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Abstract. The key to successful nondestructive evaluation (NDE) of complex heterogeneous mate-
rials is to focus not only on the interrogation technique, but how the measurement is related to the
desired performance property. In this work, the focus is on key microstructural features that can
be directly measured, and how we can use those measurements to predict performance of hetero-
geneous civil engineering materials. Not surprisingly, the key is to focus on microstructure, and to
appropriately match the interrogation techniques with the models that can predict strength, toughness,
durability, and other properties of interest. We find that numerical models developed to directly mimic
micro-mechanical phenomena offer great promise for making a robust nondestructive measurement-
performance link. As examples, particle-based and lattice-based models allow incorporation of mea-
surable microstructural features such as porosity and pore size distribution, phase distribution, as well
as other spatially varying properties such as moisture. Examples are presented where x-ray tomog-
raphy is used to produce 3D images of concrete microstructure, and how that information is can be
incorporated into spatially matched numerical models to predict performance. The argument is made
that physically based models for micromechanical phenomena represent the next step towards a viable
NDE system for complex civil engineering materials.

1 INTRODUCTION

Nondestructive evaluation (NDE) has long
played an important role in the life cycle of dif-
ferent materials and structures. When properly
applied, NDE can lead to an objective way to
optimize service life and to allocate finite re-
sources for restoration and repair. A model use
of NDE can be seen in the aerospace industry,
where NDE is integrated into the structural life
cycle through “damage tolerant design.” In this

approach, regular inspection intervals are cou-
pled with quantitative criteria for continued use,
repair and retrofit, and ultimately, retirement.

The reason this approach is so successful in
that industry is that for the primary materials
being used (most notably aluminium alloys and
other metals), a robust fundamental framework
exists for relating relevant microstructural fea-
tures to overall material performance. Linear
elastic fracture mechanics, along with associ-
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ated nonlinear fracture models, can be used to
evaluate both ultimate structural capacity and
fatigue life. As a result, appropriate nondestruc-
tive testing techniques, such as ultrasound, elec-
tromagnetics, and simple visual inspection, can
be optimized for measuring crack sizes. Once
an accurate crack size is measured, the appro-
priate fracture theory may be used to predict
performance.

Unfortunately, concrete and concrete struc-
tures do not lend themselves to such a nicely
defined inspection and evaluation protocol.
Firstly, the heterogeneous structure of the ma-
terial is by nature difficult to quantify. Porosity
and pore size distribution, cracks, defects, ag-
gregates, and interfaces all defy a simple char-
acterization. Secondly, even if one could com-
pletely characterize the material structure, we
do not have a robust framework from which we
can make quantitative performance predictions.

The purpose of the work described in this
paper is to consider both the interrogation and
evaluation sides of the NDE problem as they
apply to concrete structures. However, the fo-
cus is on ways we might be able to predict
performance given a reasonable representation
of microstructure. The thesis presented (which
will be neither accepted nor rejected) is that
quantitative nondestructive evaluation of con-
crete structures must be based on microstruc-
tural features that are directly measurable. In
this paper we present a potential path for NDE-
microstructure-property link.

2 Nondestructive evaluation of concrete
Historically, the most common NDE tech-

niques for concrete relied on purely empirical
techniques that related the interrogation method
with the property of interest, as best exemplified
by the rebound hammer. The fundamental basis
for the relationship between hammer response
and compressive strength is, however, tenuous
at best. The weak fundamental basis leads to
narrow applicability as well as significant scat-
ter in the predictions.

The last 25 years has seen an increase in
quantitative NDE techniques for concrete, as

perhaps best exemplified by the impact-echo
technique for locating cracks, voids, or delami-
nations. While the technique is fairly well es-
tablished, and is effective at locating defects,
our ability to turn that measurement into a ro-
bust performance prediction is limited.

There is not an easy solution to the NDE
problem for concrete. Material complexity,
moisture effects, and age effects all influence
the microstructure-property relationships that
would allow us to predict performance. In
this work, we use information obtained from
a high resolution imaging technique to quanti-
tatively examine some microstructure-property
relationships and examine how we might be
able to exploit them for performance prediction.

