Definition and application

of a cohesive crack model
allowing improved prediction
of the flexural capacity
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In conventional concrete pavement design methods the design parameters are determined
using linear elastic analysis. Concrete is subject to significant size effect and as a result linear
elastic design concepts, such as the modulus of rupture determined for a beam, have limited
reliability in the design of elements of different size and geometry. The objective of this paper is to
demonstrate that, in contrast to the modulus of rupture, fracture mechanics material parameters
can be used to accurately and precisely predict the flexural capacity of elements of a different
size and geometry. The experimental framework includes two high-performance fibre-reinforced
concrete mix designs, used to produce beams of different sizes tested in three-point bending
configuration, as well as centrally loaded round panels. The fracture energy of the material is
determined from the flexural beam tests. An adjusted tensile splitting test procedure is used

to determine the tensile strength. The flexural tests on the beams and panels are simulated
numerically using two finite element implementations of a cohesive crack approach. The
numerical simulation yields satisfactory prediction of the flexural behaviour of the beam and disk
specimens. It is concluded that using a fracture mechanics approach, the flexural behaviour of
structural elements of different size and/or geometry can be reliably predicted.

INTRODUCTION

South Africa boasts an extensive and mature
road network. At present the bulk of pave-
ment design activities are aimed at preserv-
ing and upgrading the existing road infra-
structure. Innovative methods of pavement
rehabilitation are required to increase the
service life of wearing courses and to reduce
the need for traffic hampering maintenance
activities. To this aim, the South African
National Roads Agency Limited (SANRAL)
has sponsored the development of the
ultra-thin continuously reinforced concrete
pavement (UTCRCP). UTCRCP is intended
as an overlay strategy for existing roads. The
technology comprises a high-performance
fibre-reinforced concrete (FRC) layer with a
nominal thickness of approximately 50 mm.
The material incorporates reinforcement in
the form of fibres, as well as mesh, and is
characterised by its ability to withstand large
deflections. The technology is being imple-
mented as part of major highway rehabilita-
tion projects. The available design tools for
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the innovative UTCRCP system are currently
based on conventional mechanistic-empirical
concrete pavement design methodologies.
These methodologies make use of linear
elastic (LE) mechanics to determine the
stress in the pavement slab. In these models
the material strength is characterised by the
modulus of rupture (MOR), using a standard
test method such as SANS 5864:2006. The
MOR is also calculated under the assump-
tion of LE material behaviour. The non-
linear, non-elastic post-fracture behaviour of
concrete is not taken into consideration. The
ratio between the MOR and the stress in the
pavement is used to predict the fatigue life of
the pavement.

The first objective of this paper is to
demonstrate that the fibre-reinforced concrete
material under study exhibits a strong size
effect due to its high post-crack stress capacity
and that this limits the reliability of the MOR
obtained for a specific specimen size and
geometry, as a predictor of the peak load of
elements of a different size and or geometry.

TECHNICAL PAPER

JOURNAL OF THE SOUTH AFRICAN
INSTITUTION OF CIVIL ENGINEERING

Vol 54 No 2, October 2012, Pages 101111, Paper 811

DRERIK DENNEMAN holds a BEng degree in
Civil Engineering, an MSc degree in Technology
&Society, and a PhD in Engineering from the
Universities of Haarlem, Eindhoven and Pretoria
respectively. Erik is registered as a professional
engineer with ECSA and is a member of SAICE.
The work presented in this paper was
performed at the University of Pretoria and the
CSIRin Pretoria, and is related to his PhD study. For the past seven years Erik
worked as a Principal Researcher specialising in road surfacing materials at
the CSIR. In June 2012 he joined the ARRB Group in Melbourne, where he
holds the position of Principal Engineer.

Contact details:

Principal Engineer, Bituminous Surfacing, ARRB Group Ltd
500 Burwood Highway, Vermont South VIC 3133, Australia
T. 461398811535

E:erik.denneman@arrb.com.au

PROF ELSABE KEARSLEY graduated with a
degree in Civil Engineering from the University
of Pretoria, and holds a PhD from the University
of Leeds. She worked in both South Africa and
the UK before joining the staff at the University
of Pretoria, where she currently is the Head of
the Department of Civil Engineering. For the
past 18 years she has been involved with
cement and concrete materials research.

