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Abstract: In-situ micro X-ray Computed Tomography (XCT) testf concrete cubes under
progressive compressive loading were carried ousttmly 3D fracture evolution. Both direct
segmentation of the tomography and digital volumeetation (DVC) mapping of the displacement
field were used to characterise the fracture eimiuRealistic XCT-image based finite element (FE)
models under periodic boundaries were built fongstptic homogenisation of elastic properties of
the concrete cube with Young’s moduli of cement agdregates measured by micro-indentation
tests. It is found that the elastic moduli obtaifretn the DVC analysis and the FE homogenisation
are comparable and both within the Reuss-Voigtrgtemal bounds, and these advanced techniques
(in-situ XCT, DVC, micro-indentation and image-bdssimulations) offer highly-accurate,
complementary functionalities for both qualitatiuederstanding of complex 3D damage and

fracture evolution and quantitative evaluation ey knaterial properties of concrete.

Key words: X-ray computed tomography, Fracture, Segmentatidigjtal volume correlation,

Homogenisation, Concrete

1 INTRODUCTION

Quasi-brittle multiphase composite materials, sastconcrete, bones, fibre-reinforced plastics
(FRP) and ceramic/metal matrix composites are widesled in engineering structures of many
industries. A better understanding of their mecta@nbehaviour can lead to development of
materials with higher load resistance, cost-efiecthanufacturing processes and optimal structural

designs. Due to the random distribution of multiph&ses from the nano-, micro-, meso- to macro-
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scales, multiphase composite materials have intaftg heterogeneous and nonlinear mechanical
properties, which in turn directly determine therfpemance and reliability of structures and
systems. Therefore, understanding their mechamicgberties including damage and fracture at
different scales, through both experimental studied computational modelling, becomes one of
the most critical and challenging engineering aridrgific problems (Oden et al., 2003; Kassner et
al., 2005).

The X-ray computed tomography (XCT) technique, aiiaging technique originally used in
medicine, is now widely used to characterise thermal nano/micro/meso-scale structures of many
materials, because of its high resolution, nonrdestve nature, and ability to clearly visualise
details including different phases, interfacesepand cracks. For instance, in the last decade XCT
has been applied to characterise microstructurégeoperties of wide range of materials, such as
geological materials (rock, soil and fossils) (8an, 2006), metals and alloys (Babout et al., 2006;
Marrow et al., 2006; Qian et al., 2008), porous enats (Kerckhofs et al., 2008), composites
(Drummond et al., 2005; Sharma 2013), asphalt mestySong et al., 2006), cement (Meyer et al.,
2009) and concrete (Garboczi, 2002; Wang et al0320/an and van Mier, 2008; Landis and
Bolander, 2009). Many XCT studies acquire the mdérstructures of intact materials without
external loading, or study damaged materials aftading (i.e. post-mortem analyses). However,
in-situ XCT studies, which scan the internal stooes of materials under progressive loadings so
that the structural damage and fracture evolutanle examined and related to the loading process
are now feasible. For example, De Kock et al (20i&)e observed the fracture process in rocks
under ambient freeze—thaw cycling and Nagira ¢2@11) studied semi-solid carbon steels., whilst
in recent years some of the authors of this papee tconducted in-situ XCT experiments to
examine deformation in metal-metal composites (Baisnet al., 2014), fatigue cracking in
magnesium alloy (Marrow et al., 2014), indentateavacking in alumina (Vertyagina et al., 2014)
and ceramic composites (Saucedo-Mora et al (201éhsile deformation in nuclear graphite
(Marrow et al., 2016), and polymeric foams (McDahat al. 2011), liquid flow and deformation in
semi-solid aluminium alloys (Cai et al, 2016), intiion deformation in a metal-matrix composite
(Mostafavi et al, 2015), and fracture of propagaiio nuclear graphite (Mostafavi et al, 2013). For
such studies to be successful, it is importantotesicler the experimental constraints of increasing
X-ray absorption with sample dimension and densitlyich limits the maximum dimensions and
increases the time to record tomographs, and asodifjital volume correlation analysis of
deformation, it is necessary that the microstrictiontains sufficient “speckle” contrast that can b

discerned at the experiment’s resolution (Bay e1299).



