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Graphical abstract Abstract

The development of crack patterns in reinforced concrete structures is a randomly stochastic
process influenced by the heterogeneous nature of concrete materials, which impacts the
sensitivity to damage and variability in mechanical properties. The numerical simulation of
damage pattern appearance on the reinforced concrete for special building structures
needs a realistic result, especially in terms of crack distribution. The Turning Band Method
(TBM) serves as a tool for assessing the variability of concrete heterogeneity, functioning as
an operator to generate a random variable for each specific field. In this study, the
investigation of crack patterns in reinforced concrete structures involves using a simple
concrete beam sample, measuring 10x10x50 cm3, with a single longitudinal reinforcement
cast in the centre. This beam is subjected to an axial tensile loading, while the Mazar
Damage Model is employed as the concrete behaviour law. Through the implementation of
The Turning Band Method (TBM) and the variation of the random field parameters, distinct
crack patterns are observed, not only the number but also the locations of cracks. The use of
a smaller correlation length showed 2 cracks while the larger size had around 1 to 3 cracks,
with the first crack localizations of each sample generally occurring in the middle surface, in
which a noticeable contrast fo non-TBM modelling just displays 1 crack. Furthermore, the
resulting probability of cracks for fen random draws demonstrates similarity to experimental
tests and numerical simulation of the previous study, both at global and local levels.

Keywords: Heterogeneity, Random Field, Turning Band Method, Mazar Damage Model,
Crack Pattern
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1.0 INTRODUCTION methods from the visual investigation using the Cyclic
Load Test (CLT) method and Acoustic Emission (AE)

Effective crack control is crucial for preserving the evaluation method [2], fo the strengthening
serviceability, —durability, and sustainability  of techniques involving the wuse of Carbon Fiber
reinforced concrete structures throughout their Reinforced Plastic (CFRP) sheets [3, 4]. Retrofitting
service life [1]. As structures experience various types methods employing CFRP sheet wrapping enhance
of damage over time, the mechanism driving the the structural performance of cracked beam [3] and
damage process in concrete structures impact their increase shear resistance [4]. While these methods
conditions and integrity. Therefore, detecting are mainly able and useful in determining and
damage, which can lead to further crack retrofitting damage process in reinforced concrete
propagation, is essential for ensuring structural safety beams, however, it remains some improvements for
12]. an accurate analytical results [2]. This condition
Extensive research related to controling and emphasizes the necessity for more comprehensive
evaluating cracks has been done by adopting some research to contfrol and quantify the concrete
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damage, particularly concerning concrete structure
cracks, which this study addresses.

One factor influencing concrete crack formation
is tensile strength, which has a crucial role in
controling concrete cracking [5]. Concrete,
characterized as a non-homogenous material
composed of a binding medium and aggregated
parficles [6], inherently has unevenly distributed weak
zones. These zones impact variations in mechanical
properties, including ifs tensile strength, and its
tendency to crack [5]. In instance of damage
propagation, the variability of tensile strength often
surpasses that of compressive strength [7]. This tensile
strength is slightly correlated with structural size; larger
structures tend to exhibit reduced tensile strength
and increased material brittleness [8]. Concrete’s
natural variability and its nonlinear response to the
applied forces can lead to situations where the
maximum force exerted on the sample exceeds its
tensile strength limit. This leads to a decreased ability
of the concrete to resist initial cracking as the tensile
force applied increases [1].

To measure tensile strength, laboratories
conducted direct tensile tests by applying an axial
load to concrete specimens through a steel bar
casted within the samples until the specimens crack
[?]. Various experimental works involving such fests
have been conducted on concrete prism or beam
samples, as performed by [10, 11, 12, 13]. In terms of
concrete cracks, previous research has showed that
even with identical samples and loading
applications, the patterns and numbers of cracks
generally vary, along with the distances between
them. Despite these experimental insights, the
inherent heterogeneity of concrete often remains
unaddressed. Therefore, numerical simulations
become essential, particularly in scenarios requiring
high precision, such as the design of specialized
structures like nuclear power plants and dams or in
modelling concrete structure damage and cracking.
Such simulatfions demand an exhaustive examination
to understand the impact of heterogeneous
characteristics on concrete's damage behaviour [1].

