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Abstract

This study presented a meso-model for the fracture analysis of the reinforced concrete (RC) structure. A modeling

method of RC meso-structure was proposed, and the rebars were allowed to separate from the concrete. The model
was built using the cohesive zone model (CZM). The zero-thickness cohesive elements were adopted to character-
ize the mechanical behavior of potential fracture surfaces and rebar—concrete interfaces. The constitutive model for
concrete was developed by considering the damage relation and friction effect, and the corresponding constitutive
for the rebar-concrete interface (especially ribbed rebar) was developed by considering the influence of normal
separation on the tangential bond-slip relation. To validate the proposed meso-model, a series of ribbed RC beams
with an initial notch was designed and tested by four-point bending loading to obtain different fracture patterns.
Through comparison, the developed RC meso-model was validated to simulate the RC structure’s fracture behavior
appropriately. The influence of the rebar-concrete interface constitutive model on the simulation results was inves-
tigated. The investigation results indicate that neglecting normal separation would result in an overestimation of the
structure’s stiffness and bearing capacity (the peak load was overestimated by more than 10%). Finally, an analysis was
conducted on the energy consumption during the failure process of the RC beams. It was found that the proportion
of energy consumption during tensile failure of the beam decreased from approximately 86% to 89% in the early
stage to approximately 43% to 52% in the later stage, indicating a transition in the beam’s failure mode from tensile

failure to shear failure.

Keywords Mesoscale, Ribbed RC beam, Cohesive element, Crack propagation, Energy analysis

1 Introduction

Reinforced concrete is one of the world’s most widely
used building materials due to its high tensile and com-
pressive strength, low cost, and convenient construction.
To better design reinforced concrete structures, many
relevant studies have been carried out in recent years
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(Deng et al,, 2020; Fan et al., 2022; Jeong et al., 2017; Li &
Wu, 2018; Murthy et al., 2018).

To investigate the fracture behavior of reinforced
concrete structure at a mesoscopic scale, a mature and
effective numerical concrete meso-model should be
established first, which can characterize the configura-
tion, including aggregates, cement matrix, and interface
transition zone (ITZ). Two methods were developed to
rebuild the concrete structure at a mesoscopic scale for
studying the fracture behavior and mechanical proper-
ties. One is to generate aggregates/pores by throwing
polygons randomly (Huang & Hu, 2019; Naderi & Zhang,
2021; Shen et al, 2015), and the other is to restruc-
ture internal components of concrete by tomography
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(Bernachy-Barbe & Bary, 2019; Yang et al., 2017). In addi-
tion, many numerical methods have been presented to
analyze the rebuilt concrete model, including the tradi-
tional finite element method (FEM) adopting continuing
solid elements (Liu et al., 2019; Pedersen et al., 2013; Shen
et al, 2015) or lattice elements (Grassl, 2022; Karaveli¢
et al,, 2019; Sun et al., 2020), the extended finite element
method (XFEM) (Chaudhuri, 2013; Chen et al., 2020;
Roth et al., 2015; Xia et al., 2021), and the cohesive zone
model (CZM) based on the application of the coherent
element(De Maio et al.,, 2022; Huang & Hu, 2019; Huang
et al,, 2022; Lépez et al., 2008a, 2008b; Wang et al., 2015).
Especially the CZM method is one of the most advanta-
geous numerical methods to simulate interfacial mechan-
ical behavior.

Another critical aspect of simulating reinforced con-
crete is the bond model between the concrete and rebars.
Previous works have presented the bond-slip models
at three scales (Cox & Herrmann, 1998): (a) rib scale, in
which scale the geometry of the bar’s surface is consid-
ered explicitly (Jin et al., 2020; Liu et al., 2022). However,
this model was rarely used due to the huge mesh quantity
and difficulty simulating the large slip. (b) Bar scale, the
mechanical interaction of the ribs is homogenized as an
interface phenomenon (Li & Wu, 2018; Syroka-Korol &
Tejchman, 2014; Syroka-Korol et al., 2014). (c) Member
scale, a discrete, embedded, or smeared model, is usually
used to describe the reinforcement in this scale. Due to
the high efficiency of the computation, the member-scale
model was widely used in previous research (Du et al.,
2013; Murthy et al.,, 2018; Ooi & Yang, 2011). However,
due to the bond—slip relation of the rebar—concrete inter-
face being ignored in the member-scale model, the calcu-
lation accuracy is hard to control in some conditions.

In this paper, an RC meso-model was proposed based
on the CZM. The zero-thickness cohesive elements were
used to represent the ITZ, potential fracture surfaces,
and the rebar—concrete interface. The corresponding
constitutive models were developed to characterize the
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propagation of concrete cracks and the bond-slip rela-
tion of the rebar—concrete interface. Four-point bending
(FPB) experiments were designed and carried out to vali-
date the proposed meso-model. Finally, the influence of
the rebar—concrete interfacial constitutive model on the
simulation result was also investigated.

