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Abstract Fracture tests of recycled aggregate con-
crete (RAC) beams of different sizes were conducted
under high loading rates. In order to characterize
the effect of high loading rate on the behavior of
RAC beams, two new material models were used
together with the commercial finite element software
ABAQUSR. Onemodel is a viscoelastic model that can
predict the increase of stiffness (modulus of elastic-
ity) of RAC with increasing loading rate, and the other
model is a multiphase composite model that can deter-
mine the effective stiffness of RAC taking into account
the special internal structure of recycled aggregate. Two
different cases were considered in the numerical sim-
ulation. Case 1 is for fixed beam size under different
loading rates, and Case 2 is for fixed loading rate with
different beam sizes. For Case 1, the simulation results
of the maximum loads under three different strain rates
agreed with test data quite well. The Force-CMOD
curves of the numerical simulation and test data showed
similar trends. The higher the strain rates, the wider the
high stresses spread in the crack propagation zone. The
good agreements with the test data indicated that the
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two new material models can characterize the effect of
high loading rate on RAC beams very well. For Case 2,
three beam sizes and one loading rate was studied. The
post-peak Force versus CMOD curves from the simu-
lation follow the same trend of the test data. The stress
distributions in the beams of different sizes are similar.
On the other hand, the maximum loads predicted by
the numerical model did not agree very well with test
data. This is due to the fact that the maximum forces
of RAC notched beams exhibited size effect, which
was not considered in the fracture criteria adopted in
ABAQUSR and not in the two new material models.
This will be a topic for future research.

Keywords Recycled aggregate concrete · Fracture in
beams · Viscoelastic model · Composite model ·
High loading rate · Size effect

1 Introduction

The large amount of consumption of coarse aggre-
gate in the construction industry for reinforced concrete
structures is not sustainable due to the limited resource
of natural stone. There is a pressing need to use recy-
cled aggregate from demolished concrete structures to
make recycled aggregate concrete (RAC). RAC can be
used as a potential structural material in the construc-
tion of concrete structural members, such as beams and
columns. However, the application of RAC as a struc-
tural material has been hindered because of several rea-
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Fig. 1 Force versus CMOD
curves of RAC beams at
different strain rates
(Musiket et al. 2016)

sons, such as the higher cost of RAC (due mainly to
processing) comparing with regular concrete and the
lack of design codes for the structures made of RAC.
More importantly, the mechanical properties of RAC
are different from those of regular concrete, and they
have not been understood very well. Recycled aggre-
gate has a layer of residual cement paste on its sur-
face, which leads to a weak bond between the aggre-
gate and the surrounding new cement paste, and the
lower bond may result in a lower compressive strength.
Several methods have been developed to process recy-
cled aggregates in order to improve the interface bond,
including surface pretreatment of recycled aggregate
using various types of coatings (Liang et al. 2013).

Fracture property of RACmembers under high load-
ing rates is one of the mechanical properties that
have not been understood well. In general, mechani-
cal properties such as strength and stiffness of RAC
increases with increasing loading rate, the same as
the mechanical properties of regular concrete under
a high loading rate. However, some of the fracture
behaviors of RAC under high loading rates are dif-
ferent from those of regular concrete (Musiket et al.
2016). One can see from Fig. 1 that the maximum
loads for the beamsunder different loading rates are dif-
ferent, and the maximum load increases with increas-
ing loading rate. Based on the test data, the fracture
properties of RAC beams were obtained and found to
be rate-dependent. The critical stress intensity factor,
KIc, and the fracture energy release rate, Gf , increase
with increasing loading rate. However, the RAC beams

were found to be less brittle than under the static load.
This was evidenced by the effective fracture process
zone size, cf , which increases with increasing loading
rate.