For the purpose of assessing the concrete's
heterogeneity, the random field is utilized to capture
the variability of its properties with The Turning Band
Method (TBM) is employed to generate its random
variables [14]. A previous numerical study that
incorporated a random field in a concrete beam
resulted in a noticeable crack localization compared
to the sample without considering a random field,
although it developed larger crack sizes [15]. Another
study of random field which varying tensile strength
and Young's modulus exhibited that the
heterogeneity did not significantly affect the global
behaviour, whereas the number of cracks in each
sample remained consistent [16].

Moreover, earlier research applying The Turning
Band Method (TBM) in concrete modelling [17],
generated three distinct random field results,
highlighting that TBM did not significantly alter the
overall behaviour of the concrete beam. It

emphasized diverse local crack patterns for each
generated random field, respectively. Therefore,
given due consideration, The Turning Band Method
(TBM) application in concrete modelling is suitable fo
describe and point out the probability of damage
patterns and crack phenomena.

In this study, acknowledging the heterogeneous
nature of concrete, we aim to predict the probability
of crack pattern of reinforced concrete with a single
reinforcement bar. Turning Band Method (TBM) was
employed to generate the random field by using a
finite element software, Cast3M, specifically with the
element CUB8, alongside the Mazars Damage Model
to simulate concrete damage behaviour. To develop
the random variables using TBM for concrete samples
subjected to axial tensile load, the mesh size used in
this simulation is 1 cm with a variety of correlation
lengthsis 1 cm, 2 cm, and 3 cm. Each correlation, ten
random fields were generated. Furthermore, the
crack patterns obtained from the computational
analysis were compared to the samples of uniform
strength and experimental samples to validate the
modelling result against previous studies conducted
by [11] and [17]. Comparisons were also made with
simulations of random fields by [15] and [14].

The discussion section delves into the crack
opening resulting from the application of the TBM,
affirming its effectiveness on the modelled concrete
material, which is indicative of the quality control of
concrete casting. The discussion emphasizes the
general behaviour (force vs displacement) that
induces variations in the 15t crack localization,
corroborated by the observed differences in
damage occurrence across ten random field
simulations. The first crack localization is critical, as it
pertains to the concrete's serviceability and
consequently, the structural performance under
service condifions.

2.0 METHODOLOGY

In this section, a detailed numerical simulation
methodology is presented. The specimen is
configured as a simple beam with a single
reinforcement cast inside a prismatic concrete
beam. Numerical simulations involve subjecting the
specimen to tension at one end of the bar whilst the
other is fixed. This experimental setup is deliberately
selected to facilitate an investigation info the
behaviour of concrete under pure tensile loading
conditions, aimed at observing and analysing crack
inifiation and propagation under the influence of
pure tension loading. One-fourth of the sample is
modelled, followed by the application of TBM and
Mazars damage on concrete only. After obtaining a
random draw, samples were charged in
displacement-controlled conditions up to 8 mm. Thus,
in this section, the Mazars model and TBM are
explained, and followed by the simulation of the
samples.
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2.1 Theoretical Study

The focal point of this research lies in the adoption of
the Mazars damage model and an in-depth
examination of the specifics of the Turning Band
Method (TBM). So, in this section, the theory of the
Mazars Damage model and the Turning Band
Method (TBM) is first described. Secondly, numerical
simulations that are used to perform the proposed
model are explained.

2.1.1 Mazars Damage Model

Damage is known as the conditions due to the cavity
development at any level of microscopic,
mesoscopic, and macroscopic, which describes a
fracture process of materials that concurrently occurs
with the reduction of mechanical properties. The
damage aspects are varied depending on the
material differences and the loading conditions [18].
Mazars developed an elastic isofropic damage
model which can be applied to concrete material.
As the damage model is isotropic, therefore, it only
has 1 (one) scalar variable (D) that can be defined
with a range of values between 0 and 1. The value of
0 demonstrates an un-damaged material (virgin
state of material), while the damage value of 1 is
expressed as a fully damaged condition. Moreover,
there are parameters of damage for tension and
compression that should be identified, such as At, Bt,
Ac, and Bc [19]. A computational study using the
Mazars Damage Model was done by [20] to model
Oil Palm Shell (OPS) lightweight concrete in cube
specimens, in which the parameters implementations
showed a dependency on mesh density and size
dimension.