One particularly attractive research directionasbtild micro/meso-scale finite element (FE)
models from the high-resolution XCT images. As &dsE models describe the original
heterogeneous micro-structures, including the shsipe and distribution of each phase, they can
be more realistic and accurate than micro/mesegsoaldels with assumed structures. These XCT
image-based FE models, after being fully validedagdinst experiments, may be used to optimise
the micro-structures of a material for user-spedifproperties without the need of complicated and
costly experiments. However, 3D XCT images havey ootcasionally been used to build
geometrically realistic FE models, for example, Bgllister and Kikuchi (1994) for trabecular
bones, Terada et al. (1997) for metal matrix comessMcDonald et al. (2011) for foams, Sharma
et al (2013) for carbon/carbon composites, Man aad Mier (2008) for concrete, and more
recently Qsymah et at. (2015) for fibre reinforamhcrete and Saucedo Mora et al. (2016) for a
ceramic-matrix composite

In this study, both in-situ micro XCT tests of cogte cubes under progressive compressive
loading and XCT-image based FE modelling are cadoiat, to gain a better understanding of the
3D fracture mechanisms and mechanical propertiecaoicrete. Two methods are used to
characterise the fracture evolution considering tlmque multi-phasic internal structure of
concrete. The first segments the attenuation centoA XCT images (using AVIZO (2013)
software) into different phases, namely, aggregai@sent, cracks and voids. The second uses the
digital volume correlation (DVC) technique to mdge trelative deformations between consecutive
XCT images with high precision; bulk mechanicalpgedies are measured from the displacement
field and cracks visualised via the apparent stdditheir opening displacement. The 3D crack
profiles obtained by these two methods are compdred XCT-images are then transformed into
3D FE models to calculate the bulk material prapsriusing the asymptotic homogenisation
technique with periodic boundary conditions. Thesgt moduli of aggregate and cement, required
as inputs for the FE models, are obtained by midentation experiments. The elastic moduli of
the concrete cube, obtained from the in-situ ténst,DVC study, the FE homogenisation and the
theoretical bounds (Hill, 1952), are compared, lideo to validate the FE modelling as well as to

clarify uncertainties in the recorded load-disptaeat curves by the in-situ loading rig.
2 EXPERIMENTAL STUDIESAND ANALYSES

2.1 In-Stu XCT tests

The in-situ XCT tests were carried out at the Mastbr X-ray Imaging Facility (MXIF), the
University of Manchester, UK, using the 320 kV NikMetris custom bay, as shown in Fig. la.
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The loading rig, consisting of a Deben micro-tesige supporting a transparent cylinder, was
mounted on the circular stage of the XCT machiflenn concrete cubes were cast with a target
cylinder compressive strength of 15 MPa and a miorof 1.0 cement : 0.6 water : 4.0 aggregates
in mass. The strength and the size of specimens glmsen so that the specimens could be loaded
to failure by the loading rig, which had a loadrapacity of 25 kN, and also to ensure sufficient X-
ray transmission to obtain high resolution tomofsaprhe cement was ordinary Portland cement.
The aggregates were gravels with an average siz@5No fine aggregates (i.e. sand) were used to
ensure a relatively simple micro-structure.

Two steel pads, glued by double-side adhesive taptee centre of the top and bottom surfaces
of the specimen, provide a loading area of 17.5 tiftBekmm (i.e. 19% of the sample cross-section
area) to achieve a vertical splitting failure. Thegre centred inside the enclosing transparent

cylinder for tests, as in Fig. 1b, where a failedarete specimen is also shown.

(a): The in-situ XCT facility in MXIF (b) A specinmeafter failure

Fig. 1 Setup of the in-situ XCT test

Fig. 2 illustrates the in-situ XCT test procedufbe ' scan was conducted without loading. The
load was then applied via compression at a displaoé rate of 0.5 mm/min to 2.5 kN, at which
point the 3 scan was carried out. The specimen was then mdo@d6 kN at the same rate and the
3 scan was done. Th&'4can was conducted similarly at 10 kN and tha516.5 kN, after which
a wide crack was noticeable. The unloading datédomot be recorded reliably.