3 Experimental measurements

3.1 X-ray microtomography

The microstructural imaging technique used
in this work is referred to as X-ray Microtomog-
raphy (XMT). XMT produces a 3-dimensional
map of an object’s x-ray absorption through
the mathematical reconstruction of a series of
2-dimensional radiographic images taken over
many different rotation angles. The technique
is perhaps best known for its use in medical
imaging, where it is referred to as a CAT-scan.
Different material phases typically exhibit char-
acteristic x-ray absorption, and, as such, the 3-
dimensional map may be interpreted as a ma-
terial phase map. XMT has gained relatively
wide usage for a wide range of materials ap-
plications [1] and its use is growing thanks to
the increasing availability of both laboratory-
scale instruments and synchrotron-based facili-
ties. In the work described here, we used a syn-
chrotron x-ray source that allowed us to make
very high contrast images. The geometry of
the synchrotron source limited our specimens to
very small (nominally 5 mm diameter by 4 mm
high) cylinders of portland cement mortar. The
small specimens allowed us to have a relatively
high spatial resolution of 6 micrometer pixels.
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3.2 Specimens
The specimens used here were prepared us-

ing a high early strength (ASTM Type III) port-
land cement, very fine silica sand (pass #80
sieve), small glass bead aggregates, and water.
The glass beads were used for their well-defined
geometry and because the bead surfaces can be
easily modified to change interface properties.
In this work, two different surfaces were con-
sidered: smooth (untreated) and etched using an
ammonium bifluoride solution. The mix pro-
portion was 1 : 0.64 : 0.23 : 0.45, by weight
cement : fine sand : glass beads : water. Addi-
tionally, a set of specimens without glass beads
was prepared to investigate properties of the ce-
ment matrix. The material was mixed with a
bench top rotary mixer and cured in wet condi-
tions for seven days. The small cylindrical test
specimens were extracted from the bulk mate-
rial using a 5.5 mm inside diameter diamond
coring bit. Resulting cores were then cut to a
nominal 4 mm length.

3.3 Experiments
An experimental protocol was established

such that changes in internal structure could be
tracked from undamaged to damaged states. A
custom load frame was constructed that allowed
us to make 3D tomographic images of spec-
imens under load while simultaneously moni-
toring load and deformation information. The
first tomographic scan is made of the specimen
mounted in the load frame prior to any load be-
ing applied. Once the first scan is complete, a
load is applied and the second scan is made with
the specimen under load. The nominal plan for
each specimen was to make a scan at: 0% and
90% of peak load, as well as a post-fracture
scan. Since the exact strength of each individual
specimen was not know a priori, these percent-
ages were approximate.

Fig. 1 illustrates the results of a tomographic
scan, where the data can be displayed either as
a 2D slice or a 3D rendering (Fig. 1(b)). A
typical scan sequence is illustrated in Fig. 2,
where a series of slice images oriented parallel
to the axis of load are shown, highlighting the

splitting nature of failure. Fig. 2(a) shows an
undamaged specimen. The flat regions above
and below the specimen are the steel loading
platens. In the image of Fig. 2(b), which was
taken at roughly 97% of peak load, a fine crack
has formed through the center of the specimen.
It should be noted that this crack does not ex-
tend through the entire length of the specimen.
In the image of Fig. 2(c), taken post peak load,
the crack has opened, and has branched near the
top an bottom platens. It can be seen in Fig. 2(b)
and 2(c) how the aggregate particles can deflect
and redirect the cracks.

1 mm

Figure 1: Illustration of microtomographic slice image
(above) and 3D rendering (below). Variations in x-ray
absorption within the material allows one to observe dif-
ferent microstructural phases.
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fracture properties of the lattice elements (Berton and Bolander 2006). This discretization 
involves a three-phase representation of the material meso-structure as follows: hardened 
cement paste, aggregates, and cement- aggregate interface.