2.1.2  Turning Band Method (TBM)

The Turmming Band Method (TBM) was originally
infroduced by [21] as a means of simulating the
realization of a random function. Serving as a
generator, TBM facilitates the generation of a
spatially correlated random variable in 2D and 3D
through a complex 1D process, with its generation
procedures and 2D visualizations detailed by [22].
The Turning Band Method (TBM) is one of the random
field generators included in the Class 1 generator
that produces a continuous random field using the
point discretization method [14].

On the other hand, random fields are generally
used to model uncertainty, such as an error in
measurement, a random fluctuation of geometry or
material properties, etc. In statistical analysis, random
variables are used as a representation of uncertainty,
therefore, rendering them suitable for the precise
production of random fields [23]. A random field is
affected by mesh density, in which in the generation
process, mesh definition is required and related to
the correlation function [14]. In line with that, it is
assumed that the 2 (two) parameters, mesh size and

correlation length may exert a notable influence on
the modelling results. Thus, emphasizing the
importance of meticulous consideration in their
selection is necessary.

2.2 Numerical Simulation

The numerical study was conducted using the ALEA
operator, an operator of The Turning Band Method
(TBM) within the 2021 version of Cast3M, a finite
element code-based application [24]. The behaviour
of concrete law employed in this simulation is the
Mazars Damage Model.

2.2.1 Proposed Model

The modelling is performed on a concrete beam
which has a dimension of 100 x 100 x 500 mm3 with a
single reinforcement bar positioned at the centre of
the concrete. However, to simplify the numerical
simulation, only a quarter size of the sample is
modelled in this modelling. The illustration of the
proposed sample is shown in Figure 1.

A VOO mm A \SOmm

100 mm

500 mm
500 mm

y

Steel bar @ Steel bar
—I: 12 mm T lp2mm
(a) (b)

Figure 1 Proposed model of a reinforced concrete beam
with single reinforcement bar (a) full size (b) ' of volume

2.2.2  Material Properties

The properties data of the reinforced concrete and
the reinforcement bar in this simulation are based on
the experimental works that have been done by [17].
The property of concrete materials is shown in Table
1.
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Table 1 Mechanical Properties of Concrete

No. Concrete Properties Values
1 Specific Gravity (kg/m3) 2400

2 Tensile Strength (MPa) 4+0.2
3 Modulus of Elasticity (MPa) 38500

4 Poisson’s ratio 0.27

5 Fracture Energy in Tensile (J/m2) 154

The property of the reinforcement bar are shown
below in Table 2.

Table 2 Reinforcement Bar Properties

No. Reinforcement Properties Values
1 Diameter of bar (mm) 12

2 Bar length (mm) 700

3 Yield Stress (MPa) 567.30
4 Elasticity Modulus (MPa) 190000

2.2.3 Size of Mesh and Length of Correlation

There are two main parameters that affect the
random field, namely the mesh size and the length of
correlation. The choice of mesh dimension in this
modelling is directly related to the size of the coarse
aggregate. In this numerical simulation, a mesh size
of 1 cm is used, representing the minimum size of the
aggregate. Whereas, the correlation length, also
known as the fluctuation scale, denotes the range of
variability within the random field. In cases involving
concrete and reinforced concrete, the length of
correlations is influenced by factors, such as mould
designs and aggregate size, ultimately impacting the
level of projection from the experimental data [14].
Given the pivotal role of the fluctuation scale in
accurately characterizing variability, determining the
precise value becomes crucial for achieving a
realistic response in probabilistic approaches [25].
Consequently, the correlation length selection is
dependent on the factor of aggregate size, which in
turn affects the mesh size.