Following some optimisation of the parameters, e&chy scan was conducted with 160 kV and
60 pA intensity. For each scan, the stage was rotayedd0°, resulting in 2000 2D radiographs
with pixel resolution 37.2um; it took about 2 hours for each scan to complEte 2D radiographs
were reconstructed into 3D absorption contrast @eagsing the CT Pro and VG Studio software.
Image defects such as beam hardening and ringaetdefvere removed by post-processing with
standard methods in the CT Pro software. Each 3B skt was initially about 15 Gb in size. To



reduce the data processing time, the 3D data vauwmege cropped to cubes of side 37.2 mm (i.e.

1000 pixels in each dimension). This reduced tha dize to 2 Gb for each scan, with the bit depth
also reduced from 32 bit float to 16.

18
16

5th scan >
14 - - ’&ﬁ

| O-1st loadingto 2.5kN |

Force (kN)

—-2nd loading to 6kN
~-3rd loading to 10kN
-~4th loading to 16.5kN

0.3 0.4 0.5 0.6

. . Displacement (mm)
Fig. 2: The in-situ XCT test procedure with load — disptaeat shown

2.2 Visualisation and segmentation

A 2D section of the XCT data is shown in Fig 3. eTéggregate, large pores and cement are
readily observed, and the crack is also discernabhe software AVIZO (2013) was used to
visualise the 3D crack evolution during loadingd aegment the XCT images into different phases
for qualitative and quantitative analyses, and ieabgsed numerical modelling. A segmentation
procedure was developed and outlined below usiagntlages at 16.5 kN as an example.

Cracks

Aggregates

Fig. 3 A 2D grey scale section of an XCT image dbefoading)



2.2.1 Determination of thresholdsfor phases

The Line-Probe command was used to determine aeprdpeshold of grey value (i.e.
absorption contrast) to segment each phase in @i aftenuation image; Fig. 4 shows an example.
The sensitivity to location was examined to vetifgt the threshold values reliably segmented each
phase. The full grey scale is 0~65535 (16 bit imagad the chosen threshold was >33000 for

aggregates, <19000 for voids and cracks; valuegdast them were identified as cement.
2.2.2 Segmentation

The thresholds are then used in AVIZO to segmentdB8T images into three phases (cement,
aggregate, voids and cracks) under different lagdiflowever, using thresholds alone to segment
microstructures is unreliable, due to issues fremnected aggregates and missed areas (“islands”).
As the objective was to extract an image-based &deiof the microstructure, a series of manual
operations on the 2D slices were carried out tgkampent the initial assignment of microstructures
by thresholding. This included separation of coteg@ggregates and addition of missed areas.
Fig. 5a and Fig. 5b show the segmented aggregateds and cracks on a typical slice,
respectively. The segmented cement is shown in %6g.obtained by an image operation that
subtracts aggregates, cracks and voids from thginati image. A full description of the
segmentation procedure can be found in (Li, 2012).

37500 —

\/‘/ 33000
25000 —

9
V Voids and cracks 19040
12500 B
Grey Value

T T T T T T T T T T T T

0 8 16 24 32 40
Probeline Length

(mm)

b) Variation of grey values along AB-

Fig. 4: Determination of thresholds for different phases



a) aggregates in white b) voids and cracks in white C) cement in grey

Fig. 5: Segmented phases from XCT image

2.2.3 Visualisation of three phases and fracture evolution

From the set of segmented 2D image slices, thehdipesand distribution of aggregates, cement,
voids and cracks can be visualised, as shown is G@gc. The combined concrete structure of the
specimen without load is shown in Fig. 6d. The seged cracks and voids, the combined concrete
and the failed specimen at the peak load 16.5 le\shown in Fig. 7a, 7b and 7c respectively. The
segmentation of cracks is based on the thresholgteyf values (19000 in Fig. 4) and is thus not
entirely objective, and there also exist initighaks in the unloaded specimen as shown in Fig. 6c¢.
The major cracks on the specimen surface in Figarékaligned approximately vertically, which is
typical of concrete specimens under splitting tests

Comparison of Fig. 6¢ and Fig. 7a demonstrates dharge number of 3D cracks propagate,
leading to a very complicated crack pattern dudiogding. Although the specimen geometry,
loading and boundary conditions are all symmethie,crack pattern is not symmetric. This reflects
the effects of the random distribution of aggregatnd thus the heterogeneous nature of
mechanical properties of concrete. More detaileaheration of 2D slices reveal that the cracks
first propagate along aggregate-cement interfaghgsh are then bridged by cracks in the cement
to form the macro-cracks.