2 Meso-modelling of the RC Structure

In the simulation of RC structures, two aspects should
be concerned: the fracture of concrete and the bond—slip
behavior of the rebar—concrete interface. In this study, a
two-dimension (2D) meso-model was proposed by con-
sidering these two critical aspects.

2.1 Meso-modelling of Concrete

The generation method in the previous work (Huang &
Hu, 2019; Shen et al., 2015) was adopted to build up the
concrete meso-structure. As shown in Fig. 1, the con-
crete meso-model consists of mortar, aggregate, ITZ, and
potential fracture surfaces. The mortar and aggregate
are represented by solid elements (triangular element in
this study), and zero-thickness cohesive elements rep-
resent I'TZ and potential fracture surfaces. Based on the
concrete meso-model, the area where the rebars embed
is pre-marked for the insertion of rebars and the corre-
sponding concrete—rebar interface, as shown in Fig. 1a.

2.2 Modelling of Rebars and Rebar-Concrete Interfaces
Fig. 2 shows the modeling of the rebars and rebar—con-
crete interfaces. Based on the generated concrete meso-
model, the rebars were generated by copying the node
and element information of the pre-marked area in con-
crete. Besides, the rebars were connected with concrete
by zero-thickness cohesive elements, which were used to
characterize the traction—separation and bond-slip rela-
tions of the rebar—concrete interfaces.

In summary, the steps to build up the RC meso-model
can be given as follows:

A Mortar
L A Aggregate

Potential fracture surface

/@ Mortar |
—v-zl Aggregate !

Solid elements -

Zero-thickness
cohesive elements

(b)

Fig. 1 Meso-model of concrete a consists of concrete meso-model b elements of the meso-model
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Fig. 2 Modelling of rebars and rebar-concrete interfaces

Build up a continuum concrete FE
meso-model and mesh

‘ Mark the area where the rebars embedded

Split continuous elements
and renumber the nodes

Copy the elements and nodes

l

information of the marked area

Insert cohesive elements at
the interfaces of each element

Renumber these elements’ information
and define them as the rebars

Generate the rebars and
| rebar-concrete interfaces

Group each element according

interfaces of rebars and concrete

—

‘ Insert cohesive elements at the ‘

Fig. 3 Flowchart for generating the mesoscale RC model

Step 1: Generate the concrete meso-model, and pre-
mark the area where the rebars are embedded.

Step 2: Generate the rebars by copying the mesh
information of the area pre-marked in step 1.

Step 3: Generate the rebar—concrete interface (cohe-
sive elements) according to the rebars and concrete
mesh information.

The brief flowchart for generating the mesoscale rein-
forced concrete (RC) model is presented in Fig. 3.

Finally, the element composition of the RC meso-
model is shown in Fig. 4. The solid elements were used
to simulate the mortar, aggregate, and rebars. The zero-
thickness cohesive elements were used to simulate the
potential fracture surfaces and rebar—concrete inter-
faces. Especially the cohesive elements were divided
into four kinds according to the objects they simulate:
(1) CE_MOR for the potential fracture surfaces of mor-
tar; (2) CE_ITZ for the ITZ between aggregate and
mortar; (3) CE_AGG for the potential fracture surfaces
of aggregate; (4) CE_BOND for the rebar—concrete
interface.
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Fig. 4 Element composition of the RC meso-model

2.3 Constitutive Model of Different Components
2.3.1 Constitutive Model of Concrete Potential Fracture
Surfaces

(1) Mixed-mode damage relation

The constitutive model of concrete potential fracture
surfaces combined the mixed-mode damage relation and
friction effect. The bilinear damage relation was adopted
(Huang & Hu, 2019), as shown in Fig. 5, and the damage
relation in single-mode condition can be expressed as
follows:
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ty = (1 —D)kyby 6uo <8y < Bpne, ts= (1 — D)kgbs 850 < 185] < bgf » (1)
0 Sn > Onf 0 |8s| > Bt

where ¢, is the normal stress; £ is the shear stress; &, and
ks are the normal and tangential initial stiffness, respec-
tively; &, and & are the normal and tangential displace-
ment, respectively; 8,0 is the normal damage initial
displacement; Snf is the normal failure displacement; 8o
is the tangential damage initial displacement; 3y is the
tangential failure displacement. D is the damage factor,
which can be calculated in the single-mode condition:

D= (6n — 8n0)5nf
((Snf — 810)8n

(2)
8s| — 850) s
= (||70)f (Tangential direction).
(85f — 850) 1651

(Normal direction),

In the mixed-mode condition, the quadric criterion was
adopted to define the initiation of the damage process:

2 2
t, L,
<n> + <S> - 1, (3)
tno Zs0
where £, is the tensile strength; £y is the shear strength.
The energy consumption in the mixed mode is assumed
to follow the PL criterion, which can be given as follows:
G, Gi
—+ =1, 4
G, TG, (4)
where G, and G; are the fracture energy in the normal
direction and tangential direction, respectively, which is
the area under the curve in Fig. 4; G}, and G are the nor-
mal and tangential energy release rate in the mixed-mode
condition, which can be expressed as follows:
k,,(S;O(SZf . ksS8!,8"

6, = —5a =1, (5)

1]

tnn(’;o) """"

G,(G)

0 5,0, 5,(5.)