Contact details:

Head: Department of Civil Engineering, University of Pretoria,
Pretoria, 0002, South Africa

T42712420 2429

E elsabe kearsley@up.ac.za

EMERITUS PROF ALEX VISSER recently retired as
the SA Roads Board Professor in Transportation
Engineering in the Department of Civil
Engineering at the University of Pretoria, South
Africa. He holds the degrees BSc (Eng) (Cape
Town), MSc (Eng) (Wits), PhD (University of Texas
at Austin) and BComm (SA). His fields of research
interest are primarily low-volume road design
and maintenance, roads for ultra-heavy applications, interlocking block
paving, and road management systems. He has performed extensive
research on non-traditional stabilisers for improving road materials, and has
published extensively and lectured internationally on these topics. Since
retiring he has also provided advice on projects around the world. Prof Visser
is a Fellow and Past-President of the South African Institution of Civil
Engineering (SAICE) and a Fellow of the South African Academy of
Engineering. In 1998 he was awarded the SAICE Award for Meritorious
Research for his contributions to low-volume road technologies, and in 2004
he received the Chairman's Award from the Transportation Division for
contributions to transportation engineering. He was awarded emeritus
membership of the US Transportation Research Board for Low-Volume Roads
committee in 2006 for lifelong services rendered.

Contact details:

Department of Civil Engineering, University of Pretoria
Pretoria, 0002, South Africa

T 427124203168

E:alexvisser@up.ac.za

Keywords:fracture mechanics, fibre-reinforced concrete, cohesive crack,
flexural strength, size effect

101



== Average 50
== Average 150
= Average 225

40 20
% B —— | = 50 mm 2
N — - 150mm | 2
30 A A —_
>
— K
~ 25 e h = 225 mm 2
z " : : g
E 20 é
= 15 é
g
10 E
g
57 Z
0 — 0 .
o 1 2 3 4 5 6 7 8 9 10 0 0.02
(a) Displacement (mm) (b)

T T T
0.04 0.06 0.08

Relative deflection (8/(h — a))

0.10

Figure 1 (a) Average load displacement curves for monotonic TPB tests; and (b) Nominal stress versus relative displacement TPB tests
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Figure 2 (a) Three-point bending (TPB) test configuration; (b) Four-point bending (FPB) test configuration; and (c) Test configuration centrally loaded

round panel

The second objective is to show that, in con-
trast to the MOR, fracture mechanics material
parameters can be used to accurately and pre-
cisely predict the peak load, and importantly,
the post-peak flexural behaviour of elements
of different sizes and geometry.

Theoretical background on the size effect
observed in flexural tests on concrete elements
is provided in the next section. Following that,
a cohesive crack fracture mechanics model for
the FRC material is introduced. The material
parameters required to define the model are
obtained from experiments on beams and
cylinders, as discussed in the section on the
experimental work performed for this study.
The final fracture mechanics model, defined
using test results for a single beam size, is used
to numerically predict the flexural performance
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of beams of different sizes, as well as of central-
ly loaded round panels. The main contribution
of this paper is the generalisation of the cohe-
sive crack model for FRC, previously used in
two-dimensional space to simulate experiments
on beams, to three-dimensional space for tests
on centrally loaded disks. The paper presents a
complete methodology, simple, yet effective, to
determine the fracture parameters of FRC, and
applies these to predict the flexural behaviour
FRC structural elements.