Therefore, in this modelling, the correlation length
is set at 1, 2, and 3 times of the mesh dimensions with
10 times of random field generation for each length
of correlation. These ten generated fields are taken
to represent 10% of 100 experimental samples. Also,
the modelling frequency must be carefully
considered fo ensure a failure pattern closely
resembling the crack pattern of the laboratory-tested
samples. Detailed information on the use of mesh
dimensions, variations in correlation length, and
modelling frequency is shown in Table 3.

Table 3 Mesh Size, Correlation Length Variation, and
Frequency of Random Field

2.2.4  Parameters of Mazars Damage Model

As stated before, the parameters of the Mazars
Damage Model should be identified before the
modelling is executed. The chosen parameters are
obtained through a ftrial and error process, with the
objection to achieving a global behaviour that
closely aligns with the findings of the experimental
study conducted by [17]. Each parameter of the
Mazar damage model has a significant effect on the
shape of the curve, and the illustration of their
influence is described by [26]. Given that the test is
performed under tension, only the parameters in
tension, specifically At and Bt, are recognized. The
specific values of these parameters employed in this
modelling process can be found in Table 4.

Table 4 Mazar Damage Model Parameters

No. Parameters Values
1 At 0.95
2 Bt 9500
3 Shear Correction (B) 1.06

Mesh Size Length .Of Random Field
(cm) Correlation Freguency
(cm) (times)
1 10
1 2 10

3 10

2.2.5 Boundary Conditions

The reinforced concrete beam with single
reinforcement modelling is carried out on the 4 size
of the enfire specimen. By using CUB8 elements, a 3D
element which consists of 8 (eight) Gaussian
integration points, a quarter size of the sample is
deftached based on their symmetrical axes. An
interpretation of the CUB8 elements is shown in [27].
While the detailed information regarding the
concrete and steel bar boundaries along with the
tensile loading areas can be seen in Figure 2.

Conerete Section s YZ Plane

Section Detail Uy=0
i
=

o eV

Uy=Uz=0

Canerete
Reinforcing Bar

Ux=Uy=Uz=0

Figure 2 Boundary conditions of "4 size of the concrete
beam with single reinforcement bar

Based on Figure 1, the boundary conditions of
concrete beams with single reinforcing bars are
marked by different colours on each side of the
sample. The side which has a blue colour indicates
that the concrete is fixed in the Y direction, thereby
prohibiting movement in that direction. On the other
hand, the red colour signifies that concrete is fixed in
the Z direction, resulting in actions occurring solely in
the X and Y directions. The grey colour denotes that
actions are primarily taking place in the X direction.
Moreover, a tensile force is applied to one side of the
end of reinforcing steel, while the other side of the bar
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is restrained. This load is applied in the X direction until
the concrete sample is damaged.

3.0 RESULTS AND DISCUSSION

This section discusses the analysis of numerical
simulation results, which consists of the random draws,
a force-displacement relationship that represents the
global behaviour of concrete, damage behaviour,
and fensile strength average value of each random
field that has been generated towards the variation of
the correlation length. The observation of the damage
patterns is pointed out at the end of tensile loading.

3.1 Random draw from The Turning Band Method
(TBM) implementation

By implementing the same mesh dimension and
various lengths of correlation in the reinforced
concrete beam modeling, random draws of all
random fields were captured. The resulfs are shown in
Table 5 which describes the random draw from each
random field alongside their length of correlation. As
mentioned in Table 3, 30 random draws have been
generafed in this modeling which consists of 10
random draws that are produced by each correlation
length (Lc).

Regarding Table 5, the random draws reveal the
distribution of average tensile strength that illustrates its
variability across different areas of the concrete
sample. The scale of the colour is given on top of the
table signifying the strength variation performed for
the concrete volume. The colours in random draw
signify specific conditions; the green colour indicates
concrete areas which dominated by average tensile
strength, the blue colour points out the areas with the
lowest average ftensile strength, and the orange
colour specifies areas with the highest average tensile
strength.