Statistical analyses based on the segmented cube ceeried out. The volume fraction of
aggregates, cement, and voids/initial cracks oleskeiv the sample without load is 49.6%, 49.3%,
and 1.1%, respectively. The mean value of voluraegth, width and equivalent diameter of all
aggregates is 39.1 mMim7.4 mm, 2.7 mm and 3.9 mm, respectively, indicatihe complicated

random geometry of aggregates.



a) Aggregates b) Cement c) Voids and cracks d) Concrete (aggregate

in green, cement in blue

and voids in purple)

Fig. 6: 3D Segmented phases without load.

a) Voids and cracks b) Concrete (aggregates i) Failed specimen from test
blue, cement in purple,
voids and cracks in green)
Fig. 7: 3D segmented voids and cracks, combined conaretdailed specimen at peak load

The calculated volumes of the voids and cracks uddterent loads are shown in Fig. 8. The
volume decreases as the load increased to 10 kighwshattributed to compaction of the concrete
under compression. As the load increases to 16.5akNigher volume of cracks and voids is
observed, which is due to initial cracks gradugdtppagating and new cracks forming. Shortly
above this peak load, major vertical cracks propagapidly, leading to significant dilation in the

specimen.
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Fig. 8: Evolution of cracks and voids

2.3 Digital volume correlation

Measurement of the elastic modulus of the cube fiteenload and machine displacement is not
possible due to the loading rig’s compliance; itswet possible to introduce an extensometer or
strain gauge due to the setup for XCT. The measuréttal stiffness of the cube, using the slope
of the dashed line in Fig. 2 up to 10.5 kN, giveas@lulus of 0.85 GPa which is far lower than the
expected elastic modulus of 20-30 GPa of normalgth concrete; this is largely due to the
compliance of the loading rig. The 3D digital voleimorrelation (DVC) technique (Bay et al., 1999;
Mostafavi et al., 2013a; Mostafavi et al., 2013kertyagina et al., 2014) was therefore applied to
measure the full 3D displacement field within thée, from which the average strain and elastic
properties in the loaded volume could then be abth(Baimpas et al., 2014; Gonzalez et al., 2013;
Marrow et al., 2016). In addition, like 2D digitatnage correlation (DIC), crack opening
displacements less than the voxel size can betddteand measured by DVC, and thus cracks that
are too narrow to be detected by threshold-basgthesatation of the XCT image can also be
identified (Marrow et al., 2012; Vertyagina et &014).

The DVC analyses were carried out using the LaViigdavis software (DaVis, 2012). In th& 1
analysis, a large interrogation window size (4233x128 voxels with 2 passes and 50% overlap)
was used to calculate the overall distribution dpthcements. In a"2 analysis a smaller
interrogation window was selected 41x64 voxels). Reducing the interrogation window
increases the spatial resolution of the displacerineld, which is useful for visualisation of cragk
but it also increases random errors. "A&halysis using 3&2x32 voxel was also conducted to
visualise the damage with higher resolution.

To improve measurement precision of bulk deforrmatihe displacements due to rigid body

translation and rotation, which inevitably occuridg mechanical loading, were decoupled from



those resulted from deformation. This was doneidantifying the Euler rotation angles and
applying a reverse rotation to the DVC-measureg@ldecement field at 12828x128 voxels (i.e.

the most precise dataset); the details of this atetire described in (Mostafavi et al., 2015). The
measured rotations of the sample in all loadingevi@und to be of the order of 0.5°. The vertical
displacements over the area of the loading platee vaveraged at the top and bottom of the
tomographed region specimen (separated by a gasigece of 38.92 mm); the difference between
them is the vertical compressive displacement efsimple for each loading sequence, as shown in
Fig. 9. The elastic modulus calculated from thehea line in Fig. 9 for the first three loading
sequences in which no extended cracks were obsasv2@.42+3.20 GPa. The increase in stiffness

at higher load may be attributed to the complexabiur of the specimen as cracking develops.
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Fig. 9: Load-displacement curve from XCT and DVC.