Fig. 5 Bilinear damage model in the single-mode condition

5’!/ (5\./ )

where 67, and 8} are the relatively normal and tangential
damage initial displacement; 8;f and S:f are the relatively
normal and tangential failure displacement.

Assuming that the loading path is monotonous, accord-
ing to the geometry relation in Fig. 4 and Egs. (3, 4, 5), the
relative damage initial displacements and relative failure
displacements can be given as follows:

oo ;Snanoaso — (g _ 28",G,Gs
85098 T 83850 | T k872 Gs + ks87y2 G
8r0 _ 1851810350 ’ s = 28:0GnGs ‘
o= sion0os —
5252 48252 U7 kadi*Gs +ksdly’Ga

(6)
Based on the parameters obtained above, define the total
displacement § = /82 + 82, total damage initial displace-

ment §g = \/8;02 + 83’02, and total failure displacement

8 = /6, f2 + 8;(2. The damage factor in the mixed-mode
condition can be expressed as follows:

(8 —1380)5r

= 6 — 6008 )

It should be noticed that the equations given above are
only available in the crack-opening condition (§,, > 0). In
the crack-closing condition (§,, < 0), the damage factor is
calculated by assuming that the crack follows single-mode
shear damage relation (Eq. (1)).

(2) Friction effect

When the potential fracture surfaces initiate the damage,
which means the cracks begin to expand, the friction stress
will occur if the crack is under compression. Thus, the fric-
tion stress Ty can be calculated in the condition that the
relative slide is not happening:

Ty = k(s — 87 (k8 = 8 < 7, ), (8)

where 65 is the slide displacement which has been gen-
erated; Ty, is the maximum friction stress, which can be

given as follows:

Tfmax :f<_k”8”>‘ (9)
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When the relative slide occurs, the friction stress and
the corresponding slide displacement should be calcu-
lated as follows:

S — 8Slide
Iy =f<—/<n5n>;w
| s — O ‘ (ks‘é‘s_ajlid@ - Tfmax)'
8slide* — 5 _ 3
§ ks
(10)
(3) Total stresses calculation

Finally, according to the mixed-mode damage relation
and the friction effect, the stresses can be expressed as
follows:

kn&«z 8 < do
tw =< (1= D)kndy 80 <8 <y,
0 § > 5f
(11)
kslss |55| = 850
L, = (I_D)ksgs +D'7}‘ 350 < |65 <sz'
D- T}‘ 185 > ds¢

2.3.2 Constitutive Model of Rebar-Concrete Interfaces

In this study, the constitutive model proposed in the
previous research (Den Syroka-Korol et al., 2014; Uijl
& Bigaj, 1996) was adopted and modified to character-
ize the bond-slip relation of the ribbed rebar—concrete
interface. In this constitutive model, the stress trans-
fer mechanism of the interface can be equivalent to the
form, as shown in Fig. 6b, and the steel rebar is equal to a

o kn—n?
rmax ] 4 (k—2)n
or(rs) =

lof 1
7,max Er,res —Er,ma:

¥ - 07, max

U//(r)_ -

1 o, (r)
1

2\

Concrete
fracture zone

Effective concrete cover

(a)
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Fig. 6 Equivalence of the rebar-concrete interfacial stress transfer
mechanism: a realistic stress transfer mechanism; b equivalent stress
transfer mechanism

cone. Thus, the mechanical interaction of the interface, as
shown in Fig. 6a, can be simplified to the normal ¢, and
shear stress 7, which can be easily calculated.

In the equivalent model, the bond-slip relation is
mainly reflected by the normal stress o, and the normal
stress distribution along the concrete cover can be seen
in Fig. 7a. As the relative slip of the rebar, the rebar would
squeeze the concrete cover and cause it to crack, which
leads to a decrease in the normal stress, as shown in
Fig. 7b. The bond-slip process of the rebar can be divided
into three stages: (1) the rebar slips and squeezes the con-
crete cover, and the concrete keeps complete; (2) with the
concrete damage and cracking, the interaction between
the rebar and concrete decreases; (3) the cracks of the
concrete cover propagate thoroughly, and the interaction
between the rebar and concrete keeps stable.