There has been no numerical modeling developed
to simulate fracture properties of RAC structural mem-
bers such as beams under different loading rates. Two
material models have been developed for RAC based
on compression test data of RAC cylinders. The mate-
rial models have not been examined by other loading
configurations and other structural shapes and sizes.
The motivation of this paper is to carry out a numer-
ical modeling of the fracture failure of RAC beams
under high loading rates using the recently developed
material models. The numerical simulation will be ver-
ified by recent experimental results of RAC beams. The
paper will be organized as follows. Fundamental mod-
els for analyzing fracture processes of concrete will be
described first, which were developed for regular con-
crete and will be used for the fracture analysis of recy-
cled aggregate concrete. Basic concepts of eXtended
Finite Element Method (XFEM) for crack propagation
in concrete materials and the fracture analysis criteria
in the commercial finite element software ABAQUSR

will be introduced. Two newmaterial models taken into
account the loading rate effect and composition effect
for RAC will be described. Finally, a numerical sim-
ulation of notched-beams made of RAC will be con-
ducted using the new material models and ABAQUSR.
The numerical results will be compared with the test
data of Musiket et al. (2016).
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Numeral modeling of fracture failure of recycled aggregate concrete beams 265

2 Fracture analysis of regular concrete materials

In general, fracture mechanics in heterogeneous media
typically involve two distinct and separate length-
scales. On the one hand, crack nucleation and growth
occurs via the evolution of damage ahead of the crack
tip, in a relatively small region, known as the process
zone. In this region, materials usually exhibit a com-
plex response such as micro-cracking, particle debond-
ing and eventually a strain-softening response that
may induce size effects. A micromechanical modeling
approach is often necessary to accurately capture these
mechanisms and their effects on fracture resistance.
On the other hand, fracture initiation and propagation
highly depends on macroscopic loading, geometry and
macroscopic material features. At this level, a contin-
uum description is usually preferred due to its ability
to describe uniform material deformation and its low
computational cost. This has motivated the develop-
ment of multiscale methods based on size-dependent
continuum descriptions for damage description and
softening (Vernerey et al. 2008a, b) or that include an
explicit crack and corresponding singular fields as part
of the formulation. The latter approach as led to the
popular extended finite element method XFEM (Moës
et al. 1999) that proved highly efficient and convenient
to study crack propagation in brittle and quasi-brittle
materials such as concrete. To better understand the
role of microstructure and materials failure, computa-
tional multiscale methods have further been developed
in order to bridge microstructural material descriptions
(in regions in which highly heterogeneous deforma-
tion occurs) and the continuum description (where the
deformation field is homogeneous). For instance, the
bridging scale method (Wagner and Liu 2003) was
first used to bridge continuum and atomistic fracture
by overlapping a fine scale description at the crack tip
with a coarse scale finite element mesh. This method
was later combined with adaptive methods, such as the
ACM2 (Vernerey and Kabiri 2014a, b) and VCFEM
(Ghosh et al. 2001; Raghavan and Ghosh 2007), so
that an automatic refined material description could be
provided near the tip of propagating cracks. Suchmeth-
odswere coupledwithmeshlessmethods (Rabczuk and
Belytschko 2007; Rabczuk et al. 2009, 2010; Zhuang
et al. 2014) for smoother approximation and the avoid-
ance of mesh distortion near the crack tip.

In particular, the heterogeneous feature of internal
structure of regular concrete requires some specific

attention. To this end, the models used for fracture
analysis of regular concrete under static loading are
introduced first in this section. The newmodel for recy-
cled aggregate concrete under high loading rate will be
described later.

Upon thepioneeringworkofHillerborg et al. (1976),
the development of fictitious crack model based on a
cohesive crack model for the crack propagation of con-
crete, a number of fracture models have been proposed
and employed to verify the nonlinear fracture behavior
of concrete structures. These are: the crack band model
(Bazant and Oh 1983), the two-parameter fracture
model (Jenq and Shah 1985), the size-effect method
(Bazant 1984), the effective crack model (Nallathambi
and Karihaloo 1986), and the KR-curve method based
on Cohesive force (Xu and Reinhardt 1998). Among
these models, the cohesive crack and crack band model
can be used for numerical methods such as finite ele-
ment or boundary element, while the other models are
analytical models. The cohesive crack model and the
crack band model will be introduced in the following
and the other models will not be covered.