Fig. 10 shows a comparison of a series of XCT aMCDlata, in a vertical slice near the
specimen centre, as the load is increased frork.8eft) to 16.5 kN (right). The DVC data show
the nominal maximum principle or normal strain @@eisualisations use the>@2x32 subset data
for higher resolution). The maximum normal strigim measure of the crack opening displacement
magnitude, and reveals the complex pattern of angckh a more sensitive manner than the
segmentation of the XCT data. Some artefacts dueage correlation errors associated with the
edges of large pores can be seen in the DVC dhit@ tomograph obtained at 2.5 kN is slightly
blurred compared with the others; this may be dusatmple movement during the scan, most likely
from crack propagation. The blurring affects the ®¥nalysis, and the resulting errors affect the
produced local uncertainties in the gradients ef displacement field. This appears in the DVC
strain map at 2.5 kN as increased local straingsiwdwre absent in the analysis of the better qualit
tomographs. The strain is a measure of the displane change across the crack, and the strain

10



dataset obtained by DVC can be segmented usingia #treshold, in a similar manner to the grey-
scale segmentation of the attenuation XCT images.

An example of a semi-quantitative 3D visualisatdrthe crack, obtained by segmentation of the
maximum principal strain field data at 16.5 kN isown in Fig. 11; the hotter colours (red)
represent higher crack opening displacements. atesdt is that obtained with thex®4x64 voxel
subsets, and the strain segmentation threshol@t Orhe surface profile is not defined with very
high resolution due to 32 voxel separation betwéerdisplacement vector data, but the crack path
is continuous and more completely defined thanabgined by segmentation of the XCT data (Fig.
7). The DVC analysis also discriminates betweenctiek (which opens) and voids (which do not

open), unlike segmentation of the XCT data alone.

0.4

ules}s g€ |BWION Wnwixelp|

o
S)

2.5 kN 6 kN 10 kN 16.5 kN

Fig. 10: Fracture evolution in a vertical slice; by XCTjand DVC (bottom), as the
applied load increases from left to right
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Fig. 11: Segmentation of 3D cracks at 16.5 kN, using DVGsueed nominal
maximum principle strains: a) attenuation tomograptiamaged specimen; b)
superposition of strain map on 2D slice of tomogray) superposition of 2D

slice of strain map on 3D tomograph; d) 3D visuilen of 3D strain map.

24 MICRO-INDENTATION TESTS

Micro-indentation tests were carried out to meadiwe Young's moduli of aggregates and
cement and hence estimate the global elastic mediithe concrete cube. The measurements were
done using a CSM micro-indentation tester with ik diamond indenters. Two concrete
specimens of 20x10x10 nimand 20x20x10 mfwere cut from the 40 mm concrete cube. They
were then ground and polished using silicon carlaiblieasive papers up to 6. and diamond
particles of suspensions up toufn to achieve highly flat surfaces. Finally, the @peens were
cleaned by alcohol and distilled water to removetdind diamond particles left in the voids and
porous areas before the indention tests.

A constant linear loading rate was used until theliad force reached a specified value (0.1 N,
0.3 N, 0.5N, 0.8 N and 1.0 N) for each tested {pdihe load was then held for 10 seconds before
unloading at the same rate before next point wstede The distance between two adjacent points
was chosen to avoid overlapping of the areas a&ffie@®oth aggregate and cement areas at various

12



locations were tested, with examples with indembarkers shown in Fig. 12. Typical indenter
depth — force curves for cement and aggregatesharen in Fig. 13. These curves were used to
calculate elastic moduli using the Oliver and Pimaethod (1992). The results are summarised in
Table 1. The mean value of the Young’s modulusciEment and aggregate Es=13.6 GPa and
E;=51.0 GPa, respectively; the values tend to deeraasigh applied load, which may be caused
by the cracking damage observable around indefr@rs Fig. 12b. The lower and upper limits of
elastic moduli of the concrete cube are 23.1 GRA3h6 GPa, which were estimated using the
Reuss and Voigt bounds (Hill, 1952):

EwPrer = F F +E.F, (1)
plower = EcFiiE};aFC @)

whereF, (=0.496) and-; (=0.493) are the volume fraction of aggregates @rdent, respectively,
obtained from the segmented XCT images (section BI& small void fraction of 1.1% by volume

was neglected.