SIZE EFFECT

The MOR, or flexural strength, is a design
parameter often used in civil engineering
designs. The MOR is obtained from flexural
tests on beams and represents the stress in the

extreme fibre of the specimen, calculated under
the assumption that an LE stress distribution is
present at the peak load condition. It is assumed
that this material strength parameter obtained
from laboratory experiments can be reliably
generalised to predict the failure stress in
full-size structural elements. Researchers have,
however, long established that for concrete the
MOR is not a true material property, because
its value changes with specimen size (Reagel &
Willis 1931; Kellerman 1932). In flexure tests,
large beams fail at lower maximum tensile
stress than small beams of the same material.
Studies at the University of Pretoria have
shown the high-performance fibre-reinforced
concrete material used in UTCRCP to have
significantly increased post-crack load
carrying capacity when compared to plain
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concrete (Kearsley & Elsaigh 2003; Elsaigh
2007). Subsequent studies found the MOR
value of the fibre-reinforced concrete mate-
rial to be subject to significant size effects
(Denneman et al 2010a,b).

To illustrate the size effect, the average
load-displacement (P — d) curves of three-point
bending (TPB) tests, performed by Denneman
et al (2010b) on specimens of different sizes, are
shown in Figure 1a. The TPB test configuration
is shown in Figure 2a. The specimens have
similar geometry, i.e. the span (s) to height (%)
ratio, and span to notch depth (a) ratio are
kept constant. To explore the size effect in the
experiments, the nominal stress (o)) in the
section is calculated assuming a linear elastic
stress distribution using Equation 1:

3Ps

N = 2l — W

where P is the load, and b the beam width.

The stress at the peak load condition (o)
represents the flexural strength, or MOR, para-
meter. An appreciation of the size effect can be
obtained by plotting o), against the deflection
(9) as a ratio of the effective beam height (%) as
shown in Figure 1b. The figure shows the effect
of size not only on the peak stress, but also on
the post-crack behaviour of the material.

The modulus of rupture is typically deter-
mined from an FPB test configuration, which
is shown in Figure 2b. For this configuration
oy is obtained from:

Ps
oN = W (2)

The effect of size on MOR values in FPB
tests on high-performance fibre-reinforced
concrete material is shown in Figure 3.

It is evident that MOR results are highly
dependent on the height of the tested specimen.
The main implication of the findings from size-
effect studies is that the MOR is unsuitable as a
design parameter; as the results obtained for a
certain specimen size cannot be used to reliably
predict the peak load of a specimen with the
same geometry, but a different size. Much less
can it be used to predict the flexural behaviour
of elements of a different geometry.

The study presented in this paper is
limited to high-performance fibre-reinforced
concrete pavement materials. The findings
are, however, relevant to plain concrete
pavements as well, as plain concrete
exhibits size effect similar in magnitude
(Denneman 2011).

The main source of the size-effect
phenomenon, is the fracture mechanics size
effect (Bazant & Planas 1997). The fracture
mechanics size effect is caused by the fact
that concrete is a quasi-brittle material, and
at the peak-load condition cracks would
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already have formed in the specimen. Due to o= f(w) (3)

the presence of a crack, LE stress distribution
assumed in the MOR calculation no longer
exists in the beam specimen. In different
sizes of specimens, different amounts of frac-
ture energy are released into the crack front,
giving rise to the observed size effect.

Similarly, an LE stress distribution will not
be present in a pavement slab loaded to failure,
because it, too, would have cracked. Size effect
in plain concrete has been well documented
and can be predicted using fracture mechanics
(Bazant & Planas 1997). In this paper a cohesive
crack model is used to improve the prediction
of the flexural behaviour of FRC elements.

DEFINING A COHESIVE

CRACK FUNCTION

The complex behaviour of FRC composites
calls for the use of advanced damage models.
This has been the topic of many studies
internationally. Local research in this field
was performed by Kearsley & Elsaigh (2003),
Boshoff & Van Zijl (2007), Shang & Van Zijl
(2007), Elsaigh (2007) and Van Zijl (2009).

A fracture mechanics method for the analy-
sis of crack propagation in concrete, favoured
by various researchers for implementation in
finite element analysis, is the fictitious crack
model. The model, nowadays commonly
referred to as the cohesive crack model, was
introduced by Hillerborg et al (1976). According
to the cohesive crack model, the material
behaves linear elastically until the tensile stress
reaches the tensile strength of the material.