Thus, the normal stress of the interface o,(rs) can be
calculated through the formulations as follows:

(0 < &(rs) < &r,max)
- ix(sr(rs) - 8r,max)> (Sr,max < & (rs) < gr,res) ’

(Sr,res = SV(VS))

&.(rs)

r,max gl' Jres

(b)

Fig. 7 Mechanism of the interaction between rebar and concrete: a concrete cover cracking mechanism; b stress—strain relation of the interface in

the normal direction



Wang et al. Int J Concr Struct Mater (2023) 17:42

where 0y ;45 is the maximum normal compression stress;
k and 1 are the computation parameters; ¥ is the factor of
residual stress; &, (rs) is the normal strain of the concrete
cover at the interface; &, ;¢ and &, s are the strain values
corresponding to different stages as shown in Fig. 6b.

In Eq. (12), the maximum normal compression
stress Oy max and the corresponding strain &, ,,,; can be
expressed as follows:

0.88 1.08
C C
Or,max = 2ft (f) » Er,max = 4-2% (ejf) ’

¢
(13)
where f; is the tensile strength of concrete; ¢,z is the
effective thickness of the concrete cover; ¢ is the diam-
eter of the rebar; E is the elastic modulus of concrete.
Besides, the computation parameters k and 7 in
Eq. (12) can be given as follows:

&r(rs)
) = b
Er,max

E; - &rmax
k= ’

(14)

Or,max

where E, is the radial stiffness of the concrete, which can
be expressed as follows:

g/ (Ca o/’ + %4 B
(Cop +¢/2)° — ¢%/4
where u is the Poisson’s ratio of concrete.

The strain value &, s corresponding to the residual
stress in Eq. (12) can also be given as follows:

(15)
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where v, is the angle of the cone as shown in Fig. 5b,
which can be calculated as follows:

vp[°] = 0.1£.[MPa], (18)

where f; is the compression strength of concrete.

Finally, the shear stress 7 can be calculated according
to the normal stress of the interface (Den Syroka-Korol
et al., 2014; Uijl & Bigaj, 1996):

Ts=05(7s).

(19)

It should be noted that the formulas listed above can
only be applied in the pure shear condition. However,
in most conditions, the failure of the rebar—concrete
interface is the mixed-mode fracture, which means the
interface can also be separated in the normal direction,
as shown in Fig. 8. In this model, the normal separa-
tion behavior of the interface was assumed to follow the
single-mode damage relation define in Eq. (1), and the
weakening parameter Dy was defined to characterize the
weakening effect of normal separation on the tangential
bond-slip relation:

1 8y <0
Dy = (—238y)/h 0<6,<hy, (20)
0 Sn = hl

where /1 is the height of the rib as shown in Fig. 7
Finally, the bond-slip relation can be modified as
follows:

/“77_’72 < <
Or,max T (k—2); (0 < &/(rs) < &r,max)
or(rs) = Ds - Ormax |1 — % (gr(rs) - 8r,max)) (&r,max < &r(rs) =< &rres) * (21)
Y - Or,max (5r,res = Sr(rs))
) 3 Four-Point Bending Experiments of Ribbed RC
A e (Ceﬁ"i'c‘)) (16) Beams Without Stirrups
E ¢ 3.1 Geometry and Loading Scheme

where ¢ is an empirical parameter.

From the aspect of engineering safety, the splitting
fracture rather than the pulling-out fracture was cho-
sen as the main fracture mode of the rebar—concrete
interface. Thus, the relation (Den Syroka-Korol et al.,
2014; Uijl & Bigaj, 1996) between the slip displacement
s and the strain value &, (rs) can be given as follows:

er(rs) = % tanv, 17
r = ¢ b> ( )

To validate the accuracy of the proposed RC meso-model,
a series of four-point bending (FPB) RC beams without
stirrups were designed (Syroka-Korol & Tejchman, 2014;
Syroka-Korol et al., 2014). The size of the beam is length
x width x height=1500 mm x 200 mm x 200 mm. Four

Concrete

Rebar

( Concrete

Fig. 8 Normal separation of the rebar-concrete interface
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Fig. 9 Geometry and loading scheme of the ribbed RC beams: a FPBS; b FPBO; ¢ FPB150; d FPB300

ribbed rebars with 10 mm diameter were embedded at
the bottom of the beam with 50 mm spacing. The con-
crete cover was set to 40 mm. The geometry of the RC
beam is shown in Fig. 9a, and the beams in this group
were called FPBS. Besides, three groups of beams with
different initial notches were designed to obtain more
fracture patterns, as shown in Fig. 9b—d. The length of
the initial notches was set to 80 mm. The distances from
the initial notches to the middle of the beams were set to
0 mm, 150 mm, and 300 mm, respectively, and the corre-
sponding beams were called FPBO, FPB150, and FPB300,
respectively. The design details of the test specimens are
listed in Table 1.

