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Abstract

The paper describes investigation results on fracture in notched concrete beams under quasi-static
three-point bending by the x-ray micro-computed tomography. The 2D and 3D image procedure
Wds Used. AUENUONn wds pdid 10 widl, 1engu, Neignt and snape Ol Cracks diong oedm aepui. in

aaaiuon, e aispiacements on the surface of concrete beams during deformation process were
measured with the digital image correlation (DIC) technique in order to detect strain localization

before a discrete crack occurred. The fracture 2D pattern in a beam was numerically simulated with
FEM using an isotropic damage constitutive model enhanced by a characteristic length of micro-
structure. Concrete was modelled as a random heterogeneous 4-phase material composed of
aggregate, cement matrix, interfacial transitional zones (ITZs) and air voids. The advantages of the

x-ray micro-computed tomography were outlined.
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1. Introduction

Fracture is a fundamental phenomenon in concrete materials. It is very complex since it consists of
main cracks with various branches, secondary cracks and micro-cracks [1]. During fracture, micro-
cracks first arise in a hardening region on the stress-strain curve which change gradually during
material softening into dominant distinct macroscopic cracks up to damage. Thus, a mechanical
fracture process is generally subdivided into two main stages: 1) the appearance of narrow regions
of intense deformation (equivalent to the region of intense micro-cracking called fracture process
zones FPZs) ahead of macro-cracks and 2) the occurrence of discrete macro-cracks [2]. A realistic
description of fracture process zone (FPZ) in concrete (their width, length, shape and distance) is

very important since they are not negligibly small as compared to the specimen size and are large
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enough to cause significant stress redistribution in the structure and associated energy release
contributing to a size effect [1]. The fracture process strongly depends upon a heterogeneous
structure of materials over many different length scales, changing e.g. in concrete from the few
nanometres (hydrated cement) to the millimetres (aggregate particles). In order to properly describe
fracture process, a material micro-structure has to be taken into account which effect on the global
results is pronounced. At the meso-scale, concrete may be considered as a composite material by
distinguishing 4 important phases: aggregate, cement matrix, interfacial transition zones ITZs
(contact zones between the cement matrix and aggregate) and macro voids [3-6]. In particular, the
presence of aggregate particles and ITZs is important since the volume fraction of aggregate can be
as high as 70-75% in concrete and the ITZs with the thickness of about 50 um are always the
weakest region in usual concretes (wherein cracking starts because of their higher porosity) [4]. A
direct observation of fracture is difficult because of a small scale at which micro-structural events
interact with a failure process. Different techniques have been used to experimentally investigate
fracture in quasi-brittle materials (concrete, rock and masonry) at the laboratory scale such as:
scanning electron microscopy (SEM) [7-9], high speed photography [10], laser speckle
interferometry [11, 12], acoustic emission [13-15], X-ray technique [16-18], moiré interferometry
[19, 20] and digital image correlation technique [21-26]. One of the most popular methods (due to
its availability, simplicity and low cost) is the DIC technique, wherein material displacements are
obtained by tracking a random speckle pattern applied to the surface by means of digital images at
different instances of deformation. Next strains, which are the best indicator for localized zones, are
calculated, based on displacements, using standard finite-element shape functions. The method
gives high resolution measurements of a displacement field. It can be used both for 2D and 3D
measurements. For concrete, strain localization and cracks can be both easily identified that are
certainly two key parameters needed to estimate the permeability, strength and durability of
structural concrete components [1, 2]. This method has two serious drawbacks: no information
about material microstructure and fracture inside the material may be achieved. Recently, the
application of the high-resolution x-ray tomography (called also micro—computed tomography,
micro-CT or uCT) significantly increased. It is a non-destructive technique that provides 3D images
of the internal structure in materials from different life domains [27-31]. The image analysis offers
the possibility to study in detail the size and shape of each individual particle present in granular

and cementitious materials.

The main objective of this experimental study is to investigate fracture in concrete elements under
bending using micro-tomography by taking the concrete micro-structure into account. The

experiments were conducted to better understand a fracture process phenomenon in quasi-brittle
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materials and to enable the calibration of our mesoscopic continuum and discrete models for the
description of the concrete behaviour [32-37]. Next, some numerical 2D calculations at the
aggregate level were carried out with the measured micro-structure. The numerical simulations
were carried out with a simple isotropic continuum constitutive damage model [33, 34] enhanced by
a characteristic length of micro-structure by means of a non-local theory [38-40]. Concrete beam
was assumed at meso-scale as a random heterogeneous material composed of 4 phases: aggregate,
cement matrix, interfacial transition zones (ITZs) and macro air voids. The major contribution of
the paper is: 1) 3D images of micro-structure of concrete beams before and after the damage and 2)

numerical 2D calculations of fracture with the measured concrete micro-structure.