At this point a crack is induced. After crack
nucleation, stresses are still transferred over
the crack according to a softening relation. The
crack bridging stress (o) is written as a function
of the crack width (w):

For plain concrete a bi-linear shape for the
softening function is often used. For the
more complex softening of fibre-reinforced
concrete, tri-linear softening functions have
been proposed (Lim et al 1987; Pereira et al
2004; RILEM 2003). Denneman et al (2011a)
proposed a softening function which com-
bines crack tip singularity with exponential
softening. The softening behaviour is shown
schematically in Figure 4. The softening
function was proposed based on evaluation
of direct tensile test results performed on
material with similar fibres by Lim et al
(1987). The softening model seeks to simu-
late the initial rapid reduction of stresses
transferred across the crack as a crack is
formed in the cement aggregate matrix. As
the crack width increases, the steel fibres are
activated. The point at the base of the crack
tip singularity, where the fibres are activated,
is represented in Figure 4 by stress o; and
crack width w;. The values of 0; and w; are
obtained through calibration. The function
is defined by the following equations:

J=ft—[f‘_—01]w

for 0 <w < w; (4)

wy
91
0=0,exp|——=——Ww—w)) | forw; <w< e (5)
Gﬁl
with
fi+o
GﬁI:Gf—[ 0, 6)

where Ggis the specific fracture energy of the
material, which is equal to the area under the
softening curve, and f, is the tensile strength,
representing the stress at which a crack is
formed, of the material need to be determined.
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Figure 5 (a) TPB load displacement curve with modelled tail; and (b) Kinematic model

A method to obtain foor fibre-reinforced the area underneath the curve represents
concrete from TPB tests was developed by W;. TPB tests on fibre-reinforced concrete
Denneman et al (2011a). A best estimate of specimens will invariably be stopped short.
the tensile strength is determined using an Near the end of the test the crack would
adjusted tensile splitting test as described by have grown to the top of the beam. However,
Denneman et al (2011b). A summary of the not all fibres are completely pulled out, and
methodologies to determine Gfand f;is pro- therefore not all work of fracture has been
vided in the following two sections. recorded. In the standard test configuration

it is physically impossible to run the test
Determining specific fracture energy = up to the high deflection required to pull

In order to determine Gf from TPB tests, out the fibres at the top of the beam. To

the work of fracture (Wf) required to determine Wr the load-displacement tail
completely break the beam specimen needs would have to be extrapolated as shown in
to be determined. Figure 5a shows the Figure 5a. Denneman et a/ (2011a) proposed
load-displacement curve for a TPB test; a method to model the tail of the curve,

based on an earlier methodology proposed
for plain concrete by Elices et al (1992).

The methodology makes use of the kin-
ematic model in Figure 5b. It was shown that
at large displacements, when the crack has
propagated to the top of the beam, the two
halves of the beam act as rigid parts, rotating
around a hinge point. The angle of rotation (¢)
of the individual parts around the hinge point
is a function of the deflection () at the centre
of the span. The missing part of the tail can
be modelled by determining the remaining
moment capacity around the hinge point using
the cohesive crack relation. Denneman et al
(2011a) showed that the work of fracture under
the missing tail (W, ;) can be determined from:

_ bsA
tail ~ 463}“1

7)

where &, 4 is the deflection at the last
recorded data point.

A is a parameter corresponding to the slope of
a graph plotting the moment due to external
loading (M) divided by the width of the beam
(b) against 2¢2. At large deflections, parameter
A becomes a constant as shown in Figure 6 for
TPB results on specimens of different sizes test-
ed as part of this study. W, ;; which may repre-
sent up to 20% of the total area (Denneman
2011) is added to the area under the recorded
part of the curve to obtain the total W} required
to completely break the specimen. From Wy the
fracture energy dissipated per unit fractured
surface can be calculated:

W,

_ f
6= b(h — a) ®)

The value of Gfthus obtained represents the
area under the softening function in Figure 4.
The remaining material parameter to be
determined for the definition of the softening
function is the tensile strength of the material.