In every group, four specimens were cast to eliminate
the random errors caused by the materials and experi-
ments. The design strength of the concrete was C35, and
the mix ratio of the concrete is cement:sand:aggregate:wa
ter=1: 0.85: 1.98: 0. 43. Besides, the crushed stone with a
particle size ranging from 5 to 20 mm and P.O42.5 grade

Table 1 Design details of the specimens

cement were adopted to cast the concrete. The prepara-
tion of test can be seen in Fig. 10. Through the material
property tests, the standard compressive strength and
the elastic modulus of concrete were about 40 MPa and
30 GPa, respectively. The yield strength and the elastic
modulus of the HRB400 steel rebar were about 400 MPa
and 200 GPa, respectively.

The loading scheme of the test beams is shown in
Fig. 11. The distance between the two supports was set to
1200 mm, and the length of the pure bending section was
set to 240 mm. To obtain the distribution of the deflec-
tion, 5 LVDT displacement gauges were uniformly placed
under the beam with 200 mm spacing. Also, a force sen-
sor with 300kN was used to record the loading force.
During the test, force-controlled loading is used before
the test specimen reaches peak load, while displacement-
controlled loading is used afterwards, and the loading
rate is controlled at about 1kN/min.

Specimen Amount Steel rebars Concrete Initial notch length Location of the initial notch
FPBS 3 4910 C35 80 mm -

FPBO 3 Mid-span

FPB150 3 150 mm from mid-span
FPB300 3 300 mm from mid-span
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Fig. 10 Preparation of the test: a casting of beam specimens; b casting of standard cubic specimens; c tensile testing of steel reinforcements; d

compressive strength testing of concrete

Force sensor

Load Distribution Beam

Test beam

LVDT sensors

Fig. 11 Testing method of the RC beams

3.2 Experimental Results

The load vs. midspan displacement curves (P—u curves) of
the beams in group FPBS are shown in Fig. 12. The results
of the beams show a typical brittle characterization. The

100 T T : :
—— FPBS-1
—— FPBS-2
80r _ Fpes3 1
Z 6ot 1
8
40 - E
20+ 1
0 1 1 1 1
0 1 2 3 4

u (mm)
Fig. 12 P-u curves of the beams in group FPBS

loading force increased linearly with the increase of mid-
span displacement at the beginning of the loading pro-
cess. When the force reached about 20—25kN, the cracks
occurred in the bottom of the concrete and kept propa-
gating, and an inflection point was also observed in the
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Fig. 13 Distribution of cracks in group FPBS: a-b experimental result
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corresponding P—u curve. Finally, when the loading force
reached peak value (about 80kN), the beam suddenly lost
its bearing capacity with a major diagonal crack penetrat-
ing the specimens, as shown in Fig. 13.

Fig. 13 shows the final distribution of cracks in the
group FPBS. To conveniently compare the crack distribu-
tion of the RC beams, all the main cracks were set on the
right side. All beams failed with a main crack propagat-
ing diagonally in the shear section and penetrating the
beam, and these main cracks have been marked in red, as
shown in Fig. 10b—c.

The load-displacement curves of the RC beams with
initial notches are shown in Fig. 14. It can be seen that
the location of the initial notch significantly influences
the mechanical behavior of the RC beams. When the ini-
tial notch moves from the middle to the side of the beam,
the failure mode changes from a brittle fracture into a
ductile fracture. This result is because the initial notch
would change the location and propagation of the main
crack, as shown in Fig. 15d.

Fig. 15 shows the final distribution of the cracks in dif-
ferent experimental groups. To conveniently compare the
crack distribution of the RC beams, all the main cracks

120 T T T ;
—— FPB150-1

100 | — FPB150-2 |
—— FPB150-4

> 80+ ]

)

Q, 60r 1
40+ B
20+ 1

0 1 1 1 1
0 2 4 6 8 10
u (mm)
(b)

120 T T T

—— FPBO0-2
100 FPB150-4 ]

—— FPB300-4

>80+ ]

)

Q60 1
40+ B
20 1

0 1 1 1 1
0 3 6 9 12 15

u (mm)

(d)

Fig. 14 P-u curves of the beams with an initial notch: a FPBO; b FPB150; ¢ FPB300; d comparison between different groups



Wang et al. Int J Concr Struct Mater (2023) 17:42

FPBO0-2

() oy
ﬂrﬂv
N

FPB0-3

FPBO0-4

FPB0-4

( i) { N FPB150-1
/f/)?’fs é \I -y FPB150-2
N
ATHE S
‘ AR ‘\L -ﬂ"‘ﬁ TS ?FPBISOA
o
ﬂ j( / m FPB300-3
|
m FPB300-4
| ! ’ f]‘FPBSOO-4
© |
<— FPBO0-2
FPB150-4—>
(d)