2. X-ray micro-tomography

The x-ray micro-tomography (called micro-CT or pCT) is a non-destructive 3D imaging technique
which uses x-rays to create cross-sections of a physical object that is used to recreate a virtual
model (3D model) without destroying the original object (Figure 1). The pixel sizes of the cross-
sections are in the micro-metre range. The first x-ray microtomography system was conceived and
built by Jim Elliott in the early 1980s [41]. The basic physical x-ray principal of the computed
tomography is the interaction of the ionizing radiation with the material, where the so-called photo-
effect builds the main interaction mechanism. The photo-effect attenuates the photons proportional
to the third power of the order number of the elements and inverse proportional to the third power
of the photon energy. As the x-ray beam penetrates an object, it is exponentially attenuated
according to the material along its path. The energy-dependent material constant appearing in the
exponent of the attenuation formula is called the linear attenuation coefficient. It expresses the
amount of the radiation that is attenuated on an infinitely small distance in which the final
attenuation reflects the sum of all these local linear attenuations along the x-ray beam. The x-ray
image represents an image of the sum of all local attenuations along the x-ray beam [42]. The 3D
images of the interior of an object are obtained by collecting a series of 2D images that are stored
while the specimen investigated is rotated. The internal structures are reconstructed using the
combination of all 2D cross-sections (projections) which are then used to analyse the 2D or 3D
morphological parameters of the object and create a realistic visual model. The source is mostly
either a micro-focus x-ray tube or a device of a synchrotron radiation facility. The detector is

normally based on a CCD camera with a phosphor layer to convert x-rays to a visible light.

Some artefacts are commonly encountered in computed tomography (CT) and may obscure or

simulate pathology. There are many different types of CT artefacts, including: ring artefacts, noise,
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beam hardening and scatter, motion artefact, misalignment, metal artefacts, out of field artefacts and

defect pixels which were discussed in detail in [44, 45].

The x-ray micro-tomography technique has been already used to cementitious materials, mainly to
mortars (with maximum aggregate size 2 mm) using small specimens. Internal cracking patterns in
small mortar specimens were observed by Landis et al. [46-48]. The scanned specimen were very
small in the form of cylinders 4 mm in diameter by 4 mm high and the maximum aggregate size
was only 0.425 mm. The spatial resolution was equal to 9.6 microns. In the tests by Lu et. al. [49]
the pore structure of concrete was studied. The specimen size was 5x6x6 mm? large and the spatial
resolution was 1-4 microns. Burlion et. al. [50] dealt with leaching of cementitious materials. The
micro-structure evolution in a standard mortar with the maximum grain size of 2 mm subjected to a
chemical attack was analysed (the cylindrical cores of 8 mm diameter and length equal 20 and 30
mm). The spatial resolution was initially equal 4.9-7.5 microns. Promentilla and Sugiyama [51, 52]
studied the internal structure of mortars which were exposed to the freezing-thawing action (cored
cylindrical samples of 12 mm in diameter and 24 mm in height). The spatial resolution was in order
of 12 microns. Lydzba et. al. [53] analysed the processes of concrete degradation caused by
chemical processes. A cylindrical concrete specimen of the diameter of 5 cm and height 10 cm was

used. The spatial resolution was equal 7-14 microns.