Table 5 Random draw results of concrete tensile strength
using ALEA Operator in Cast3M with a variation of the
correlation lengths

Length of Correlation (cm)

1 2 | 3
Random S 3 3 3 3 383 3 38 8 8 8
. e F F + + + + F ¥ + +
Fleld | & & & @ & & § ¢ 2 & %
RF Hh @ § 3 9 » KN = b ® §
( ) ~ ~o ~0 w v < o ] N - -
[ ——— ]
Tensile Strength (MPa)
2

Length of Correlation (cm)

1 | 2 [ 3

Random
Field
(RF)

Tensile Strength (MPa)
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Length of Correlation (cm)
1 2 | 3
Random W W W W W W W W VW VW 0
Fed | 2 2222 E 2ol
e H &6 8 ¥ 2 @ 8 ¥ - & w9
(RF) W ¥ &4 9 o 0 K~ = W0 o d
[ ~0 ~0 wn v < o (] o~ - -
[ = |
Tensile Strength (MPa)
8
9
10

A noticeable effect caused by the adoption of
correlation length is shown. Each random field
depicts a distinct random draw, with the location of
the lowest and highest values of average fensile
strength is varied. Because of its role as the variability
measurement, the length of correlation affects the
distribution level of the mechanical properties, in this
case, it is impacting the mean value of tensile
stfrength that may not give the same value to every
random field. In addition, the random draws
generated using 1 cm of correlation length exhibit a
coarser distribution of average tensile sfrength
compared to those random draws generated using 2
cmand 3 cm.

To check the relevance to the input variables of
the modelling, in this term, the tensile strength value
acquired from the experimental test, the average
value of the tensile strength of each random field
obtained from the TBM simulation were calculated in
Cast3M. The comparison of tensile strength average
value between numerical simulation and laboratory
test samples is shown in Figure 3.

Figure 3 shows the average tensile strength from
simulations with the same mesh dimension and three
types of correlation lengths. Tensile Strength of 4 MPa
with 0.2 MPa of standard deviation was used (see
Table 1 the concrete properties). In Figure 3, the

purple shadow zone represents the standard
deviatfion. Lc means correlation length. The results
demonstrate that using different correlation lengths
can lead to greater deviations in the average tensile
strength values across each random field, specifically
three cases for Lc equals 2 and 3 cm.

As shown in the curve, when using a 1 cm
correlation length, the average tensile strength
values derived from 10 generated random fields
range between 3.90 MPa and 4.31 MPa (within the
area of purple shadow). Conversely, at correlation
lengths of 2 cm and 3 cm, the variation in tensile
strength values across each random field is notably
large, particularly in RFé and RF7. Three random fields
drawn from LC of 2 and 3 cm passed the standard
deviation. Overall, the average tensile strength
derived from all modelling samples ranged from 3.30
MPa to 4.30 MPa. The larger the Lc is, the larger the
deviation is.

3.2 Global Behaviour: Force-displacement and First
Crack(S) Locadlization

After obtaining random draws, the sample was then
modelled under displacement control reaching 8
mm. The simulations resulted in 30 different force-
displacement responses from 30 random draws.
These responses are commonly known as global
behaviour. Figures 4, 5, and 6 show the global
behaviour from 10 random fields (named RF 1 until
10) of correlation lengths of 1 cm, 2 cm, and 3 cm.
Each case is accompanied by non-TBM results
(depicted in red colour).

4.80
4.70 —0—— Lc=1cm
——0—— Lc=2cm
4.60
—O0— Lc=3cm
4.50

== == == |nput

4.40

4.30

4.20

4.10

4.00

3.90

3.80

Average Tensile Strength (MPa)

3.70

3.60

3.50

3.40

3.30

3.20
1 2 3 4 5 6 7 8 9 10

Random Field (RF)

Figure 3 Average Tensile Strength of Simulation with The
Turning Band Method (TBM) and Experimental Study
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Regarding these three figures, a linear relationship
between force and displacement is apparent in the
beginning. It is possible due to steel reinforcement
bar linear behaviour. Then, it changes little by little
nonlinear as concrete damages. When damage
localizes as first crack localization, the force decreases
suddenly. It increases again along with the tension
load and fall again to second crack localization. This
condition occurs until yielding condition reached. For
some cases occurs only one dropped force (localized
damage), for the other cases occur 2 to 3 times.