Determining the tensile strength

In standard test methods for the cylinder
splitting test, such as the ASTM C496 (ASTM
2008a), the maximum tensile strength is cal-
culated from the peak load in the tests using
the continuum mechanics solution for a circle
loaded with two equal and opposed point
loads, offered by Timoshenko & Goodier
(1970). However, the loading is actually intro-
duced to the specimen by means of loading
strips with a certain width instead of through
load points. Tang (1994) corrected the linear
elastic plane stress solution for the stress
distribution in the specimen for the effect of
the width of the load strips.

Denneman et al (2011b) showed that, due to
the high post-crack stress capacity of FRC, the
ultimate peak load (P,) recorded in the split-
ting test is not related to the assumed uniform
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0 200 400 600 800 1000 cracking takes place at the edges of the speci-
(2¢)2[rad?] men at P, as shown in Figure 7b.
— TPB1-B —— TPB2-B TPB3-B For the experiments reported on in this
paper, the transversal deformation of the
Figure 6 Determining parameter A for TPB specimens cylinders was measured using linear vari-
able displacement transducers (LVDTs) on
Table 1 Mix components by mass fixtures mounted to the base plate, as shown
Component Type Mix A (kg/m3) | Mix B (kg/m?) in Figure 8. Measurements were taken at the
Cement Cem 142.5 R 1503 448.0 centre line of the specimen at the centre of
c e e 9306 9959 its length. In later experiments, the transver-
t tzite (4. -6 . X
oarse dggresare Quartzite (475 mm mm) sal deformation was measured using LVDTs
Fine aggregate Quartzite (0.00 mm — 4.75 mm) 725.5 721.8 mounted to datum points which were glued
Water 170.7 169.8 to the specimens at either end of the cylinder
Steel fibres Bekaert Dramix (30 mm x 0.5 mm) 80.1 119.5 (Denneman et al 2011b).
Polypropylene fibre (12 mm) 2.0 2.0 If the transversal deformation is meas-
Admixture P100 4.0 4.0 ured in this way, the tensile strength f, can
Admixture 0100 25 25 be obtained using Equation 9, which includes
— - the correction for the width of the load strip
Silica fume (CSF) Witbank 65.0 64.7
proposed by Tang (1994).
Fly ash Lethabo 80.1 79.6 )
-ty
nD D

LE tensile stress condition along the loading
plane. Through measurement of the transversal
deformation of the specimen during the test it
was found that the load-deformation curve has
two distinct peaks, as shown schematically in

Figure 7c. The first peak (P)) is related to princi-

ple crack formation along the loading plane, as
shown in Figure 7a. After this initial crack has
formed, stresses in the specimen redistribute

and once again load increases until secondary

where D is the diameter of the specimen, b,
is the width of the load strip and P; is the
initial peak load as identified from the load-
transversal deformation curve.

(a) (b)

Load P

P; principal crack

‘r—\

— P secondary cracking

(o)

\j

Transversal deformation

Figure 7 (a) Principal tensile crack formation; (b) Secondary cracking; and (c) Schematic load-transversal deformation curve
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Through numerical simulation of the experi-
ments Denneman et al (2011b) confirmed that
a close estimate of the true tensile strength
of FRC may be obtained from this adjusted
tensile splitting test procedure. The tensile
splitting methodology for fibre-reinforced
concrete proposed by Denneman et al (2011b)
provides a relatively simple alternative to the
more complex direct tensile testing approach.
Direct tensile testing yields more detail on
the post-cracking behaviour of the composite
material, but if only a measure of the tensile
strength is required, the presented tensile
splitting methodology will suffice.

EXPERIMENTAL WORK

The fracture experiments for this study were
performed at the University of Pretoria. The
components by mass for the concrete mix
designs are shown in Table 1. The designs
are typical for the material used in UTCRCP.
One mix was prepared with 80 kg/m? steel
fibres, the other with a steel fibre content of
120 kg/m?.

For the TPB tests, beam specimens of
various sizes and geometry were prepared
from both mix designs. To investigate frac-
ture in a three-dimensional test, a centrally
loaded round panel on three support points
was used. The panels were cast in two dif-
ferent sizes. The test configuration for the
tests on panels is shown in Figure 2c. The
dimensions of the beam and panel specimens
are shown in Table 2.