Our x-ray micro-tomograph Skyscan 1173 (Figure 2) represents a new generation in high-resolution
desktop X-ray microtomography systems for scanning. It is particularly advantageous at
intermediate resolution levels, where scans are completed up to ten times faster with the same
resolution and image quality, compared to previous micro-CTs with a fixed source-detector design.
It is equipped with the newly developed 130 keV microfocus x-ray source with a very stable focal
spot position, flat panel sensor of a large format (5 Mpx) with a special protection by a lead-glass
fibre-optic window. The table scanner is additionally equipped with a precision object manipulator
which allows for a very precise and automatic specimen positioning. It has several filters available
in the front of the x-ray detector: 0.25 mm brass filter, 1.0 aluminium filter, 2.0 mm lead filter and
0.25 copper filter. As compared to usual micro-tomographs, there are two main advantages of our
apparatus: a) large specimens up to 300 mm in diameter may be scanned and b) the specimens are
scanned with a higher precision (2-3 microns). During tests with concrete beams, the x-ray source
voltage of the micro-CT scanner was set to 100 keV, the current to 78 pA and the exposure time to

1800 ms. The pixel size was 19.5 um.
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3. Specimen preparation and experimental set-up

3.1 Specimen preparation

The concrete was prepared from an ordinary Portland cement (CEM I 32.5 R), aggregate and water.
The river sand and gravel (round-shaped) aggregate was used with the mean aggregate diameter
dsp=2 mm, maximum aggregate diameter d,.=16 mm and aggregate volume of /=75%. The water
to cement ratio was equal to 0.42 (Table 1). A small superplasticizer quantity was used to improve
the workability of the fresh concrete. The tests were carried out on 2 free-supported rectangular
notched concrete beams (height D=80 mm, depth =40 mm and length =320 mm). The notch of
the height of D/10=8 mm and width of 3 mm was located at the mid-span (Figure 3). The beams
were cut out from the same mix block after the 7" day which was covered with a plastic sheet
during the initial curing period to avoid the surface evaporation and autogeneous shrinkage. The
elements were next kept 28 days in water. The measured compressive strength f.. Young's modulus
E and Poisson's ratio v were equal to: fc=51.81 MPa, E=36.1 GPa and v=0.22. Before tests, the
concrete surface was carefully polished and painted white. Next a speckle pattern (serving as a
tracer in DIC) was put on this surface using a black colour spray. The speckle pattern had

approximately 10 pixels per black dot.
3.2 Experimental set-up

The quasi-static test with concrete beam was performed with a controlled notch opening
displacement rate (or Crack Mouth Opening Displacement, CMOD) of 0.002 mm/min. This type of
control allowed for obtaining a gradual increase in the crack opening and a steady strength decrease
in a post-peak regime. A CMOD gauge with the length of 5 mm was located in the notch at the
beam bottom. The gauge precision was 0.0025 mm at the maximum permissible axial displacement

of 2 mm. The test ended for the CMOD=0.1 mm.

The experimental program included 2 main steps. In the first step, the bending process was
registered by means of the 2D micro-tomograph and 2D DIC technique. The displacement on the
beam surface were measured by DIC [54, 55] using the digital camera Canon EOS-1Ds Mark II
with the 16.7 megapixel CMOS sensor. The camera with the image size of 3546 pixels x 2304
pixels was fixed in a certain distance from the beam in order to provide the image with the area of
about 110x70 mm?. Thus, one pixel represented approximately the square of 60 pm on the beam

surface and the length image resolution was 17 pixel/mm. The patch size was assumed to be bigger
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at least by 1 pixel than the biggest speckle used, i.e. >30 pixels. The distance between the search
patch centres was equal 5 pixels. The details of DIC measurements for concrete beams were

described in [56].

In the second step, 2 concrete cuboids with the dimensions of 80 mm (height), 50 mm (width) and
40 mm (depth) were cut out from each beam after each test, using a diamond saw, for scanning by
the x-ray micro-tomograph in order to obtain the 3D images. One specimen was cut out in a cracked
area (in the notch region) and the second one in a non-cracked area (beyond the notch region). The
x-ray source voltage of the micro-CT scanner was set to 130 keV, the current was 61 pA and
exposure time was equal 5000 ms. The pixel size was 31.74 um. The x-ray projections were
recorded with the rotation increment of 0.2° within 360°. In order to reduce the noise in the X-ray
projections, the frame averaging option was 6 and random movement option was 50. The scanning
time was approximately 18 hours. The image reconstruction was carried out with the NRecon

software.

4. Experimental results

Two experimental curves of the vertical force F' versus CMOD for the concrete beams of Figure 3
(up to 0.16 mm for the beam 'l' and up to 0.10 mm for the beam '2') are shown in Figure 4. The
maximum vertical force ' was equal to 2.15-2.25 kN (the tensile strength 3.73-3.91 MPa). Figure 5
presents two concrete 2D images obtained with the micro-tomograph which are the average image
values obtained through the entire beam depth (concrete beam "2'). However, a localized zone above
the notch at the peak load (Fig.5a) could not be clearly detected and a few cracks above the notch

(instead of one) in the residual state were noticeable (Fig.5b).