Therefore, for each case of Lc, Turning Band
Method (TBM), in general, does not significantly
influence the global behaviour (force-displacement
relafionship) of each generated random field. On the
other hand, the first crack localization is. All random
fields exhibit several points of crack localization at
different loading rates both before and after reaching
the elastic limit. Meanwhile, the modelling without
Turning Band Method (non-TBM) indicates that the one
localization of concrete crack only occurs before
achieving the elastic limit.

= 70
<
o 60
4
S 50
40
30
20
10
0
00 10 20 30 40 50 60 70 8.0
Displacement (mm)
RF1 RF2 RF3
RF4 RFS RFé
RF7 RF8 RF9
RFIO  —eeeeee- Non-TBM

Figure 4 Graph of Force - Displacement for numerical
simulation using TBM with 1 c¢cm of correlation length and
modelling without The Turning Band Method (TBM)
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o
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40
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20
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0
00 10 20 30 40 50 460 70 8.0
Displacement (mm)
RF1 RF2 RF3
RF4 RFS5 RF6
RF7 RF8 RF9
RFIO  —mmme--- Non-TBM

Figure 5 Graph of Force - Displacement for numerical
simulation using TBM with 2 cm of correlation length and
modelling without The Turning Band Method (TBM)
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Figure 6 Graph of Force - Displacement for numerical
simulation using TBM with 3 cm of correlation length and
modelling without The Turning Band Method (TBM)

Table 6 describes the summary of the first crack(s)
localization for each case. For the case of non-TBM
modelling, the first crack localization occurred at 50.5
kN. On the other hand, for the TBM modelling, the first
crack can occur within the range of 18.70 kN fo 31.50
kN. Thus, crack localization obtained from The Turning
Band Method (TBM) simulations can take place
earlier than the modelling of non-TBM.

In terms of the displacement at the first crack(s)
localization in both cases of TBM and non-TBM also
differs. In the non-TBM case, the displacement
estimates at force of 50.5 kN is 1.10 mm. While, in the
case of TBM implementation by using different
lengths of correlation of 1, 2, and 3 cm causes
displacements ranging between 0.42 mm to 0.62 mm
in the conditions of first crack localization.
Accordingly, the displacement at the first localization
of the crack of non-TBM sample is larger than TBM
samples.

Table 6 Force and displacement just before the First
Crack(s) localization

Random | .= 5051054 N
Field i
Correlation
Length 1cm 2cm 3cm
Random
Field
1 F=2.91x10%N F=273x10%N | F=2.47x10%N
d=0.62mm d=0.58 mm d=0.52 mm
2 F=3.09%x10% N F=292x10%N | F=2.48x10%N
d=0.66 mm d=0.62mm d=0.52 mm
3 F=2.56x10%N F=284x10%N | F=2.04x10%N
d=0.54 mm d =0.60 mm d=0.42mm
4 F=2.38x10%N F=292x10%N | F=2.04x10%N
d=0.50 mm d=0.62 mm d=0.42mm
5 F=2.05%x10%N F=228x10%N | F=2.14x10%N
d=0.42 mm d=0.48 mm d=0.44 mm
6 F=2.64x1004 N F=291x10%N | F=2.04x10%N
d=0.56 mm d=0.62 mm d=0.42mm
7 F=237x10%4 N F=3.01x10%N F=1.87x10%N
d =0.50mm d=0.64mm d=0.38 mm
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Random | F = 505X10%N
Field i
E:ec:g-.;:‘qhon T1cm 2cm 3cm
8 F=2.82x10%N F=3.09x10%N F=3.15x10% N
d=0.60 mm d=0.66 mm d=0.68 mm
9 F=275x1004 N F=2.55%x10%N F=2.54x1004 N
d=0.60 mm d=0.54 mm d=0.54 mm
10 F=291x10%N F=2.92x10%N F=2.65x1004 N
d=0.62mm d=0.62mm d=0.56 mm

Regarding Table 6, Figures 7 and 8 depict the box
plot of the peak force and the corresponding
displacement just before the first crack localization
from the three cases of Lc. In these figures, red stripes
represent the average value before the first crack
localization, and the rest statistical values are as noted
in Figure 7. It can be said that Lc 3 has the largest
standard deviations, either for the force or for the
corresponding displacement among all, while Lc 2 has
the lowest one. Comparing fo the results from section
3.1, Figure 8 shows that Lc 3 cm has the largest
deviation, aligned with first crack localization
displacement and force. On the other hand, it is not
the case with the Lc 1 cm and 2 cm. So, the standard
deviation of tensile strength from the generated
random draws is not related directly to the variation of
first crack localization. Nevertheless, the longest Lc has
largest variation.