2.1 Cohesive crack model (CCM) or fictitious crack
model (FCM)

Hillerborg et al. (1976) initially applied a fictitious
crack model to simulate the softening damage of con-
crete structures. They confirmed that the crack forma-
tion and propagation and failure analysis can be per-
formed with a cohesive crack model even when coarse
mesh is used. Subsequently, the cohesive crack method
has been modified and used by many researchers over
a long period of time. The fictitious crack model was
extended into finite element code to simulate mixed-
mode crack analysis using six-node interface elements.
Barker et al. (1985) was the first who concluded that
the LEFM method was not suitable to predict unstable
cracks in concrete. The process zone length in concrete
and fiber reinforced concrete is not a material property
by conventional sense but depends on the specimen size
and loading configurations.

The cohesive zonemodel is a uniaxialmethodwhich
considers a zero width of process zone and is not quite
suitable for large-scale analysis. In contrast, it is a good
approximation of the real physical process zone. The
essential basis of this model still has the ability to
describe the nonlinear behavior at the crack tip and
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around its vicinity. There are a number of applica-
tions in recent time including who applied the model
on a wedge splitting test to compare load-crack mouth
opening displacement (P-CMOD) between finite ele-
ment and experimental results for the characterization
of bilinear softening law.Recently, Roesler et al. (2007)
developed the finite element cohesive zone mode using
bilinear softening to predict the monotonic loading of
three-point bending test with various sizes and com-
pared the results with experimental results for fracture
properties.

Zhao et al. (2007) demonstrated the experimental
results for a three-point bending test notched-beam and
wedge-splitting test with different mixes designed to
investigate the effect of both size and geometry on frac-
ture parameters. Itwas observed that the fracture energy
increases with an increase in specimen size for both the
specimen geometries. Elices et al. (2009) performed a
fracture test on different types of concrete made with
three types of spherical aggregates and two kinds of
matrix interface to investigate the influence of matrix-
aggregate interface and aggregate strength of softening
curve, using the fictitious crack model with bilinear
softening curve. The highest specific fracture energy
values were determined with strong aggregates well
bonded to the matrix because the crack path avoids the
aggregates and wanders through the matrix resulting
in the increased value of the fracture area. The critical
crack opening value appeared to be almost insensitive
to the type of interface andmatrix of concrete in the case
of strong aggregates being used, whereas this opening
was larger than the corresponding matrix in the case of
weak aggregates.

2.2 Crack band model (CBM)

Bazant and Oh (1983) developed the crack band model
in which the fracture process zone is operated as a
system of parallel cracks distributed in finite element.
Material behavior is characterized by σ − ε response.
The width of the fracture process zone length, hc, is
assumed to be a material constant which can be deter-
mined from the experiment. It is usually assumed to be
three times the aggregate size for normal concrete to
ensure mesh insensitivity of the model. In this model,
crack band is modeled by changing the isotropic elas-
tic moduli to an orthotropic, subsequently reducing the
stiffness in a normal direction to the cracking plane.

The crack band model suffers from many limita-
tions such as (1) refinement of the mesh size cannot be
smaller than the cracking zone width, (2) the zigzag
crack band propagation needs special mathematical
treatment, (3) a typical squaremesh introduces a certain
degree of directional bias, and (4) possible variations
of the cracking width and hence fracture energy cannot
be taken into account.

3 Fracture criteria in ABAQUS

ABAQUSR was used in the present study for fracture
analysis of RAC beams under high loading rate. The
basic fracture criteria used in ABAQUSR under static
loading will be introduced in this section. There are
somematerialsmodels available inABAQUSR that can
handle high loading rate effect. However, those models
were not developed for recycled aggregate concrete.
Therefore, new material models will be described in
the next section for recycled aggregate concrete under
high loading rate. The newmodelswill be used together
with ABAQUSR for the numerical analysis.