(a) Cement (b)Aggregate
Fig. 12 Typical indents for cement and aggregate undey 0.3

350 [ |

300 j | —— Aggregate
z 250 f — Cement /r/l7
E200 e
S1s0 | M /
el V/ D /

50 // /
0 | /
0 1000 2000 3000 4000 5000
Depth (nm)

Fig. 13 Typical indenter depth - force curves
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Table 1 Young’'s moduli for aggregates and cemedeudifferent indentation forces

Maximum Force (N) 0.1 0.3 0.5 0.8 1 Average
Mean 50.6 60.0 53.8 41.7 48.8 51
Ea (GPa) —
Standard deviation 16.7 4.9 13.9 10.8 8.4 /
Mean 12.0 16.2 16.2 13.3 10.3 13.6
E. (GPa)
Standard deviation 3.4 2.5 4.3 2.7 2.2 /

3 XCT-IMAGE BASED NUMERICAL HOMOGENISATION

The method of asymptotic numerical homogenisatidth weriodic boundary conditions is one
of the most effective approaches to obtain the caffe homogenised stiffness matrix of a
heterogeneous elastic material (Jansson 1992; @7;18harma et al. 2013). In this approach, six
boundary conditions are applied to a representat@me element (RVE), which is modelled with
detailed micro/meso-scale multi-phasic constitueiotgalculate the homogenised elastic properties
of the RVE.

The general constitutive relation in terms of asigtip homogenization can be expressed as

<JJ' j> — Cf/k] <£k]> (3)
whereCj is the homogenised stiffness matfbgj>and (€,) are the volume-averaged stress and

strain tensors, respectively
(0--)—i[f of; dV. + [, of dV] 4)
I = v l/ve “U c Vg U a

(&j) = ﬁ[fvc e AV, + fVa &f dVa] (5)
whereV,, V, andV are the volume of cement, aggregate and the WR\dEe, respectively.

The components oﬁli}*k, are obtained by applying six periodic boundaryditbons one by one,
with unit strain in one direction and zero stramaill other five directions. The details can be
referred to Li (199%

Four sizes of cubic RVEs, i.e., 10mm, 20mm, 30mm an mm, cut from the segmented 3D
concrete cube in Fig. 6d, were modelled. To ingaséi the effects of random distribution of
internal phases, a few RVEs at different regionsewssed for each size: 5 for 10 mm (RVE10), 3
for 20 mm (RVEZ20), 2 for 30 mm (RVE30) and 1 for @m (RVE7), as shown in Fig. 14. These

XCT images were converted into FE meshes usingtimemercial software Simpleware (2011).
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ACCEPTED MANUSCRIPT
The aggregates were smoothed before mesh genetatianoid too distorted elements. The FE

mesh for the 37 mm cube is shown in Fig. 15 asxamele. It has 838,659 nodes and 2,942,955
tetrahedron elements. The Young’'s moduli of cenaamt aggregate€(=13.6 GPa and,=51.0

GPa) from the micro-indentation tests were usedbasic inputs in all the simulations with
Poisson’s ratio assumed as 0.2 for both phases.