In this simulation, the impact of TBM applications
leads to earlier cracking, as observed in both force
and displacement. In real condition, if first crack can
be predicted earlier, it can help engineers preventing
further loss.

36.0
33.0

30.0 T
27.0
24.0 Moo <

21.0
18.0

15.0

Lc=3cm

Lc=1cm Lc=2cm

Figure 7 Box Plot of Peak Force just before the first crack(s)
localization

0.80

0.70

0.60 +

0.50

0.40

0.30

0.20

0.00

lc=1cm lc=2cm Lc=3cm

Figure 8 Box Plot of Displacement of Peak Force just before
the first crack(s) localization

3.3 Damaged Condition at the End of the Test

The damage pattern of each random field of
concrete prism samples for every correlation length
can be seen in Table 7. The cracks of each random
field are observed at the end of tensile loading,
highlighting the point of maximum tensile force at 8
mm of displacement. The range values for the
maximum tensile loading utilized to assess the crack
conditions across all random fields fall approximately
between 6.62 x 104 N and 6.71 x 104 N.

Each correlation length results an unconventional
crack pattern, which is characterized by varied
locations and quantities of cracks. Damage colours
indicate different conditions; the appearance of red
colour on the concrete surface denotes regions that
have incurred damage, whereas the blue colour
represents that the concrete areas have negligible
damage. The scale of the damage is presented on
top of the table.

Table 7 Damage pattern of each random field with
different correlation length

Q

Random Length of Correlation (cm)
Field 1 2 3
(RF)
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Random Length of Correlation (cm)
Field 1 2 | 3
(RF)
o o o o o o o o o o [}
[ < d o N [} o o - N o
6N @ N ¥ B ¥ M ® N = o
o o o o o o o o o o o
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It is observed that each random field has different
number of cracks, in which by generating the
random field using a correlation length of 1 cm, it
generally exhibits 2 cracks, while the utilization of
larger correlation lengths, specifically 2 cm and 3 cm,
results in a range of 1 to 3 cracks. The first cracks
typically appear in the middle length of the concrete
samples, and the number of cracks may rise and
propagate with the increasing tensile force.

The observed damage patterns are linked to the
outcomes of each random draw across different

random fields, as shown in Table 5. Inifial cracks
predominantly form in areas identified as weak
zones, characterized by the lowest average tensile
stfrength within the concrete. Consequently, the
location and number of cracks vary across each
random field, highlighting these regions’ increased
vulnerability to cracking compared to other concrete
areas. Additionally, as demonstrated in Table 6, inifial
cracks are typically found at the mid-span of the
concrete sample. From this point origin, the cracks
tend to propagate or expand to adjacent areas
throughout the tensile loading process.

The crack patterns obtained from the modelling
with TBM, as displayed in Table 7, are compared with
those from a numerical simulation non-TBM, using
identical Mazars Damage Model parameters. Figure
9 denotes that non-TBM modelling of concrete
samples results in a single crack, located at the mid-
length of the concrete sample. Beyond the initial
crack, no additional crack development is observed
until the end of the loading; but only the widening of
damage is occurred.

The damage patterns presented in Table 7 are
compared with the experimental results reported by
[17]. The prior study involved the tensile testing of two
single reinforced concrete sampiles, labelled as ERI
and ER2. Laboratory finding revealed that the ERI
sample exhibited 2 cracks on its mid-surface,
whereas the ER2 sample showed a singular crack,
remaining in a fixed position throughout the loading
duration.