The DIC technique was used in the concrete beam 'l' (it could not be used together with the 2D
microCT in the beam '2' for technical reasons). Based on the strain distribution in the beam
(Figure 6), a localized zone was created before the peak on the vertical force-CMOD diagram for
the about 90% of the peak force in the pre-peak regime (Figure 7). It appeared as a single strongly
curved zone. The localized zone width rapidly developed during the CMOD displacement
increment of 0.002 mm for CMOD=0.012 mm. Next it slightly decreased during a deformation
process in the range of CMOD=0.014-0.06 until a discrete macro-crack formed (point '6' in Figure
7). The maximum horizontal strain was 0.01. The width and length of the localized zone were very
similar on both sides of the beams, however, its shape was different. The maximum length and

height of the localized zone above the notch were /=65 mm and /.=55 mm (h./D=0.68) for
6
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CMOD=0.05 mm. The measured surface displacements from DIC were fitted by the error function
ERF whereas the surface strains calculated from the displacements were fitted by the usual normal
distribution (Gauss) function [57]. A localized zone width above the notch was equal to w.=3.48
mm (1.74xds0, 0.22%Xdmnax) for CMOD=0.05 mm. The width of a localized zone w;. varied at the
different height above the notch (e.g. wi-=2.25 mm at ~/=55 mm and w;=3.87 mm at #=15 mm). The

details of a localized zone in notched concrete beams were described in [56].

Figure 8 demonstrates the 3D image of the cracked and non-cracked cubical concrete specimens
after the test. The specimen of Figure 8 Aa was cut out from the beam 'l' for CMOD=0.16 mm when
the beam was totally cracked along the height. The specimen of Figure 8Ba was cut out from the
beam 2' for CMOD=0.1 mm. The 3 phases (aggregate particles, cement matrix and voids) are well
seen in Figure 9. The crack location in the various vertical and horizontal cross-sections after the
test 1s described in Figure 10 (CMOD=0.1 mm). Figure 11 presents the changes of the crack width

in different vertical and horizontal cross-sections.

The heterogeneous concrete micro-structure is well visible (Figure 8) and the 3 phases (aggregate
particles, cement matrix and air voids) can be distinguished (Figure 9). The shape of the crack
varies along the beam depth (Figure 10). The crack width in the tensile region changes non-linearly
with the specimen height (Figure 11A) from w.=0.32 mm (above the notch) down to w.=0.02 mm.
The crack width above the notch also changes with the specimen depth from w.=0.33 mm (at the
depth of 5 mm from the face side, Figure 11Bc) down to w:=0.13 mm (at the depth of 35 mm,
Figure 11Ba). The average crack width in the specimen is 0.20 mm. The mean crack height is £:~=50
mm. The crack height changes along the specimen depth (from 4.~45 mm up to ~2=56 mm). On the

front side A~=56 cm>/;..

Table 2 provides the data on the length and area of the crack in the different horizontal and vertical
cross-sections of Figure 10 (the average crack width is also given). The average crack surface area
is equal 2418.5 mm? and the average crack length is 54.78 mm. The crack length changes within the
specimen depth. The largest length is equal to 59.31 mm on the front beam side. The mean crack

volume is 507.9 mm?>

Figure 12 presents the 2D distribution of air voids in 3 different horizontal cross-sections above the
beam notch in the cubical non-cracked and cracked concrete specimen of Figure 8B (at the height of
3 mm, 15 mm and 30 mm above the notch). In these horizontal cross-sections (without the crack),

the void area is equal to 76.59 mm? (4.58% of the area of Figure 12Aa), 89.33 mm? (5.28% of the
7
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area of Figure 12Ab) and 84.88 mm? (5.02% of the area of Figure 12Ac), respectively (Table 3).
The total volume of the air voids is 5010.84 mm? (4.67% of the analyzed specimen volume). In the
concrete specimen with the crack (Figure 12B), the void area is equal to 83.12 mm? (4.47% of the
area of Figure 12Ba), 76.01 mm? (4.09% of the area of Figure 12Bb) and 103.96 mm? (5.60% of the
area of Figure 12Bc). The total volume of the air voids is 6468.81 mm?® (5.48% of the analyzed

specimen volume), i.e. higher than in the non-cracked specimen (5010.84 mm?).