Figure 5 shows the simulated fracture pattern for a split-cylinder without  aggregate inclusions. 
Fracture initiates in the central region of the specimen, where the tensile stress is quasi-uniform, 
and propagates toward the loading platens. Qualitatively, the general pattern of fracture is 
consistent with that  observed in tomographic scans. Specifically, while the mesh was relatively 
coarse, we obtained qualitative agreement in the physical features such as crack branching and 
crack distribution.

4     Short title of the book 

3. Lattice Formulation & Simulation 

Lattice representations of heterogeneous materials have been used for a number 
of years, emerging from work in statistical physics (Herrmann and Roux 1990). The 
philosophy of the approach used here is that statistical variations and disorder can be 
explicitly represented in a way that resembles the actual material. 

In the approach applied here, lattice topology is based on the Delaunay 
tessellation of nodal points within the specimen domain. The dual Voronoi 
tessellation defines the elastic and fracture properties of the lattice elements (Berton 
and Bolander 2006). This discretization involves a three-phase representation of the 
material meso-structure as follows: hardened cement paste, aggregates, and cement-
aggregate interface. 

Figure 3 shows the simulated fracture pattern for a split-cylinder without 
aggregate inclusions.  Fracture initiates in the central region of the specimen, where 
the tensile stress is quasi-uniform, and propagates toward the load platens. 
Qualitatively, the general pattern of fracture is consistent with that observed in the in 
situ tomographic scans (Figure 4.) Specifically, while the mesh was relatively 
coarse, we obtained qualitative agreement in both the physical features of the 
fractured specimen (appropriate crack branching and crack spatial distribution) and 
the shape of the load deformation curve. 

4. Examination of Specimens with Spherical Inclusions 

Of particular interest in random heterogeneous materials such as concrete is the 
properties of the cement-aggregate interface. Presented here are the first steps of a 
process that will enable us to characterize interfaces in situ. A model specimen was 

a) b)  

Figure 3.  Simulation of split cylinder test: a) fracture development from central region 
of model toward the load platens; and b) frontal view of fracture surface. 

 

Short title of article     5 

developed in which the aggregate particles were spherical beads. This simplification 
was done to facilitate meshing of the lattice model, and it allows us to remove 
geometric variations in aggregates from the list of experimental variables. The 
selected aggregates were nominal 0.5 mm spheres made of soda lime glass. In order 
to vary the cement-aggregate interface bond strength, both smooth (as purchased) 
and etched beads were used. The specimens were etched using a very dilute HF acid. 
An example of a tomographic scan of such a specimen is shown in Figure 5, where 
the spherical aggregates appear as a relatively uniform gray level in the image. 

As the primary objective of this work was to match numerical to real specimens, 
we developed an image processing routine that allowed us to isolate the individual 

 

Figure 4.  Vertical tomographic section of fractured cement paste specimen. Image 
highlights multiple cracks that appear at the load points after the main vertical tensile 
crack forms. 

 
Figure 5.  Vertical tomographic section of fractured specimen with glass bead aggregates. 

Figure 5. Example simulation of damage progression in cement paste specimen (a) - (c) along with final 
crack pattern in actual paste specimen (d).
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load axis

specimen

2D sections
shown

Figure 4. Sequence of split cylinder fracture.  (a) undamaged specimen, (b) initiation of splitting fracture 
at close to peak load, (c) post-peak fracture showing multiple crack branches, and (d) schematic 
illustration of viewing planes relative to specimen.

1 mm

(d)(c)

(a) (b)

(a) (b) (c) (d)

(a)

(b)

(c)

1 mm

Figure 2: Image sequence illustrating progression of split
cylinder fracture.

Microstructure-Property 
Relationships

Porosity and pore-size distribution

Microstructure-Property 
Relationships

Porosity and pore-size distribution

Microstructure-Property 
Relationships

Largest void object...

(a)

(b)

(c)

Figure 3: Illustration of grayscale slice (a), correspond-
ing pore system (b), and 3D rendering of specimen with
largest pore object highlighted (c).