The procedure for TPB to determine frac-
ture properties as recommended by RILEM
technical committee 162-TDF (RILEM 2002)
was used as the point of departure for the
TPB tests. Besides the standard recom-
mended beams of 150 x 150 mm? cross
section with a 550 mm length and a 25 mm
notch, a number of other specimen sizes and
geometries were used. Specimens with and
without a notch were included to investigate

Table 2: Specimen dimensions

];‘i(::tgl;ltleg‘()])/) Height (h) Width (b) Span (s) Notch (a) Number
(mm) (mm) (mm) (mm) (mm) cast
Mix A
TPBL-A 550 150 150 500 25 3
TPB2-A 550 125 150 500 - 3
TPB3-A 550 75 150 500 25 3
TPB4-A 550 50 150 500 - 3
Diskl-A 600 55 - - - 3
Disk2-A 800 70 - - - 3
Mix B
TPB1-B 550 125 150 500 - 3
TPB2-B 550 75 150 500 25 3
TPB3-B 550 50 150 500 - 3
Disk1-B 600 55 - - - 3
Disk2-B 800 70 - - - 3
Table 3: Experimentally determined material properties

Mix A Std dev Mix B Std dev
£, (MPa) 108.90 740 115.50 4.900
£, (MPa) 6.29 0.25 6.39 0.330
E (GPa) 49.60 0.50 46.30 0.300
v 0.14 0.023 0.16 0.012

the suitability of the eventual numerical

models for fracture simulation for cases with

and without a pre-formed crack.

During the TPB tests the vertical displace-

ment at mid-span was recorded by means of
LVDTs at either side of the beam. The refer-
ence frame for the displacement was mounted
at half the height of the beam specimen. Mid-
span displacement was measured relative to

reference points above the supports.

The tests on the concrete panels were per-

formed in accordance with ASTM standard
test method C 1550 — 05 (ASTM 2005). In
this test the load-displacement response of a

centrally loaded concrete panel supported on

three pivot points is recorded. The vertical

displacement is measured with an LVDT
placed under the disk in line with the position
of the loading point at the top of the disk.

All tests were run in displacement con-
trol, at the loading rates prescribed in the
respective standard test methods.

Compressive strength tests were per-
formed on the material in accordance with
British Standard BS 1881 (BSI 1983). The
static modulus of elasticity (E) and Poisson’s
ratio (v) were determined in accordance with
the standard procedures contained in ASTM
C469-02 (ASTM 2008b). The average results
for f, and E and v are shown in Table 3. The
table also shows the value of f, determined
in accordance with the adjusted procedure
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Figure 9 Split tensile results for (a) Mix A and (b) Mix B
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Table 4 0, and fracture results TPB tests

panels. The numerical simulation of the

for the tensile splitting test presented in the
previous section. The load-transversal defor-
mation curves for the split cylinder tests on
the mixes are shown in Figure 9.

Table 4 shows the values of o,;, obtained
for the TPB specimens, as well as the
fracture properties in terms of 4, Wfand Gy
determined from the TPB results in accord-
ance with the procedure discussed earlier
in the paper. The load-displacement curves
for the TPB tests are shown in Figure 10.
The results of the flexural tests on panels

are shown in Figure 11. Also shown in the
figures are the results of the numerical simu-
lation performed using the material para-
meters in Table 3 and Table 4. The numerical
models are discussed in the next section.