The crack is strongly curved due to presence of aggregate grains and air voids. The crack solely
propagated through the cement matrix and ITZs which were the weakest phase in concrete (concrete
beam '2'). In the concrete specimen "2', the crack also propagated through a weak aggregate particle
(Figure 13). In order to measure the width of ITZs, the scanning electron microscope (SEM) Hitachi
TM3030 with the magnification factor 30'000 was used. The width of the ITZs changed between
30-50 um (Figure 14).

5. Constitutive model for concrete

A simple isotropic damage continuum model was used [33, 54] which describes the material
degradation with the aid of only a single scalar damage parameter D growing monotonically from
zero (undamaged material) to one (completely damaged material). A damage variable D is
associated with a degradation of the material due to the propagation and coalescence of micro-
cracks and micro-voids. It is defined as the ratio between the damage area and the overall material

area. The stress-strain relationship is represented by

o, =(1-D)C&y (1)

where Cj;, is the linear elastic material stiffness matrix (including modulus of elasticity £ and

Poisson’s ratio v) and &,, is the strain tensor. The damage parameter D acts as a stiffness reduction

factor (the Poisson’s ratio is not affected by damage) that changes from 0 to 1. The growth of
damage is controlled by the damage threshold parameter x which is defined as the maximum
equivalent strain measure ¢ reached during the load history up to time ¢. The loading function of

damage is

f(E,K)zé—max{K,Ko}, (2)
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where «, denotes the initial value of x when damage begins. If the loading function f'is negative,

damage does not develop. During monotonic loading, the parameter x grows (it coincides with &)
and during unloading and reloading it remains constant. To define the equivalent strain measure &,

a Rankine failure type criterion was assumed [57]
.1 off
8——max{0'. }, 3)

where E is the modulus of elasticity and o are the principal values of the effective stress

o =op,8,. 4)

To describe the evolution of the damage parameter D, the exponential softening law was used [58]

Dzl—%(l—a+aefﬂ('ﬁ(")), (5)

where a and £ are the material constants. The constitutive isotropic damage model for concrete
requires the following 5 constants: £ - the elastic modulus, v - the Poisson's ratio, xy - the initial
value of the damage parameter and a and f - the softening parameters. The model is suitable for
tensile failure [34]. However, it cannot realistically describe irreversible deformations, volume

changes and shear failure.

To properly describe strain localization, to preserve the well-possedness of the boundary value
problem and to obtain mesh-independent results, a non-local theory was used as a regularization
technique [1, 59]. In this theory, the principle of a local action does not take place any more. In the

calculations, the equivalent strain measure £ was replaced by its non-local value [33]

_ Lw(llx—fll)é(f)d-f, ©

Jyo(l-el)ac

where V' - the body volume, x - the coordinates of the considered material point, & - the coordinates

of surrounding points and @ - the weighting function. The equivalent strain measure & near
9
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boundaries was calculated also on the basis of Eq.3.6 (which satisfies the normalizing condition).

As a weighting function @, a Gauss distribution function was used

IR
o= e ()

where /. denotes a characteristic length of micro-structure and the parameter 7 is a distance between
two material points. The averaging in Eq.7 is restricted to a small representative area around each
material point (the influence of points at the distance of =3x/ is only 0.01%). A characteristic
length is usually related to material micro-structure and is determined with an inverse identification
process of experimental data [60]. The characteristic length was always assumed //"=1.5 mm based
on experiments [33, 55] (where /" denotes the mesoscopic characteristic length and is related to

material micro-structure).

The 2D calculations were performed only. The location, shape, size and distribution of aggregate
grains and air voids were directly taken from the microstructure at the depth of 3 mm from the front
of the concrete beam surface in the notch region (Figure 15). The FE mesh for the entire notched
concrete beam '2' is shown in Figure 16. The FE-mesh included in total approximately 100'000
triangular elements. The width of the meso-region was equal to 50 mm and was equal to the width
of the cuboid (cut out from the beam). This width of the assumed meso-region was sufficient since
the localized zone propagated in a heterogeneous beam part far from a homogeneous one [33].
Concrete was treated in the meso-scale region close to the notch as a random four-phase
heterogeneous material with angularly-shaped aggregate particles using material constants in
Table 4. In the remaining region, the material was the elastic one-phase material (Enacro=36.1 MPa

and l)macro:O 2) .