Fig. 15 Distribution of the cracks in different experimental groups: a
FPBO; b FPB150; € FPB300; d comparison between different groups

were set on the right side. All the RC beams in different
groups show a similar fracture pattern. The cracks initi-
ated first in the pure-bending section of the beam and
propagated. With the continued loading process, cracks
gradually occurred in the shear section. The main crack
kept propagating, with one end extending horizontally
at the height where rebars were embedded and one end
propagating diagonally to the loading point. Finally,
the main crack penetrated the RC beam, leading to the
beam’s failure. Besides, the location of the initial notch
significantly affected the propagation of the main crack,
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(a)

(©
Fig. 16 Meso-model of the RC beam: a meso-model; b solid
elements; ¢ cohesive elements

as shown in Fig. 15d. The initial notch would induce the
main crack closer to the midspan when the initial notch
was near the midspan.

4 Numerical Analysis

4.1 Input Data of the Finite Element Model

Fig. 16 shows the meso-model of the RC beam designed
in the FPB experiments. The volume ratio of the aggre-
gate to concrete was set to 40%, and the particle size
of aggregates was continually distributed in 5-20 mm.
Due to the large size of the test beam and the limitation
of the calculation efficiency, a size smaller than 10 mm
aggregates were ignored in the model. The width of the
rebar in the RC beam was set to 0.5 ¢. The thickness of
the rebar and the corresponding rebar—concrete inter-
face can be set to 0.5 ¢. Thus, the section area of the
rebar and the surface area of the rebar—concrete inter-
face can be the same as the realistic one.

The mesh of the RC meso-model is shown in
Fig. 16b—c. One typical model has about 70,000 nodes,
22,000 solid triangular elements, and 44,000 zero-
thickness cohesive elements. The linear constitutive
model was applied in all solid elements, and a part of
cohesive elements (potential fracture surfaces of aggre-
gate) since the aggregate was assumed undamaged. The
constitutive models of potential fracture surfaces and
rebar—concrete interfaces were implemented in the cor-
responding cohesive elements through the user-defined
subroutine VUMAT based on the ABAQUS software
(Simulia., 2014). The quasi-static method solved all the
numerical models through the ABAQUS/EXPLICIT
solver.

According to the experimental results, repeat trial
computations, and related research (De Maio et al.,
2019; Huang & Hu, 2019; Lépez et al.,, 2008a, 2008b;
Wang et al, 2015), the main material parameters
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Table 2 Material parameters applied in the model
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Element knks (GPa/m) tho (MPa) tso (MPa) Gpo (N/m) Gso (N/m) f
CE_MOR 100 2.50 8.75 100 1000 0.35
CE_ITZ 10° 1.25 4.38 50 500 0.35
CE_AGG 10 - - - - -
CE_BOND 100 0.5 - 20 - -
90 T T T : ' j ' j
—— Simulation result 2t 30kN ® 30kN 7
'''''' Experimental results 60kN ® 60kN
g It —— 80kN A 80KN 4
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’Z°‘ 60 + 1 =
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Fig. 17 Comparison between the simulation and experimental results in group FPBS: a P-u curves; b distribution of the deflection in different

loading stage

applied in the cohesive elements are shown in Table 2.
Besides, for solid elements of concrete, the elastic
modulus of the mortar and aggregates were 25GPa
and 50GPa, respectively, and the corresponding Pois-
son ratios were set to 0.22. For solid rebar elements, the
elastic modulus, Poisson’s ratio, and yield strength were
200GPa, 0.3, and 400 MPa. For the bond-slip relation
calculation of the rebar—concrete interface, the param-
eters were (Den Syroka-Korol et al., 2014; Uijl & Bigaj,
1996): cep=22 mm, f;=2 MPa, f,=40 MPa, E=25
GPa, =10 mm, ¢g=0.18, ;;=0.5 mm, ¥ =0.2.

4.2 Validation of the Numerical Model

Fig. 17 shows the comparisons between simulation
and experimental results in group FPBS. The P-u curve
obtained from the simulation shows a good agreement
with the experimental results in curve shape and peak
load. Also, the deflection distributions in different load-
ing stages (30kN, 60kN, and 80kN) were extracted from
the simulation result to compare with the experimen-
tal one (FPBS-1), as shown in Fig. 17b. The comparison
results indicate that the proposed model can also well
simulate the deflection evolution of the RC beams, no
matter in the beginning or in the final stage of the loading
process.