NUMERICAL SIMULATION

OF FRACTURE

Two different finite element method (FEM)
software frameworks were used for the
simulation of fracture in the beams and

S Onu Std dev N W, W, G Std dev beams can be reduced to a two-imensional
type (MPa) (MPa) (Nmm) (%) (N/mm) (N/mm) problem and was performed using the
Mix A embedded discontinuity method (EDM). The
EDM was implemented in the open-source
TPB1-A 13.3 1.08 9.74 1.23E+05 17.6% 6.57 0.96
FEM framework OpenSees (2008) by Wu et
TPB2-A 13.5 1.27 4.96 8.54E+04 12.0% 4.56 0.69 al (2009). The flexural tests on panels were
TPB3-A 11.3 1.76 4.59 3.70E+04 | 22.2% 4.93 1.10 simulated in three-dimensional space using
TPB4-A 139 0.89 297 | 286E+04 | 16.5% 3.82 0.88 the commercial software Abaqus (2009); this
was necessary as the EDM implementation
e in OpenSees is at present limited to two-
TPB1-B 13.9 1.45 8.36 9.97E+04 15.7% 5.32 0.31 dimensional space.
TPB2-B 13.4 1.83 4.34 4.13E+04 21.0% 5.51 1.21
Simulation of fracture in beams
TPB3-B 14.7 143 522 4.23E+04 21.2% 5.64 1.37 .
with EDM

The implementation of the embedded
discontinuity method by Wu et al (2009)

is based on work by Sancho et al (2007).

An advantage of EDM over other cohesive
crack FEM models is that it allows cracks to
propagate through elements, independent of
nodal positions and element boundaries. In
the earlier work by Wu et al (2009), a simple
exponential softening function was used for
damage evolution. The softening function
was found suitable to predict the fracture
behaviour of a plain concrete pavement
material (Denneman et al 2010c). The simple
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Figure 11 Comparison between experimental and
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exponential shape, however, over-predicts
the peak load of fibre-reinforced concrete
(Denneman et al 2010a). The EDM code was
updated by Denneman et al (2011a) to allow
for the more suitable exponential softening
function with crack tip singularity described
earlier in this paper.

The two-dimensional numerical model
consists mainly of triangular elastic bulk ele-
ments. These elements require the modulus
of elasticity and Poisson’s ratio as input. A
narrow band of triangular-shaped embedded
discontinuity elements is provided at the
notch facilitating a vertical crack path to the
top of the specimen. It is possible to run the
analysis using EDM elements for the entire
model. In the numerical simulation, a crack
will invariably form at the position with the
highest stress. To make the calculation more
efficient, a narrow vertical band of triangular
EDM elements was provided in the ligament
area at the mid-span position of the beam
specimens. An impression of the deformed
meshes for the TPB tests at high displace-
ments near the end of the test is provided
with the simulated load-displacement curves
for the various beam types in Figure 10.

Figure 12 shows the calibrated soften-
ing curves for Mix A and Mix B. As Gyis
determined from the TPB results and f; is
obtained from tensile splitting tests, w; and
o, are the only unknowns to be calibrated
in the model. The softening curves were
developed based on a parameter study aimed
at achieving the best fit for both the flexural
beam and tensile splitting tests. w; was
initially set to O for the simulation of flexural
beam tests. It was later found that if a small
displacement w; is used, a better fit of the
model can be obtained for the simulation
of tensile splitting tests (Denneman et al
2011b). For the simulation of the flexural
beam tests under study, the difference
between w = 0 and w = 0.005 is insignificant.
The main calibration is therefore the value
of 0;, which is chosen based on a parameter
study for a single beam size after which the
fit for other sizes is checked. As shown in
Figure 10, the simulation of the TPB tests
using the softening curves in Figure 12
results in a satisfactory, size-independent
reflection of the physical measurements.

As part of this study it will be investigated
whether the softening behaviour can be
generalised to a geometrically different test
setup, i.e. the centrally loaded panel test.

Simulation flexural tests

on panels with Abaqus

The commercial FEM software package
Abaqus includes a number of fracture
mechanics models that can be applied to
concrete. The software includes a brittle
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Figure 13 Comparison of numerical simulation using Opensees and Abaqus

cracking model intended specifically for the
simulation of cracking in concrete. Damage
evolution takes place using the cohesive
crack relation as introduced by Hillerborg et
al (1976). Because the Abaqus brittle crack
model uses the cohesive crack principle for
damage evolution in the principle tensile
stress direction, the softening functions
developed for the material in Figure 12 can
be used unaltered.