The modulus of elasticity of the aggregate grains (composed of 55% of granite, 30% of limestone,
13% of sandstone and 2% of basalt) was calculated as the mean value of the module of the

components [61]

E,,, =0.55E, +0.30E, +0.13E, +0.02E, =

aggr

7
=0.55x754+0.30x6+0.13x20+0.02x80 =47.2 GPa @)

10
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The modulus of elasticity of the cement matrix was assumed as E.,=29.2 GPa based on own tests.
The interfacial transition zone (ITZ) is a special region of the cement paste around particles which
is perturbed by their presence [62-64]. Its origin lies in the packing of the cement grains against the
much larger aggregate which leads to a local increase in porosity (micro-voids) and a presence of
smaller cement particles. A paste with the lower w/c (higher packing density) or made from finer
cement particles leads to ITZ of a smaller extent. This layer is highly heterogeneous and damaged
and thus critical for the concrete behaviour. According to Konigsberger et al. [64], two different
types of failure exist for ITZs: the ITZ-aggregate separation (related to some delamination
processes directly at the aggregate surface) and the ITZ-failure (related to cracking). An accurate
understanding of the properties and behaviour of ITZ is one of the most important issues in the
meso-scale analyses because damage is initiated at the weakest region and ITZ is just this weakest
link in concrete. The width of bond zones (ITZs) surrounding each aggregate grain was assumed to
be constant and equal to 50 um (the maximum value from measurements using SEM, Figure 14).
We assumed that ITZs had the reduced stiffness and strength as compared to the cement matrix (in
the proportion of 50%) (Table 4). The parameters xy, o and f in (Table 4) were adjusted to fit the
shape of the experimental curves of Figure 4. The size of finite elements was 0.025-0.2 mm
(aggregate), 0.025-0.2 mm (cement matrix) and 0.025 mm (ITZs) (Figure 15). The air voids (2.5%

of the total area, with the diameter > 0.8 mm) were modelled as the empty spots.

6. Numerical results for meso-scale 2D approach

Figure 17 demonstrates the load-CMOD curve obtained for the concrete beam 2' with the real
aggregate and air voids distribution (at the depth of 3 mm from the beam front side) in the notch
region obtained by micro-CT (E'"?=14.6 GPa, k¢'"%=1.1x107_[/"=1.5 mm). The calculated and
experimental force-CMOD curves are the same in an entire elastic regime and very similar in the
softening regime. The maximum vertical force F from the experiments was equal 2.25 kN for
CMOD=0.016 mm and from the FE computations 2.29 kN for CMOD=0.017 mm. The shape,
height and location of the localized zone from the FE computations is in satisfactory agreement
with the experimental outcome (Figure 18). The localized zone propagates through ITZs only as in
the experiment (beam '2'). The width and length of the localized zone are very similar as in the
experiments of Figure 6. The maximum calculated length and height of the localized zone above the
notch (beam '1") are /,=67 mm and 4,=56 mm (4/D=0.70) for CMOD=0.1 mm. In the experiments
with the beam '2', the crack length and height are: /=59 mm and A~52 mm (h./D=0.65) for
CMOD=0.1 mm. The calculated width of the localized zone width above the notch is w.=3.82 mm

11
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(we=3.48 mm in the experiments with the beam '1"') for CMOD=0.05 mm. It changes along the beam
height. Its largest width is w=4.5 mm (3x/.” for /=30 mm). In the experiments with the beam 'l',
the largest width of the localized zone was 3.87 mm for #=15 mm.

The effect of the ITZ stiffness on the numerical results is described in Figure 19. The stiffness £/7%
was assumed to be equal to 25%-75% of the cement matrix stiffness. The crack initiation strain in
ITZ was x=4.0x107. Since ITZ is the weakest phase, the ultimate beam strength increased with its
increasing stiffness (Figure 19A). The stiffness of ITZs strongly affected both the load-CMOD
response and shape of the localized zone. The width of the localized zone changes was not affected.
The shape of the force-CMOD curve and localized zone were not also influenced by the material
constant xo'"?=4.0x107 - 1.1x10™*. However, the strength was strongly affected (the larger x/’%, the

higher was the maximum and residual vertical force) (Fig.20).