3.4 3D Image Processing
The digital nature of the 3D images created

by XMT allow us to make numerous quanti-
tative microstructural measurements. In this
work, we are focused on two things: porosity
and pore size distribution, with particular inter-
est in the largest flaw size. These measurements
are made as follows. First, a threshold is applied
to the grayscale images to produce a binary im-
age. The threshold value is chosen as the voxel
intensity that best represents the cutoff between
solid and void. The process is illustrated in
Fig. 3, where a grayscale slice (Fig. 3(a)) is seg-
mented into a binary image (Fig. 3(b)), where
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void space is shown as black, and solid material
is shown as white.

Once an image is segmented, we can per-
form an analysis of the resulting void objects
using a fast 3D connected components algo-
rithm [2], that leads to the identification and
measurement of each black (void) object in the
image. From this analysis, porosity is simply
the fraction of void objects in the specimen, and
pore size distribution is determined by sorting
the measured void object volumes. The largest
void object, which is frequently of interest in
failure analysis, can easily be identified from
the connected components analysis. An exam-
ple 3D rendering of a specimen with its largest
void object highlighted is shown in Fig. 3(c).

Microstructure-Property 
Relationships

Microstructure-Property 
Relationships

(a)

(b)

Figure 4: Plots of split cylinder strength versus porosity
(a) and maximum void size (b).

3.5 Porosity and Pore Size - Strength Rela-
tionships

The pore structure measurements described
in the previous section can then be used to ex-
amine how they relate to bulk material proper-
ties, such as split cylinder strength. Fig. 4(a).
shows a plot of split cylinder strength as a func-
tion of overall specimen porosity. The data
plotted includes five specimen types: E and
U, for etched and unetched aggregates respec-
tively. For the etched and unetched aggregates,
weight fractions of 10% and 50% were consid-
ered separately. Thus “E10” refers to a speci-
men with 10% etched aggregates. Plain cement
paste specimens are denoted by P.

As one might expec, there is a clear down-
ward trend shown. Specimens with higher over-
all porosity tended to be weaker than specimens
with lower porosity. There is sufficient scatter
in the relationship to render any predictive rela-
tionship somewhat tenuous. Fig. 4(b) shows a
similar relationship; however, in this figure the
independent variable is the largest void object.
Basic fracture theory dictates that the largest
flaw should dictate the rupture strength, but
this work shows that there is even more scatter
than was found when we related split cylinder
strength to bulk porosity. Fracture theory sug-
gests, of course, that it is not flaw size alone that
dictates fracture strength, but rather what flaw
causes the greatest stress intensity or the great-
est strain energy release. Thus, it is not simply
an issue of flaw size, but flaw shape and flaw
location.

We focused here on porosity and pore sizes
partly because of their relevance in fracture
strength, but also because they represent physi-
cal properties that can potentially be measured
in the field. The level of scatter shown in
Fig. 4 indicates that perhaps a direct measure-
ment of porosity and/or pore size distribution
may not be enough for a robust performance
prediction. Before giving up completely on the
matter, we explore more complete representa-
tions of the material. Specifically, as detailed
below, we employed computational models that
have a direct correspondence with the physical
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microstructure of the specimen.

4 Modeling
4.1 Lattice Formulation

Lattice representations of heterogeneous ma-
terials have been used for a number of years,
emerging from work in statistical physics [3].
The philosophy of the approach used here is that
statistical variations and disorder can be explic-
itly represented in a way that resembles the ac-
tual material.

In the approach applied here, lattice topol-
ogy is based on the Delaunay tessellation of
nodal points within the specimen domain. The
dual Voronoi tessellation defines the elastic and
fracture properties of the lattice elements [4].
This discretization involves a three-phase repre-
sentation of the material meso-structure as fol-
lows: hardened cement paste, aggregates, and
cement- aggregate interface.