ABAQUSR provides two approaches to study crack
initiation and propagation usingXFEM. The first one is
based on Traction-separation Cohesive Behavior. This
is the general interaction modeling capability which
can be used for brittle or ductilematerials. This XFEM-
based method can be used to simulate discontinuities
along an arbitrary, dependent path in solid, since a crack
propagation is not coincided to the element’s mesh. In
this case, a near crack-tip singularity is unnecessarily
needed. The only jump in the displacement across a
cracked element is taken into account. Fictitious nodes
will be introduced to represent the discontinuity of the
crack or surface elements. At the beginning, each fric-
tious node is coincident to its adjacent nodes. When
an element is cut by the cracks, the element will be
separated into two parts. Each part is consisted of nor-
mal and fictitious nodes depending on the orientation of
the cracks or surfaces. The separation is controlled by
the cohesive law until the cohesive strength of the ele-
ments is equal to zero, then the phantom and real nodes
move freely. This made an effective and attractive engi-
neering approach and was used for multiple cracks in
solids. It has been proven that there is almost no mesh
dependence if the mesh is fine (Song et al. 2006).

The second approach is based on the principles of
Linear Elastic Fracture Mechanics (LEFM). It is more
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suitable for brittle crack propagation problems. Sim-
ilar to the XFEM-based cohesive segments method
described above, only displacement jump across the
enriched elements is considered. Therefore, the crack
has to propagate across the entire element. The strain
energy release rate near the crack tip is determined
using the modified Virtual Crack Closure Technique
(VCCT). In this method, the real nodes and fictitious
nodes will be separated when the equivalent strain
energy release rate exceeds the critical strain energy
release rate at the crack tip of an enriched element. The
traction will be linearly decreased all over the separa-
tion between two surfaces.

There are six failure criteria provided in ABAQUSR

depending on the type of analysis, either the standard or
explicit analysis. Crack propagation analysis is carried
out on a nodal basis. The crack-tip nodes separate when
fracture criterion reaches the value 1.0 within a given
tolerance. Since the VCCT technique is available for
both implicit and explicit schemes, it is themost interest
criterion for this study.

The Virtual Crack Closure Technique (VCCT) uses
the concept from linear elastic fracture mechanics
(LEFM), therefore it is more appropriate for brit-
tle material problems which crack propagation prop-
agates through pre-existing surfaces. The assumption
of VCCT criterion is that there are the same amount of
the strain energy which releases when crack is initiated
and strain energy which requires to close that crack.

ABAQUSR also provides user-defined user subrou-
tine UDMGINI damage initiation criterion to handle
the user specular materials. User can define many dam-
age criteria, findexi , i = 1, 2, 3, . . ., but the actual
damage for enriched elements will be governed by the
most severe one. All criteria are in a form of the ratio
between current state parameters, stress, strain, etc.,
and the maximum allowable of corresponding values.

For this study, the cohesive element method was
used as the failure criterion. The maximum principal
stress criterion was applied for damage initiation pro-
cedure based on maximum principal stress calculated
from the fracture test conducted under different loading
rates (Musiket et al. 2016).

4 The new material models for RAC under high
loading rates

The material models available in ABAQUSR do not
consider the special features of recycled aggregates

used in RAC. In the literature there are numerical sim-
ulation models developed for regular concrete under
high loading rates (Rabczuk and Eibl 2003, 2006),
but not for RAC. Therefore, two new material mod-
els for RAC under high loading rates were developed
by a systematical experimental study and a compre-
hensive theoretical analysis (see the Ph.D. dissertation
by Dr. Musiket at University of Colorado at Boulder,
2014). One model is for the rate effect, and the details
of the model development can be seen in Musiket et al.
(2016). The other is for the special internal structure
of recycled aggregate, called composition effect, and
the details of the model development can be seen in
Musiket et al. (2016). For reader’s convenience, the
following is a brief description of the two new models.

4.1 Viscoelastic model for high strain rate effect of
RAC

For the rate effect, various viscoelastic models were
commonly used for slow (long-term) loading effect
on stiffness of viscoelastic materials, such as creep
effect on modulus of elasticity of concrete (Bazant and
Xi 1995). In the new viscoelastic model for recycled
aggregate, we used Prony series (also called general-
ized Maxwell model) for stiffness of RAC under high
loading rates. Calibrated by experimental data of RAC
cylinders under various high loading rates, the follow-
ing viscoelastic model was developed for modulus of
elasticity of RAC under high loading rates.

