
o
f
the

aggregates
can

be
controlled

b
y

specifying
a
v
o
l
u
m
e

ratio.
T
h
e

detail
procedure

a
n
d

steps
for

developing
such

a
2
D

mesoscale
concrete

m
o
d
e
l

is
provided

in
[22].

A
fl
e
r

generation
of

the
m
e
s
o
s
c
o
p
i
c

geometric
structure,

A
N
S
Y
S

pre-processor
is

used
to

perform
the

FE-meshing.
Triangular

elements
are

used
for

better
tracking

the
crack

propagation

path
according

to
[21].

A
t

this
stage,

only
t
w
o

c
o
m
p
o
n
e
n
t
s
,

i.e.
aggregate

a
n
d

mortar
are

modelled.
T
h
e
m
e
s
h
e
d
elements

for
aggregate

a
n
d
mortar

c
o
m
p
o
n
e
n
t
s

are
s
h
o
w
n

in
Figure

1.