4.2 Matched Real and Virtual Specimens
In addition to the qualitative assessments that

can be made from the images, we can also em-
ploy 3D digital image analysis methods to ex-
tract quantitative measurements. Relevant to
the work reported here are efforts to create a
matched set of real and virtual specimens for
subsequent study. To do this, the spherical ag-
gregates in the tomographic scans were isolated
and their coordinates determined using a vari-
ance filter. Traditional intensity-based segmen-
tation does not work because the voxel intensi-
ties of the glass aggregates are in the same range
as the cement hydrates. However, because of
the relative homogeneity of the glass beads, one
can simply determine the variance of all voxels
in a region. In regions where the variance is
high we can assume the region is made up of
cement hydrates and fines. Where the variance
is low, we can assume the region is aggregates
or voids. To distinguish bead aggregates from
voids, we simply return to the original grayscale
image, where voids were already identified by
their low intensity.

Once the aggregates are located in the real
specimen, the coordinates of the centroids rela-

tive to an overall specimen reference frame can
be calculated and used to create a companion
virtual specimen, as shown in Fig. 5. Here a
virtual mesh is generated based on the measured
aggregate centroids and diameters. Mesh prop-
erties can then include separate aggregate and
paste phases, as well as an interface phase.

Matching the real and virtual specimens al-
lows us to examine things that are otherwise
difficult to measure. For example, the nature of
the tomographic scans only allows us to exam-
ine the specimen at discrete points in time while
the load is held static. In the virtual specimens
we can also examine dynamic phenomenon and
subtle increments in crack growth.

4 MATCHED REAL AND “VIRTUAL” SPECIMENS
In addition to the qualitative assessments that can be made from the images, we can also employ 
3D digital image analysis methods to extract  quantitative measurements. Relevant to the work 
reported here are efforts to create a matched set  of real and “virtual” specimens for subsequent 
study. To do this, the spherical aggregates in the tomographic scans were isolated and their 
coordinates using a variance filter as illustrated in Fig. 6. Traditional intensity-based 
segmentation does not work because the voxel intensities of the glass aggregates are in the same 
range as the cement hydrates. However, because of the relative homogeneity of the glass beads, 
one can simply determine the variance of all voxels in a region. In regions where the variance is 
high we can assume we are in among cement hydrates and fines. Where the variance is low, we 
can assume are in either aggregates or voids. To distinguish bead aggregates from voids, we 
simply return to the original grayscale image. The process is illustrated in Fig. 6 for a single 
slice, although in practice the process is run for the entire volume.

Original Slice Standard Deviation of Slice ([7x7x7] Neighborhood)
Threshold Slice > 400

Morphologically Closed Image          
(Disk Structure Element with Radius 5) Small Objects removed

 

Original Slice Standard Deviation of Slice ([7x7x7] Neighborhood)
Threshold Slice > 400

Morphologically Closed Image          
(Disk Structure Element with Radius 5) Small Objects removed

 

Figure 6. Process used to isolate glass bead aggregates. Original slice image (a), variance of voxels (b), 
regions identified as aggregates (c).

Once the aggregates are located in the real specimen, the coordinates of the centroids relative to 
an overall specimen reference frame can be calculated and used to create a companion virtual 
specimen as shown in Fig. 7. Here a virtual mesh is generated based on the measured aggregate 
centroids and diameters. Mesh properties can then include separate aggregate and paste phases, 
as well as an interface phase.

499 A numerical model was constructed for each of the specimens
500 containing aggregates, except for one of the E-series specimens
501 that exhibited abnormal behavior during physical testing. Apart
502 from the classification of matrix–aggregate interface properties,
503 these models differed only in the positioning of aggregate inclu-
504 sions within specimens. Modulus of elasticity and tensile strength
505 of the matrix were determined to be 8 GPa and 12 MPa, respec-
506 tively, by calibrating the lattice model results (without inclusions)
507 to the average response of the fine-grained mortar specimens. A re-
508 duced modulus of elasticity was used for the elements meeting the
509 contact points to account for local effects. As a check, comparison
510 was made with the well-known relation for estimating tensile
511 stress from split-cylinder test results, i.e.
512

f ¼ 2P
pbd ð7Þ514514

515 where b and d are the width and diameter of the split-cylinder
516 specimen, respectively, and P is the applied load. For the average