7. Conclusions

The following conclusions can be drawn from quasi-static experiments on notched concrete beams

under three-point bending:

e X-ray micro-CT is a powerful tool for the visualization of concrete micro-structure
(aggregate, cement matrix, voids) and crack propagation.

e In the experiments, the crack shape changed along the beam depth (although plane loading
problem was considered). The crack was strongly curved since it propagated through the
weakest contact zones between the cement matrix and aggregate grains (ITZs). The width of
ITZs varied between 30 and 50 um. The crack sometimes propagated through a weak
aggregate particle.

e The crack height varied in the experiments between 45-55 mm along the beam depth (the
average height was 50 mm, /./D~=0.62). The crack was 59.31 mm long near the front beam
side; the average crack length was 54.8 mm. The crack width changed non-linearly with the
specimen height from 0.32 mm down to 0.02 mm above the notch. The crack width also
changed with the specimen depth from 0.13 mm up to 0.33 mm The average crack width in
the specimen was 0.20 mm.

e The experimental average crack surface area was 2418.5 mm? and the mean crack volume

was 507.9 mm?>,

12
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e The width of the experimental localized zone on the beam front side above the notch was
equal to wr=3.48 mm (1.74xdsp, 0.22Xdma). The width of the localized zone varied at the
different height above the notch between 2.25-3.87 mm. The height of the localized zone on
the front side above the notch was 41 mm for the maximum vertical force.

e The total volume of the air voids in concrete beam specimens was 4.7% (non-cracked

specimen) and 5.5% (cracked specimen).

The material micro-structure on the meso-scale has to be taken into account in calculations of
fracture to obtain a proper shape of cracks. The isotropic damage continuum model enhanced by a
characteristic length of micro-structure properly captured the evolution of a localized zone above
the beam notch under quasi-static three-point bending where concrete was treated as a
heterogeneous four-phase material. The properties of ITZs had a huge influence on the material
strength and shape of the localized zone and thus have to be carefully determined. Our experiments
will be continued. The servo-testing machine INSTRON 5569 will be equipped with a special load
handle which will allow for the concrete specimen rotation during deformation. The successive 3D

images during beam deformation will be obtained soon.
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Figure 1: Operation principle of x-ray micro-tomograph [43]
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Figure 2: X-ray micro-tomograph by Skyscan 1173: A) x-ray source, B) flat panel and C) precision

object manipulator
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Figure 3: Geometry of experimental concrete beams subjected to three-point bending (F - vertical

force) [54], [55]
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Figure 4: Vertical force-CMOD diagrams from experiments for 2 concrete beams 'l' and 2'
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Figure 5: 2D X-ray microCT images of concrete beam '2' above notch during deformation process:

a) at peak-load and b) in residual state for CMOD=0.1 mm
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Figure 6: Evolution of fracture process zone directly above notch corresponding to image points of

Figure 7 in DIC experiments with beam '1") (single image represents area of 70x70 mm?, colour

scale denotes horizontal normal strain intensity) FIGURE 6
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Figure 7: Experimental vertical force-CMOD diagram for concrete beam 'l' of Figure 3 with
marked points indicating image shot (point ‘1’ indicates moment of localized zone appearance and

photo ‘6’ moment of macro-crack onset)
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Figure 8: Images of cubical concrete specimens '1' A) and "2' B) 80x40x50 mm? by 3D micro-CT):

a) cracked specimen after test, b) initially non-cracked specimen and c) cracked specimen front side

FIGURE 8
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Figure 9: 3D images of cracked cubical concrete specimen '2' by 3D micro-CT with separated

phases: a) aggregate particles, b) cement matrix and c) air voids (crack is in blue colour)

FIGURE 9
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Figure 10: Crack location in cubical concrete specimen 80x40x50 mm? of Figure 7Ba after test
from 3D micro-CT (concrete specimen '2') in different: A) vertical beam cross-sections (a) at depth
of 3 mm, b) at depth of 10 mm (mid-region) and c) at depth 37 mm from front beam surface) and
B) horizontal beam cross-sections (a) 3 mm above notch, b) 15 mm above notch and ¢) 30 mm

above notch)

FIGURE 10
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Figure 11: Width of crack in concrete specimen 2': A) in 3 vertical cross-sections and B) in