In contrast to the EDM in which both
shear and tension are handled using a crack
width softening function, the brittle cracking
model in Abaqus has a separate strain sof-
tening function for shear. To ensure that the
response of the Abaqus model in shear was
similar to that in the EDM simulation, the
shear strain softening function was defined
in accordance with the relation:

w=h Cef (10)
This relation relates the softening as a result
of the fracture strain (¢/) over a certain
width (/1) in smeared crack models to the
softening as function of crack width (w) in
cohesive crack models.

To verify that the fracture simulation
using the Abaqus brittle cracking model is
equivalent to the results obtained from the
EDM in Opensees, both approaches were
applied to simulate a TPB test using the same
softening relation. The results are shown
in Figure 13. A characteristic element size
of 1 mm was used for both the triangular
OpenSees elements and the Abaqus quadri-
lateral elements in the ligament area above
the notch. At the far edges of the mesh, the
characteristic size of the elements was set
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Figure 14 Geometry of panel test

to 25 mm. The results obtained from the
simulations are almost equivalent. Only at
large displacements do the load displacement
curves diverge slightly. This was taken as
proof that the Abaqus brittle cracking model
was correctly configured, allowing its use for
the simulation of the flexural disk tests.

The layout of the disk tests is shown
schematically in Figure 14. Owing to sym-
metry, only one sixth of the disk needs to
be modelled as indicated in the figure. The
model and boundary conditions are shown in
Figure 15a. Fracture elements with the brittle
crack damage model were used for the entire
model, with exception of the area around
the support. In this area linear elastic bulk
elements were used to prevent cracks form-
ing due to unrealistic stress concentrations.
The support point is connected to a surface
corresponding to the area of the transfer
plate under the panel using a kinematic rigid
coupling. Standard Abaqus 8 node brick ele-
ments of the C3D8R type were used for the
mesh. The mesh is shown in Figure 15b. The
characteristic size of the elements through-
out the model is 5 mm, with exception of
the area around the support where a size of
15 mm was used.

As the model consists mostly of fracture
elements, multiple cracks will occur when
stress redistribution after initial cracking
leads to the development of new highly
stressed areas. The results of the numeri-
cal simulation for the panels are shown in
Figure 11. The results provide an accurate
prediction of the pre-peak, peak load and
early post-peak behaviour for the specimens.
At larger deflections the crack tends to get
locked, leading to unrealistic high stresses
in the material. As a result, the load carried
by the slab does not decrease at the pace
observed in the experiments. The simulation
was aborted when crack-locking started to
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Figure 16 Linear elastic stress condition at mid-span of panels

occur. The simulation, however, yields satis-
factory results in predicting the peak load for
the panels.

To compare the results of the fracture
mechanics-based analysis to a linear elastic
design approach, the fracture elements in
the panels were substituted for elements
with linear elastic material behaviour. A
load equal to the experimentally determined
peak load per specimen type was applied
to the models. Figure 16 shows the results
in terms of the nominal tensile stress along
the symmetry line midway between two
supports from the centre of the panel to the
edge. The maximum stresses at the centre of
the disk are in the order of 22 MPa, almost
twice the oy, values determined from beam
tests shown in Table 4. These results indicate
that if oy, (or MOR) was used to predict the
peak load condition of the panels, as is done
in pavement design, the flexural capacity
of the panels would have been significantly
underestimated — the error of the prediction
would have been in the order of 70 to 100 per
cent due to size effect.

CONCLUSIONS
The results in this paper show that, due to size
effect, the MOR has limited reliability as a
predictor of the peak load of FRC elements of a
different size and/or geometry than the speci-
men for which the MOR was determined.

It was shown that the cohesive soften-
ing function with a crack tip singularity
and exponential tail can be used to reliably
predict the flexural behaviour of beams of
different sizes and also of centrally loaded
panels. The softening function was defined
using a simple, but effective experimental
methodology as presented in this paper. It
is concluded that, in contrast to the MOR,
the fracture mechanics models can be used
to generalise the parameters obtained for a
certain specimen size to reliably predict the
flexural behaviour of specimens with a dif-
ferent size or geometry.
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