D
< 1.48E+00
»=7.95E-01

0.93
0.89
0.84

N o.80

W o.75
0.71
0.66
0.62
0.57
0,53

| 0.48
0,44
0.39
0.35
0.30
0.26
0.21
0.17
0.12
7.50E-02
3.00E-02

Figure 9 Damage Pattern of Modelling without TBM

The comparison of crack numbers between
experimental samples [17] and models incorporating
TBM, fo consider the heterogeneity nature of
concrete, shows that models with a 2 cm correlation
length generally yield more cracks than observed in
laboratory tests. Models with a 1 cm correlation
length tend to resemble the damage pattern of the
ER1 sample, whereas models using a 3 cm correlation
length align more closely with the ER2 test results.

The results were further compared with
experimental work conducted by [11] on beams
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measuring 10 x 10 x 100 cm3. These three specimens
exhibited 5 to 6 cracks, localized at the end of the
tensile loading, with crack positions perpendicular to
the loading oxis at the end of each beam.
Compared to the numerical simulation employed
TBM, it showed that the experimental study revealed
a higher crack count. Additionally, it showed that
cracks were positioned closely along the tie beam,
whereas the TBM simulations indicated that some
results had more widely spaced cracks.

The modelling outcomes were analysed alongside
the random field simulation performed by [15], which
aimed to predict cracking in both plain and steel
fibre-reinforced concrete using the Hordijk model
and a smeared crack approach in DIANA. This
comparison showed an agreement in findings,
highlighting that the random field model resulted in
varying crack widths and spacing due to crack
localization, with steel fibre contributing to reduced
crack width.

When compared with the random field modelling
completed by [16], which employed a steel-
concrete bond model in the same finite element
code Cast3M, similar levels of agreement were
observed. This study indicated that while the global
responses remained largely unaffected by the 3
random field generations, the localization of the first
crack, particularly in relation to peak load, differed.
At a local level, the crack opening demonstrated
consistency in the number, with five cracks observed
at the end of loading with small space. Nevertheless,
the specific crack patterns across each random field
exhibited significant variability.

4.0 CONCLUSION

In conclusion, the utilization of The Turning Band
Method (TBM) has significantly impacted the
simulation of concrete with a single reinforcement
bar. Employing the same mesh size and varying
correlation length revealed that the global
behaviour, as indicated by the force-displacement
relationship, experienced a negligible change due to
these parameters. However, it demonstrated varying
frequencies of tensile force instability in each random
field, highlighting the occurrence of first crack(s)
localization at different forces (and displacement).

The use of different correlation lengths resulted in
diverse crack patterns, with each random field
exhibiting different crack positions and quantities.
Initial cracks primarily emerged in the middle surface
of the concrete samples, with certain random fields
showing an increase in crack quanfity with the
increasing applied force.

A comparison between modelling TBM and non-
TBM revealed that the TBM modelling demonstrated
a diverse crack pattern, whereas the non-TBM
samples exhibited a single crack at the centre.
Comparison with the experimental results showed
that the random field modelled using a 1 cm

correlation length exhibited a crack pattern similar to
ER1, while the simulation using a 3 cm correlation
length exhibited a crack pattern akin to sample ER2.
Moreover, the smaller correlafion length exhibited
only a slight deviation from the experimental study,
while the larger correlation length demonstrated a
considerable deviation in tensile strength.

For ten random field simulations for each
correlafion length, crack modelling on concrete
structures may result in different crack openings. In
the case of experimental works, cracks occur
differently for the same condition of concrete. Thus,
TBM may help to represent crack simulations for real
applications that need detailed crack propagation
locations along the concrete volume.

In brief, the findings revealed that TBM enables
more accurate and realistic concrete modelling by
accounting for the heterogeneous nature of
concrete. This method yields results that closely align
with experimental results. The fact that TBM model
can predict earlier damage in concrete may help
engineers for reducing loss due to more severe
damages.

Future research should explore the possibility of
other concrete properties, such as shrinkage and
aggregate size distribution, fo enhance
understanding of concrete modelling. Further
examination of concrete damage in more infricate
structural elements, such as beams with complex
reinforcement configurations, represents a promising
direction for subsequent research.
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