517peak load of the fine-grained mortar specimens, Eq. (7) gives
518fm = 11.8 MPa, which is close to the calibrated value.
519As noted in Section 3, each Voronoi polygon tiling a spherical
520inclusion corresponds to an interface element (Fig. 10b). Interface
521thickness was set to ti = 10 lm, which is approximately da/50.
522Observations of the tomographic images did not justify larger val-
523ues of interface thickness. Post-test study of the fracture surfaces
524indicated better bonding of the etched-glass surfaces compared
525to that of the untreated glass. Small portions of the matrix were at-
526tached to the etched-glass surface, whereas interface fracture
527alongside the untreated glass produced smooth surfaces. Tensile
528strength of the interface was assumed to be half that of the matrix
529for the case of etched-glass (i.e. fi/fm = 0.5) and yet half of that for
530case of untreated glass (i.e. fi/fm = 0.25). As explained later, the pre-
531cise setting of these values did not appreciably affect the specimen
532strengths. Elastic modulus of the interface was set equal to that of
533the matrix. Elastic modulus and strength of the glass aggregates
534were set to 70 GPa and 33 MPa, respectively, as reported in the
535literature.

5364.3. Simulation results and discussions

5374.3.1. Cracking patterns
538Several stages of pre-critical crack development appear within
539the split-cylinder test models (Fig. 11). Fracture initiates along re-
540gions of the matrix–aggregate interface that are more centrally lo-
541cated within the specimen. The load at which this occurs depends
542on the strength of the interface. Increasing interface strength, as in-
543tended by acid-etching of the glass aggregate surfaces, increases
544the loads over which interface cracking occurs. With increasing
545load, debonding along the interface continues, but fracture does
546not extend far into the matrix material until reaching peak load.
547These tendencies are studied in more detail in Section 4.3.4. Tra-
548versing peak load, matrix cracks join and ultimately extend across
549the height of the specimen. There is no evidence of cracking within
550the glass aggregates.
551Cross-sections of the fractured specimens are compared in
552Fig. 12. Here, too, it is seen that cracks tend to go around the aggre-
553gates. Agreement between the cracking patterns is quite good,
554although this high degree of correspondence is not seen for many
555of the cross-sections. In the physical tests, fairly straight vertical
556cracks propagate through the matrix phase, whereas the crack pat-
557terns of the numerical model appear to be more tortuous. This dif-
558ference is due, in part, to the graphical portrayal of the fracture
559surface, which depicts cracking along Voronoi cell boundaries. It
560appears that cracking direction is aligned with the element local
561coordinate system, but this is generally not the case, as described
562in Section 2.4.2. The secondary cracking near the supports is
563roughly captured in some of the models. It is anticipated that finer
564discretization and more realistic representation of the boundary
565conditions at the load platens will improve the model in that

(a)

(b)

Fig. 10. (a) Tomographic image and (b) Voronoi discretization of split-cylinder
specimen.

Fig. 11. Frontal view of 3-D fracture sequence.
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Figure 7. 3D rendering of aggregate locations in real specimen (a), and a cutaway mesh of the 
corresponding virtual specimen.
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4 MATCHED REAL AND “VIRTUAL” SPECIMENS
In addition to the qualitative assessments that can be made from the images, we can also employ 
3D digital image analysis methods to extract  quantitative measurements. Relevant to the work 
reported here are efforts to create a matched set  of real and “virtual” specimens for subsequent 
study. To do this, the spherical aggregates in the tomographic scans were isolated and their 
coordinates using a variance filter as illustrated in Fig. 6. Traditional intensity-based 
segmentation does not work because the voxel intensities of the glass aggregates are in the same 
range as the cement hydrates. However, because of the relative homogeneity of the glass beads, 
one can simply determine the variance of all voxels in a region. In regions where the variance is 
high we can assume we are in among cement hydrates and fines. Where the variance is low, we 
can assume are in either aggregates or voids. To distinguish bead aggregates from voids, we 
simply return to the original grayscale image. The process is illustrated in Fig. 6 for a single 
slice, although in practice the process is run for the entire volume.
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(Disk Structure Element with Radius 5) Small Objects removed
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(Disk Structure Element with Radius 5) Small Objects removed

 

Figure 6. Process used to isolate glass bead aggregates. Original slice image (a), variance of voxels (b), 
regions identified as aggregates (c).