e R
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! 1svrai I’ 1 S poe |
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sy I B BT o |
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B R i X
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Fig. 18 Comparison of the crack distribution between simulation
and experimental results in different loading stages: a 30kN; b 60kN; ¢
failure stage; d comparison of the final crack distribution
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To further validate the accuracy of the proposed meso-
model, the crack distribution of the beam in different
loading stages (30kN, 60kN, and final fracture stage) were
also extracted and compared with the experimental one,
as shown in Fig. 18. The cracks in the numerical model
were represented by deleting the cohesive elements
whose damage factor reached 1. The cracks first occurred
in the pure-bending section of the beam. As the loading
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proceeded, cracks gradually occurred in the shear sec-
tion. Finally, the main crack penetrated the beam, with
one end diagonally propagating to the loading point and
one end extending horizontally. Through comparison, the
evolution and propagation of the cracks obtained in the
simulation results show a high similarity with the experi-
mental results, especially for the main crack.
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Fig. 19 P-u curves and the corresponding deflection distribution of RC beams: a FPBO; b FPB150; ¢ FPB300
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Fig. 20 Crack distribution of the beams extracted from simulation

results and its comparisons with experimental results: a FPBO; b
FPB150; ¢ FPB300

The simulation P-u curves and deflection distributions
of the beams with an initial notch are extracted in Fig. 19.
The comparison results indicated that the proposed
model not only can simulate the brittle fracture behavior
of the RC beams but also can simulate the ductile frac-
ture behavior of the beams. It should be noted that for
the group FPB150 and FPB300, the deflection distribu-
tion of the beams in the ductile stage was compared. For
the convenience of comparison and analysis, the deflec-
tion distribution at the state that midspan deflection is
6 mm extracted to reflect the deflection distribution in
the ductile stage, as shown in Fig. 19b—c.

The crack distribution of the beams with initial notches
in the failure stage was also extracted and compared with
the experimental results, as shown in Fig. 20. No mat-
ter the brittle fracture or the ductile fracture, the crack
distribution of the beams obtained from the simulation
results all fitted well with the experimental ones, espe-
cially for the main crack. The initial notch’s influence on
the main crack’s location was also reflected in the simula-
tion results.

4.3 Comparison with Existing Rebar-Concrete Interface
Constitutive Models

In the proposed model, the most significant difference
compared with other research is that the rebar—concrete
interface can be separated in the normal direction dur-
ing the fracture process. For this reason, it is necessary to
investigate the difference between the proposed constitu-
tive model and the previous models. In previous studies,
the most commonly used interface constitutive models
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Fig. 21 Comparison between different interface constitutive models

were the ideal model (perfectly bonded) and the tradi-
tional constitutive model that only considered tangential
evolution. Thus, in this section, these two constitutive
models were adopted in the simulations to analyze with
the proposed model. The beam in the group FPB150 was
chosen as a typical model for analysis. Fig. 21 shows the
comparison of the simulation results with different inter-
face constitutive models. Regarding the ideal constitutive
model, as the interface cannot separate in the normal
direction and cannot slip tangentially, it can be seen that
the stiffness, peak load, and the ductility of the RC beam
was overestimated. Specifically, the peak load was over-
estimated by more than 20%., the peak load. As for the
traditional constitutive model, due to the interface being
allowed in the tangential direction, the stiffness and peak
load of the beam is smaller than the one with ideal con-
stitutive model. However, compared to the proposed
model, the obtained result was still found to be overesti-
mated (peak load was overestimated by about 10%), and
the ductility of the RC beam was also not well simulated.
In summary, when simulating the interfacial behavior of
the rebar—concrete interface, the normal separation and
the tangential slip should both be considered, or it may
lead to an inaccurate result with overestimated bearing
capacity and stiffness.

4.4 Energy Dissipation Analysis of the RC Beams

To further investigate the failure behavior of RC beams, a
concrete energy analysis of the fracture process was car-
ried out. FPBS and FPB150 beams were selected as typi-
cal beams because they exhibit brittle and plastic failure,
respectively. In the proposed model, there are three types
of energy dissipation that can be extracted from the zero-
thickness cohesive elements (since all the fracture behav-
ior was defined in these elements), and these parameters
can be calculated as follows:
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Sn
E, = th/ (/ t,,d8> d/,
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Efzth/ (/ DTsz(S)dl
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[

where E,, E; represent the energy dissipation in the nor-
mal and pure shear fracture process, respectively, and E¢
represents energy dissipation due to friction; / represents
the length of the zero-thickness cohesive element; ¢4 rep-
resents the out-of-plane thickness of the zero-thickness
cohesive elements.

Fig. 22 shows the typical concrete internal energy dis-
sipation of RC beams. Through the analysis of the P-u
curve, crack propagation pattern, and energy consump-
tion pattern of each specimen, it can be observed that
both brittle and ductile failures of the designed RC beams
exhibit four typical stages during the failure process, as
marked in Fig. 22. Also, to quantitatively and specifically

(22)
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understand the energy consumption inside the concrete
of beams, Table 3 lists the energy consumption of two
typical specimens in each stage (Since there is almost no
energy consumption in stage I, it is not listed). These four
stage are

(1) Stage I (elastic stage): the P—u curve behaves as lin-
ear elastic, and almost no energy is consumed.