E(ε̇) = RV
ε̇ = Eend/E0 +

n∑

i=1

(Ei/E0)e
−(r)/ri (1)

in which Ei/E0 = ei are the normalized Prony para-
meters, which are shown in Table 1; E0 and Eend are
the elastic moduli under the slowest and fastest load-
ing rate, which are also shown in Table 1; and τ and τi
are the applied strain rate and the selected strain rates
under consideration (the first column in Table 1). Fig-
ure 2 shows the comparison of predicted and test data
of elastic moduli of RAC under high loading rates.

4.2 Generalized multiphase self-consistent model
stiffness for RAC

The use of recycled aggregate in concrete will lead to
low compressive strength and low stiffness. As men-
tioned in the introduction, several methods have been
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Table 1 The Prony
parameters (the last column)
for the viscoelastic model of
RAC

Strain rate (/s) E0 (literature) (Mpa) E0 (predicted) (Mpa) % Diff Normalized prony (ei )

0.001 25,600 25,809.90 0.4178 0.0207

0.01 26,700 26,377.83 0.4743 0.0027

0.1 28,753 28,163.31 −2.3260 0.0756

1.0 31,469 31,705.96 −0.7530 0.1617

10 34,166 34,960.72 2.0508 0.1421

100 36,582 36,408.48 1.2065 0.0290

1000 37,000 36,845.40 −0.8199 0.0216

Fig. 2 Comparison of predicted and test data (Musiket 2014) of
elastic moduli of RAC under high loading rates

developed to improve mechanical properties of RAC,
including pretreatment of the surface of recycled aggre-
gates. With the help of pretreatment techniques devel-
oped in previous studies (Liang et al. 2013; Musiket
et al. 2016), the compressive strength of recycled aggre-
gate concrete can reach the same level as regular con-
crete. However, the RAC made of recycled aggregates
with surface pretreatment has a special internal struc-
ture that is different from regular concrete. Each aggre-
gate is covered by a layer of residual cement paste, a
layer of surface pretreatment material, and a layer of
new cement paste. The new constitutive models take
into account this special feature of multiple layered
internal structure of recycled aggregate. This model
was developed originally for characterization of drying
shrinkage and bulk modulus of concrete (Xi and Jen-
nings 1997). It was used in this study for characteriza-
tion of modulus of elasticity of RAC. Recycled aggre-
gate concrete was considered as a composite material
as shown in Fig. 3. The internal structure of RAC can
be simplified as many geometrically similar elements
with different sizes. Each element is composed of con-
centric spheres with multiple layers as shown in Fig. 4.

The components (the layers) in the basic element are:
(1) natural aggregate as the core, (2) old residual mor-
tar on the surface of the core, (3) new mortar from
surface pretreatment to enhance the bond between the
old residual mortar and the new mortar, and (4) new
mortar from final mix procedure.

For recycled aggregate, the volume fractions of the
four constituent phases are not constants but functions
of time depending on the concrete mix designs used for
the new concrete as well as for the residual mortar (the
old concrete). The mechanical properties of the four
phases depend on the degree of hydration reactions of
the new and old cements used in a RAC, and thus on
time. As a result, the effective modulus of RAC is also
a function of time.

A generalized n-phase composite model was devel-
oped by Xi and Jennings (1997) for bulk modulus of
concrete. Assuming the Poisson’s ratios of the con-
stituent phases in recycled aggregates are constants,
a similar model can be obtained for effective modulus
of elasticity of RAC. This effective model is

Ei jk,...,n
e f f = En

⎡

⎣1 + Cm(
1−Cm

3

)
+

(
En

Ei jk,...,n−En

)

⎤

⎦ (2)

Cm =
{ ∑n−1

m=1 φm∑n
m=1 φm

if m �= n

1 − φm if m = n

}
(3)

where Ei jk,...,n
e f f is the effective modulus of n-phase

composite; Ei are the modulus of ith component; and
Eijk...n is the modulus of n − 1 phase composite (see
details later); and Cm and Cij are the volume fractions
of the layers and the core.