3 horizontal cross-sections of Figure 10

FIGURE 11
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Figure 12: Images of air voids in different horizontal cross-sections 40x50 mm?® above beam notch

of non-cracked (A) and cracked (B) concrete specimen '2' of Figure 8B a) 5 mm above notch,
b) 15 mm above notch and c) 30 mm above notch (colours stand for air voids with different

diameter)

FIGURE 12
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Figure 13: Crack propagation along beam height through single aggregate particle (concrete

specimen '1")

FIGURE 13
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Figure 14: Images of ITZs by scanning electron microscope (SEM) (porous zones close to

aggregate represent ITZs)

FIGURE 14
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Figure 15: Micro-structure of concrete specimen of Figure 8B in the region of notch: a) initial
image at depth of 3 mm from front side of concrete beam '2' by micro-CT and b) FE mesh assumed

for concrete as 4-phase random heterogeneous material

FIGURE 15
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Figure 16: 2D FE mesh for entire beam '2' with meso-region of 50x80 mm?

FIGURE 16
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Figure 17: Diagram of vertical force against CMOD from: a) experiments and b) FE computations

(concrete beam "2')

FIGURE 17
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Figure 18: Comparison between experiments and FE analyses (concrete beam '2'): a) image at
depth of 3 mm from front side of concrete beam 2' by micro-CT after test (CMOD=0.1 mm) and b)

calculated distribution of non-local strain measure above notch in residual state (CMOD=0.1 mm)

FIGURE 18
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Figure 19: Effect of different elastic modulus of ITZs E"# on force-CMOD diagram (A) and
localized zone for CMOD=0.1 mm (B) in FE analyses: a) E'"?=7.3 GPa, b) E'"?<14.6 GPa and
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c) E"”=21.9 GPa, characteristic length of micro-structure //"=1.5 mm and crack initiation strain

0! T7=4.0x10)

FIGURE 19
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Figure 20: Effect of different crack initiation strain xo in ITZs on force-CMOD curve in FE

analyses: x¢/7%=4.0x107, b) x/"%=7.5x10> and c) xo'"?=1.1x10, characteristic length of micro-

structure /"=1.5 mm and elastic modulus £'7%=14.6 GPa)

FIGURE 20
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LIST OF TABLES

Table 1: Concrete mix used in experiments (dso - mean aggregate diameter, dma - maximum

aggregate diameter, 3 - aggregate volume)

Concrete components

Concrete mix

(dSOZZ mm, dmax:16 mm, ﬂ:75%)

cement (Portland 32.5R)
sand (0 - 2 mm)

gravel aggregate (2 - 8§ mm)
gravel aggregate (8 - 16 mm)

water

810 kg/m?
650 kg/m’
580 kg/m’
580 kg/m?
340 kg/m?

Table 2: Crack length, width and area measured in concrete specimen '2' with x-ray micro-

tomograph

(¥ - value in vertical cross-section, ' - value in horizontal cross-section)

Crosssection Crack length Crack area Average crack width
[mm] [mm?) [mm]

Figure 10Aa  59.31" 14.23" 0.24

Figure 10Ab  53.85" 10.77" 0.20"

Figure 10Ac  51.19" 9.73Y 0.19Y

Figure 10Ba  43.08" 11.21" 0.26"

Figure 10Bb  45.09" 10.41" 0.22"

Figure 10Bc  44.29" 7.97" 0.18"
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Table 3: Void area and void size in horizontal cross-sections of concrete specimen 2' (Figure 13A)

Di t f h void size [¢
Void Percentage iameter range for each void size [%]

Cross .
. area void area
section 2 ° 0.13-0.25mm 0.25-0.51 mm 0.51-1.02mm 1.02-2.03 mm 2.03-4.06 mm
™Y . O .
Fllf‘%‘:e 76.59 4.58 8.52 19.78 31.25 24.97 14.06
Flf‘%‘ge 89.33 5.28 8.53 21.99 27.56 25.67 16.25
Fllf‘%“cre 84.88 5.02 9.79 22.46 31.57 19.54 16.64

Table 4: Material constants assumed in FE calculations of concrete beam on meso-scale

Parameter Aggregate Cement matrix ITZ
Modulus of elasticity £ [GPa] 47.2 29.2 14.6
Poisson's ratio v [-] 0.2 0.2 0.2
Crack initiation strain xg [-] - 1.5x10* 1.1x10*
Residual stress level a [-] - 0.95 0.95
Slope of softening /3 [-] - 200 200
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