Once the aggregates are located in the real specimen, the coordinates of the centroids relative to 
an overall specimen reference frame can be calculated and used to create a companion virtual 
specimen as shown in Fig. 7. Here a virtual mesh is generated based on the measured aggregate 
centroids and diameters. Mesh properties can then include separate aggregate and paste phases, 
as well as an interface phase.

499 A numerical model was constructed for each of the specimens
500 containing aggregates, except for one of the E-series specimens
501 that exhibited abnormal behavior during physical testing. Apart
502 from the classification of matrix–aggregate interface properties,
503 these models differed only in the positioning of aggregate inclu-
504 sions within specimens. Modulus of elasticity and tensile strength
505 of the matrix were determined to be 8 GPa and 12 MPa, respec-
506 tively, by calibrating the lattice model results (without inclusions)
507 to the average response of the fine-grained mortar specimens. A re-
508 duced modulus of elasticity was used for the elements meeting the
509 contact points to account for local effects. As a check, comparison
510 was made with the well-known relation for estimating tensile
511 stress from split-cylinder test results, i.e.
512

f ¼ 2P
pbd ð7Þ514514

515 where b and d are the width and diameter of the split-cylinder
516 specimen, respectively, and P is the applied load. For the average

517peak load of the fine-grained mortar specimens, Eq. (7) gives
518fm = 11.8 MPa, which is close to the calibrated value.
519As noted in Section 3, each Voronoi polygon tiling a spherical
520inclusion corresponds to an interface element (Fig. 10b). Interface
521thickness was set to ti = 10 lm, which is approximately da/50.
522Observations of the tomographic images did not justify larger val-
523ues of interface thickness. Post-test study of the fracture surfaces
524indicated better bonding of the etched-glass surfaces compared
525to that of the untreated glass. Small portions of the matrix were at-
526tached to the etched-glass surface, whereas interface fracture
527alongside the untreated glass produced smooth surfaces. Tensile
528strength of the interface was assumed to be half that of the matrix
529for the case of etched-glass (i.e. fi/fm = 0.5) and yet half of that for
530case of untreated glass (i.e. fi/fm = 0.25). As explained later, the pre-
531cise setting of these values did not appreciably affect the specimen
532strengths. Elastic modulus of the interface was set equal to that of
533the matrix. Elastic modulus and strength of the glass aggregates
534were set to 70 GPa and 33 MPa, respectively, as reported in the
535literature.

5364.3. Simulation results and discussions

5374.3.1. Cracking patterns
538Several stages of pre-critical crack development appear within
539the split-cylinder test models (Fig. 11). Fracture initiates along re-
540gions of the matrix–aggregate interface that are more centrally lo-
541cated within the specimen. The load at which this occurs depends
542on the strength of the interface. Increasing interface strength, as in-
543tended by acid-etching of the glass aggregate surfaces, increases
544the loads over which interface cracking occurs. With increasing
545load, debonding along the interface continues, but fracture does
546not extend far into the matrix material until reaching peak load.
547These tendencies are studied in more detail in Section 4.3.4. Tra-
548versing peak load, matrix cracks join and ultimately extend across
549the height of the specimen. There is no evidence of cracking within
550the glass aggregates.
551Cross-sections of the fractured specimens are compared in
552Fig. 12. Here, too, it is seen that cracks tend to go around the aggre-
553gates. Agreement between the cracking patterns is quite good,
554although this high degree of correspondence is not seen for many
555of the cross-sections. In the physical tests, fairly straight vertical
556cracks propagate through the matrix phase, whereas the crack pat-
557terns of the numerical model appear to be more tortuous. This dif-
558ference is due, in part, to the graphical portrayal of the fracture
559surface, which depicts cracking along Voronoi cell boundaries. It
560appears that cracking direction is aligned with the element local
561coordinate system, but this is generally not the case, as described
562in Section 2.4.2. The secondary cracking near the supports is
563roughly captured in some of the models. It is anticipated that finer
564discretization and more realistic representation of the boundary
565conditions at the load platens will improve the model in that

(a)

(b)

Fig. 10. (a) Tomographic image and (b) Voronoi discretization of split-cylinder
specimen.