In this study, n = 4, which is based on the basic
element shown in Fig. 4. In Eq. (3) for the composite
effect, Eijk,...,n is a recursive equation as shown below
when n = 4:
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Fig. 3 The multiphase
model for internal structure
of recycled aggregates

Fig. 4 The internal
structure of concentric
spherical element in the
multiphase model

E12 = E2

⎡

⎣1 + C12(
1−C12

3

)
+

(
E2

E1−E2

)

⎤

⎦ (4)

E123 = E3

⎡

⎣1 + C23(
1−C23

3

)
+

(
E3

E12−E3

)

⎤

⎦ (5)

E1234 = E4

⎡

⎣1 + C34(
1−C34

3

)
+

(
E4

E123−E4

)

⎤

⎦ (6)

4.3 The combined model: strain rate multiphase
model (SRMM)

The combination of the two new theoretical models
enables us to predict the stiffness of composite materi-
als considering both the constituent phases and loading
rates. This combined theoretical model may be called
“Strain Rate Multiphase Model (SRMM)” (Musiket
2014), and it is shown in the following equation:

Fig. 5 Geometry of RAC beams

E(ε̇) = EM
ef f R

V
ε̇ =En

⎡

⎣1+ Cm(
1−Cm

3

)
+

(
En

Ei jk,...,n−En

)

⎤

⎦

×
[
Eend

E0
+

n∑

i=1

Ei

E0
e− ε̇i

ε̇

]
(7)

in which the first bracket on the right hand side rep-
resents the multiphase composite model for the inter-
nal structure of recycled aggregate as shown in Figs. 3
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Table 2 Dimension of
RAC beams

Size d (m) L (m) I (m) a0(m) b(m) Vol (m3)

1 0.0381 0.1016 0.0952 00.0127 0.0508 0.0002

2 0.0762 0.2032 0.1905 0.0254 0.0508 0.0007

3 0.1524 0.4064 0.3810 0.0508 0.0508 0.0031

4 0.3048 0.8128 0.7620 0.1016 0.0508 0.0125

Fig. 6 Mesh size selection

Fig. 7 2D mesh for the
notched beam

and 4, and the second bracket the viscoelastic model
for high loading rate.

5 Numerical simulation of RAC notched-beams

Some assumptions were used in the present study: (1)
A two-dimensional plane stress model was used for
RAC beams for the sake of simplicity, (2) The constitu-
tivemodel, theStrainRateMultiphaseModel described
in the previous section was used for RAC under high
loading rates, (3) Crack propagation and damage cri-
teria were selected from appropriate criteria provided
by ABAQUSR. A two-dimension notched-beammodel
with three different sizes was used in the present study

Table 3 Input parameters for the numerical simulation

Strain rate (−1) ESRMM (ksi) G f (kips/in)
√
KIc (kips/in)

0.0001 2866 0.07 1.21

0.001 3230 0.08 1.29

0.01 3455 0.12 1.70

(Musiket et al. 2016). The geometry and dimensions of
the beams are shown in Fig. 5 and Table 2.

The first task was to select an appropriate mesh
size for optimization of both computational time and
convergence. Since crack propagation analysis using
XFEM is a path-dependent problem, meshing algo-
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Table 4 Two different
cases comparing the results
simulation with test data

The significance of bold
values are used to compare

Size Strain rate = 10−4 Strain rate = 10−3 Strain rate = 10−2

Pu(kips) Pu(kN) Pu(kips) Pu(kN) Pu(kips) Pu(kN)

1 0.26 1.045 0.32 1.18 0.37 1.33

2 0.38 1.65 0.43 1.91 0.54 2.23

3 0.58 2.35 0.76 2.8 0.91 3.6

Table 5 Comparison of ultimate load for case 1: fixed beam size
under different loading rates

Strain rate (/s) Fu, test(kips) Fu, Abaqus(kips)

0.0001 0.53 0.61

0.001 0.63 0.79

0.01 0.91 0.98

Table 6 Comparison of ultimate load for case 2: fixed loading
rate for different beam sizes