! ;i Void J
RVE10-1 RVE10-2 RVE10-3 RVE10-4 RVE10-5

Aggregate

Cement

~

RVE20-2 RVE20-3

RVE37

RVE30-1 RVE30-2

Fig. 14 The modelled RVEs (10mm, 20mm, 30mm and 37mm)teagges in yellow, cement in
green and voids in blue; not up to scale
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Fig. 15 The finite element mesh for the 37mm concrete cube

All the 11 RVEs in Fig. 14 were simulated under $ite loading conditions. Fig. 16 shows the
stress contours of RVE10-1 (10mm) as an example.siiesses in the aggregates are higher than

those in the cement for all loading conditions hesesthey are much stiffer.
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Fig. 16 Stress contours under six loading cases for RVE10-
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The homogenised stiffness coefficients of RVE1Gelshown in Eq. 6. The coupling terms show
that extension-shear and shear-shear componenes mvach lower than those of extension-
extension and were negligible.

Extension-Extension  Extension-Shear

[26.77 | 6.74 6.73| |0.12 0.48 -0.015|
2757 | 6.70/[0.30 0.16 0.23

. 27.10 10.012 0.17 -0.03 (6)
K 10.19| 0.028 0.35
Sy mmetric 10.12 0.083

Shear-Shear 10_20J

The calculated means and standard deviations édiiie 10 mm RVES are

[27.70£0.60 668+0.09 6.72+0.11 0 0 0
27.37+0.44 6.72+0.07 0 0 0
CH = 27.58+0.68 0 0 0 @
i Symmetric 10.12+0.12 0 0
10.20+0.20 0
i 10.24+0.14]

All the components in Eq. 6 and Eq. 7 are in GPalear cubical symmetry could be seen in Eq.
7, from which the elastic constants of the cubddtbe calculated. The elastic constants for all the
RVE sizes are listed in Table 2, where the effechemogenised properties (EHP) are the volume
averaged values of all the RVEs. The effective hgentsed Young’s modulus, shear modulus and
Poisson’s ratio of the concrete are 24.2 GPa, G®8 and 0.194, respectively. It can also be seen
that the three normal constants differ slightlyvesl as the three shear constants, and thus the

concrete cube in this study can be regarded a®sot

Table 1 Homogenised elastic constants

R\(/n%nf;ze ((I;Ega) Bz, (GPa) ((I;EQF’f'a) Wiz Mz s (gléza) ((?I?a) (gléga)
o AE EE ER 0 o o B8 bp o=
20 s s10p  s1op 0195 0198 0195 R Lup L0
0 o3 s03r sosp 0194 0104 0195 SRR E o
37 2358 2422 2438 0194 0193 0194 992 995 1110
EHP 1051 00> 04 0194 0193 0194 T 0 Looo
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4 CONCLUSIONS

A suite of advanced experimental and numerical rtegles have been used to study the
complicated 3D progressive failure and evaluateethstic properties of concrete cubes. The main
conclusions are
(1) the in-situ micro XCT testing technique togetherthwimage analyses by digital volume

correlation (DVC) offers a new potential to obseommplicated 3D fracture paths in multi-
phasic materials like concrete;

(2) two methods have been used to quantify and visu#tis fracture evolution as the deformation
increases. The threshold-based segmentation pnecesiiable to separate the concrete into
three distinguished phases and visualise direlsydevelopment of major cracks. Damage may
be quantified by the variation of volume fractidncoacks and voids. The DVC technique maps
the relative deformations between consecutive X@iages with high precision; bulk
deformation can be measured and cracks visualmbiectly via their opening displacement or
strain. The 3D crack profiles obtained by the twetmods are comparable. The segmented
microstructures can be used as inputs for imageeb&& models, and the displacements and
strains from the DVC analyses of segmented XCT deaig be used to validate predictions of
these models;

(3) the XCT-image based FE models have been succgssféd in asymptotic homogenisation.
The homogenised elastic modulus is 24.2 GPa, wisiatiose to the experimentally obtained
26.42+3.20 GPa using the DVC analysis of displacemeThis is within the Ruess-Voigt
theoretical bounds (23.1-34.6GPa) calculated ughgy Young's moduli of cement and
aggregates obtained from the micro-indentatiorsiestd

(4) a combined use of these advanced techniques, ingluihe in-situ micro-XCT, micro-
indentation, DVC and image-based modelling, offdrghly-accurate, complementary
functionalities for both qualitative understandim§ complicate 3D damage and fracture
evolution and quantitative evaluation of elastictenal properties of multi-phasic composite

materials such as concrete.
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