Fig. 11. Frontal view of 3-D fracture sequence.
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Figure 7. 3D rendering of aggregate locations in real specimen (a), and a cutaway mesh of the 
corresponding virtual specimen.
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(c)(a) (b)

(a) (b)

Figure 5: 3D renderings of bead aggregates in both real
(a) and virtual (b) specimens.
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Matching the real and “virtual” specimens allows us to examine things that are otherwise 
difficult to measure. For example, the nature of the tomographic scans only allows us to 
examine the specimen at discrete points in time while the load is held static. In the virtual 
specimens we can also examine dynamic phenomenon and subtle increments in crack growth 
(Asahina et al 2011).

4.1 Virtual Experiments

Using volumes generated from matched real specimens, simulations on virtual split cylinder 
specimens were run. Details of the mesh properties are presented in Asahina et  al (2011). 
Images illustrating the simulations are shown in Fig. 8, where virtual specimens are compared 
qualitatively with real specimens. The real specimens shown had unetched aggregates, and a 
volume fraction of about  10%. The images highlight the ability of the discrete element model to 
capture physical fracture phenomena. Specifically, the role of the aggregates in redirecting 
cracks and branching cracks can be clearly observed. It  should be noted that  to save meshing 
time, aggregates on the extreme outer edges are not meshed. Clearly the fineness of the mesh in 
the paste phase affects the tortuosity of the cracking, but  with continued improvements in 
computational efficiencies, we likely see numerical solutions that converge on the patterns of 
the real specimen.

a) b)

c) d)

a) b)

c) d)Figure 8. Qualitative comparison of post peak damage patterns in real and virtual specimens.
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Figure 6: Comparison of damage in real and virtual specimens.

4.3 Virtual Experiments

Using volumes generated from matched real
specimens, simulations on virtual split cylinder
specimens were run. Details of the mesh prop-
erties are presented in [5]. Images illustrating
the simulations are shown in Fig. 6, where vir-
tual specimens are compared qualitatively with
real specimens. The real specimens shown had
unetched aggregates and a volume fraction of
about 10%. The images highlight the ability
of the discrete element model to capture physi-
cal fracture phenomena. Specifically, the role of
the aggregates in redirecting cracks and branch-
ing cracks can be clearly observed. It should be

noted that to save meshing time, aggregates on
the extreme outer edges are not meshed. Clearly
the fineness of the mesh in the paste phase af-
fects the tortuosity of the cracking, but with
continued improvements in computational effi-
ciencies, we will likely see numerical solutions
that converge on the patterns of the real speci-
men.

5 DISCUSSION AND CONCLUSIONS
The results of the matched model simula-

tions are encouraging and discouraging at the
same time. They are encouraging because we
are able to capture actual damage patterns and
the corresponding load-deformation response
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of the real specimens. The implication is
that given sufficient computational power and
microstructural information, we should be in
an excellent position to make robust predic-
tions. The discouraging aspect is that the results
highlight the difficulty withNDE of concrete.
Specifically, it was found that there is signifi-
cant scatter in simulated strength even when the
only varying parameter is the location of the ag-
gregates [5]. Since no practical field measure-
ment technique can give us this degree of res-
olution, accurate prediction remains an elusive
goal.

Despite the discouraging aspects for field
application, we stand by the notion that we
must continue to develop technologies and tech-
niques for relating field-measurable properties
to bulk material performance parameters. Such
technologies will be critical in overall condition
assessment as well as rational decisions in allo-
cation of resources.
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