Strain rate (/s) Fu, test(kips) Fu, Abaqus(kips)

Size 1 Size 2 Size 3 Size 1 Size 2 Size 3

0.01 0.37 0.55 0.91 0.25 0.47 0.98

rithms plays an important role. ABAQUSRprovides
three different techniques formeshing: free, structured,
and sweep, respectively. Although free meshing tech-
niques allow us more flexibility in controlling mesh
for more complex structure, it was much easier and
yet more accurate to use structured meshing in this
study. Six different mesh sizes were chosen to deter-
mine the relationship between mesh size and conver-
gence. The best mesh size taking into account both
computational time and mesh-independence is the red-
dot circle shown in Fig. 6.

A two-dimensional notched-beam is composed of
3344 elements and 3345 nodes as shown in Fig. 7. The
width of middle region in the model, 10 times of notch
width, was modelled as enriched elements since crack

propagation would take place within this area. A four-
node quadrilateral plain stress element with reduced
integrationwas used for the entiremodel due to the lim-
itation of using XFEM for two-dimensional problems.
The modulus of elasticity of RAC was determined by
the new model SRMM. Poisson’s ratio and density of
RAC for this study are 0.25 and 2400 kg/m3, respec-
tively.

ABAQUSRdynamic implicit scheme was used pri-
marily for the simulation. At some higher strain
rates the static standard scheme was used instead to
overcome convergence issues. A cohesive-based ele-
ment using VCCT technique as introduced earlier was
selected for crack propagation criteria. Damage initia-
tion criterion employed for this simulation is the max-
imum principal stress. Hard contact was used in sur-
face behavior for entire enriched elements. The energy-
based mixed mode based on power law fracture crite-
rion has been chosen for damage evolution. Velocity
boundary conditions, 0.0001, 0.001, and 0.01 in/s, were
imposed at the top mid-span to simulate the applied
loads, which are equivalent to the strain rates used in
the experiment (Musiket et al. 2016). The other relevant
material data are summarized in Table 3.

6 Results and discussions

The numerical study focused on two cases:

Case 1: Fixed beam size under different loading
rates. In this case, the notched-beam size 3 in
Table 2 was used together with a variation of strain

Fig. 8 Cracked elements
during a crack propagation
in a RAC beam
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Fig. 9 Force versus CMOD and stress distributions for Case 1: fixed beam size under three different loading rates, a Stress distributions
at peak loads (left) and final deformed stages (right) for Case 1, b Full force versus CMOD curves for Case 1
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Fig. 10 Force versus CMOD and stress distributions for Case 2: fixed loading rate for three different beam sizes, a Stress distributions
at peak loads (left) and final deformed stages (right) for Case 2, b Full force versus CMOD curves for Case 2
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rates from 10−4/s to 10−2/s. This case is to show
the effect of loading rate on fracture properties of
RAC beams.
Case 2: Fixed loading rate for different beam sizes.
In this case, the strain rate 10−2/s was applied to
all beam sizes, 1, 2, and 3 as listed in Table 2. This
case is to show the effect of beam size on fracture
properties of RAC beams.

Maximum forces obtained from the numerical simula-
tions can be compared to those from the experiments
(Musiket et al. 2016). The forces from the experiments
that will be compared to the simulation results are
shownas red dot-ellipses inTable 4. The load andCrack
Mouth Opening Displacement (Force-CMOD) curves,
crack propagation and stress distribution during crack
development were also obtained. Computational time
is about 45min for each simulation. The simulations,
in some cases especially for higher strain rates, were
terminated after the peak loads were obtained due to
the convergence difficulty.

Tables 5 and 6 show the comparisons of the simu-
lated ultimate loads and test data for the two cases. It
can be seen that the simulation results agreed with test
data quite well in Table 5 and not as well in Table 6.
The reasons will be discussed later. Figure 8 shows
damaged elements (red) and crack-initiated elements
(green) during crack propagation processes. Figures 9
and 10 show the full Force versus CMOD curves and
Von Mises stress contours at both peak load and final
deformed stage for Case 1 and 2, respectively.