(2) Stage II (tensile fracture stage): during this stage,
the energy consumption in the normal direction is
dominant (the energy consumption proportion of
AE, for beam FPBS and beam FPB150 are 88.30%
and 86.86%, respectively), indicating that the failure
mode in this stage is mainly Mode-I failure (tensile
failure).

(3) Stage III (shear fracture stage): in this stage, the
proportion of energy dissipation from shear and
friction increases significantly (The total proportion
of tangential energy consumption AE;, and frictional
energy consumption AEs for beam FPBS and beam
EFPB150 are 66.02% and 47.74%, respectively.), indi-
cating that the failure mode has shifted from tensile
failure to shear failure. In addition, the length of this
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Fig. 22 Typical concrete internal energy dissipation of RC beams: a FPBS; b FPB150
Table 3 Energy consumption in each stage
Loading stage Beam FPBS Beam FPB150
Energy Energy value Energy consumption Energy Energy value Energy
increment type (Nm) proportion (%) increment type (Nm) consumption
proportion (%)
Stage I AE, 30.56 8830 AE, 2420 86.86
AE 3.70 10.70 AEs 341 12.24
AEf 035 1.00 AEf 0.25 0.90
Stage Il AE, 247 3398 AE, 19.77 52.26
AL 295 40.58 AL 12.95 3423
AEf 1.85 2545 AEf 51 13.51
Stage IV AE, 1.36 5.60 AE, 1.35 4.09
AL 5.80 23.88 AL 9.2 27.85
AE¢ 17.13 70.52 AE¢ 2249 68.07
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stage determines whether the beam fails in a brittle
or ductile manner.

(4) Stage IV (failure stage): in the final stage, the speci-
men loses its bearing capacity, and the energy con-
sumed by friction increases sharply (the proportion
of frictional energy consumption AEy for FPBS and
FPB150 increased to 70.52% and 68.07%, respec-
tively), indicating that significant slip and friction
behavior has occurred inside the crack.

In summary, in the analysis of reinforced concrete
structures, energy consumption can be used as an anal-
ysis indicator to determine their failure mode. In this
analysis, the failure mode of the beam was initially tensile
fracture and later shifted to shear fracture, and the duc-
tility stage of the specimen was mainly characterized by
shear fracture.

5 Conclusions

In this study, a meso-modeling method of RC structure
was proposed. In the proposed meso-model, the cohe-
sive elements were used to characterize the mechanical
behavior of concrete potential fracture surfaces and the
rebar—concrete interface. Based on the proposed model,
the corresponding constitutive models were also devel-
oped. The constitutive model combined the mixed-mode
bilinear damage relation and the friction effect for con-
crete potential fracture surfaces. For the rebar—concrete
interface, the constitutive model determined the bond—
slip relation by assuming the rebar as a cone, and the
separation in the normal direction was especially con-
sidered. The constitutive models developed above were
implemented through a user-defined subroutine in the
FE software.

A series of four-point bending experiments were car-
ried out to validate the proposed numerical model. The
RC beams (without stirrups) with different initial notches
were designed to obtain more fracture patterns. Ana-
lyzing the experimental results, the initial notch would
influence the beams’ failure mode (from the brittle frac-
ture to the ductile fracture) and the corresponding crack
distribution.

By comparing the simulation and experimental results,
the proposed meso-model was proved to simulate the
fracture behavior of the RC appropriately. Whether in the
brittle fracture or ductile fracture condition, the load—
displacement curves, deflection distribution, and crack
distribution obtained from the simulation results can all
fit well with the experimental ones.
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Based on the proposed model, a comparison was made
with existing models, and the failure mode of RC beams
was analyzed based on energy dissipation, leading to the
following conclusions:

1. By comparing the results of RC model without con-
sidering tangential sliding and normal separation, it
was found that these constitutive models could lead
to an overestimation of the bearing capacity (the
peak load was overestimated by more than 10%) and
stiffness of RC structures, and may result in com-
puted ductility that does not match the actual behav-
ior. Therefore, in the calculation of RC structures, it is
necessary to consider both tangential slip and normal
separation, as well as their coupling effect.

2. By analyzing the energy consumption of the RC
beam during the fracture process, it was found that
there were changes in energy dissipation during the
beam’s failure process (the proportion of energy con-
sumption in tensile failure changes from approxi-
mately 86% to 89% to approximately 43% to 52%),
indicating a transition in the failure mode from initial
tensile failure to gradually shear failure. This demon-
strates that the proposed model can not only be used
to characterize the failure process of the beam but
also quantitatively analyze the composition of inter-
nal failure modes.
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