For Case 1: Fixed beam size under different load-
ing rates. As seen in the three stress contours on the
left of Fig. 9a, the effect of strain rate on stress dis-
tribution and crack propagation is obvious. The higher
the strain rates, the wider the high stresses spread in the
crack propagation zone. This results help to explain that
the effective fracture process zone size, cf , increases
with increasing loading rate, which was reported by
Musiket et al. (2016) in their experimental study. In
Fig. 9b, the maximum forces from numerical results
are in good agreement with experiment results. The
post-peak Force versus CMOD curves from the simu-
lation follow the same trend of the test data. Thismeans
that the two newmaterial models used in the numerical
simulation can characterize the effect of high loading
rate on RAC very well.

For Case 2: Fixed loading rate for different beam
sizes. The results of numerical simulations for case 2

are shown in Fig. 10. In this case, the post-peak Force
versus CMOD curves from the simulation follow the
same trend of the test data. The stress distributions in
the beams of different sizes are similar. However, com-
paring with the numerical results of Case 1, the peak
loads from the simulations of Case 2 do not match
verywellwith the experimental results. The differences
between those maximum forces for different sizes of
beams are 32.4, 14.5, and − 7.6%, respectively. From
Fig. 10b, one can see that the maximum force from the
simulation increases with increasing beam size. Since
the beams double their sizes from size 1 to size 2 and
from size 2 to size 3 (See Table 2), the maximum loads
from the simulation also double, the same as the beam
size. On the other hand, the experimental results do
not follow the same linear relation. This is due to the
fact that the maximum forces of RAC notched beams
follow the size-effect law (Bazant 1984), which were
evidenced and discussed in detail for the experimen-
tal results (Musiket et al. 2016). The size effect for
RAC beams was not considered in the fracture criteria
adopted in ABAQUSR and not in the two new material
models. This will be a topic for future research.

7 Conclusions

Fracture tests of recycled aggregate concrete (RAC)
beams of different sizes were conducted under high
loading rates. In order to characterize the effect of high
loading rate on the behavior of RAC beams, two new
material models were used together with the commer-
cial finite element software ABAQUSR.

One of the two newmaterial models is a viscoelastic
model that can predict the increase of stiffness (modu-
lus of elasticity) of RAC with increasing loading rate,
and the other one is a multiphase composite model that
can determine the effective stiffness of RAC taking into
account the special internal structure of recycled aggre-
gate, such as the residual cement paste on the natural
aggregate core. Combining the two new material mod-
els, the stiffness of RAC under high loading rate can be
estimated.

Two different cases were considered in the numeri-
cal simulation. Case 1 is for fixed beam size under dif-
ferent loading rates, which can show the effect of load-
ing rate on fracture properties of RAC beams. Case 2 is
for fixed loading rate with different beam sizes, which
can show the effect of beam size on fracture properties
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of RAC beams. For both cases, the maximum load, full
range Force-CMOD curve, and stress distributions at
the maximum load and at the end of simulation were
used to compare the simulation results and the test data.

For Case 1, the simulation results of the maximum
loads under three different strain rates agreed with test
data quitewell. The Force-CMODcurves of the numer-
ical simulation and test data showed similar trends.
The higher the strain rates, the wider the high stresses
spread in the crack propagation zone. This results help
to explain that the effective fracture process zone size,
cf , increases with increasing loading rate. The good
agreements with the test data indicated that the two
newmaterial models can characterize the effect of high
loading rate on RAC beams very well.

For Case 2, the simulation results of the maximum
loads of three beams of different sizes under a fixed
strain rate of 10−2/s agreed with test data not as well
as those of Case 1. The post-peak Force versus CMOD
curves from the simulation follow the same trend of
the test data. The stress distributions in the beams of
different sizes are similar. On the other hand, the max-
imum loads predicted by the numerical model did not
agree very well with test data. This is due to the fact
that the maximum forces of RAC notched beams fol-
low the size-effect law as indicted in the test data. The
size effect for RAC beams was not considered in the
fracture criteria adopted in ABAQUSR and not in the
two newmaterial models. This will be a topic for future
research.
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