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Abstract

A special experimental technique was developed which made possible the preservation of microstructure and the compressive
stress-induced microcracks in concrete as they exist under applied loads. Cylindrical specimens of concrete were tested under
uniaxial and triaxial compression. The resulting induced cracks were impregnated with a metal alloy, Wood’s metal, that
liquefies at higher temperatures (70-85°C), but is solid at normal temperatures. At the stress of interest, this alloy was solidified
to preserve the stress-induced microcracks as they exist under load. Scanning Electron Microscopy (SEM) was employed to
capture images from the cross sections of the concrete specimens. Stereology presents the geometrical statistical background for
relating three-dimensional structures to their two-dimensional sections. Stereological estimates were obtained for total crack
extension per unit of volume. Further, two-dimensional features of the cracks were analyzed in the section plane, such as

orientation distribution, and length. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Concrete is a heterogencous, multiphase material.
On a macroscopic scale it is a mixture of cement paste
and fine and coarse aggregates, with a range of sizes
and shapes. With regard to its mechanical behavior,
concrete is often considered to be a three-phase com-
posite structure, consisting of aggregate particles, the
cement paste matrix in which they are dispersed, and
the interfacial transition zones around the aggregate
particles.

Since the 1920s, researchers have suggested and
assumed the existence of different kinds of defects
called microcracks that would occur in concrete. How-
ever, only since the early 1960s have such cracks been
observed, measured, and characterized in the interior
of the system [1]. In the 1970s and 1980s the develop-
ment of nonlinear fracture mechanics models enabled
the structure and behavior of concrete to be taken into
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account. In the 1980s and 1990s, further research has
led to the increasingly common application of fracture
mechanics in the design of beams, anchorage, and
large dams. In spite of this, the theory of fracture
mechanics in concrete is not yet as mature as conti-
nuum theories, such as elasticity, viscoelasticity, and
thermal problems. This is in part due to the limited
understanding of the formation and propagation of
microcracks in concrete. Early stereological approaches
to analyzing damage evolution in concrete date back
to the 1970s [2-4]. Such studies were able to reveal
mechanisms of damage evolution in complicated load-
ing cases, such as in the low-cycle fatigue domain [5].
By application of the fractal concept, recently the in-
fluence could be assessed of the sensitivity of the quan-
titative image analysis of microcracking in concrete on
the spatial morphological features [6,7].

2. Methods for studying microcracking

The investigation of microcracking ranges from a
macroscopic study of the behavior of cracked speci-
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mens to a microscopic study of the cracks themselves.
The presence of microcracks was predicted on the
basis of macrobehavior and verified by microscopic
studies.

Several methods have been used to study the micro-
cracking of concrete. These include acoustic emission,
sonic testing, dye technique, hydrophilic tracer liquid
technique, mercury intrusion porosimetry, X-ray tech-
nique, optical and electron microscopy computerized
tomography analysis, holographic interferometry, flu-
orescent spraying technique [2,4], confocal microscopy
[8], and other techniques to examine fracture networks
and cracks [9—13]. Some of these techniques are limited
in their resolution, their sensitivity in detecting cracks,
or their ability to make observations over a large area.
Other methods are incapable of examining the speci-
men while under load or they require special prep-
aration of the specimen, which alters its behavior.

The method described here involves the application
of a metal, Wood’s metal, in the liquid phase, which
preserves the microstructure under load of stress-
induced microcracks in concrete. It has been used in

the past few years to study the microstructure of differ-
ent materials. It was employed for porosimetry and to
measure the contact area and void space between the
surfaces of natural fractures [14], the fracture of rocks
[15], to fill voids and microcracks in clastic rock speci-
mens during loading, and solidifying it before unload-
ing to preserve the microstructure in specimens under
load [16], and to study the generation and interactions
of compressive stress-induced microcracks in concrete
and marble [17,18]. Wood’s metal is a fusible alloy,
which has a melting range from 71°C to 88°C and is
solid at room temperature. It has a Young’s modulus
of 9.7 GPa, a density of 9.4 g/cm® [14], and goes
through minimal volume change during hardening (it
has thermal expansion of 107° In/in). In the liquid
phase it is nonwetting, with an effective surface tension
of about 400 mN/m and can penetrate into flat cracks
with apertures as fine as 0.08 microns under a pore
pressure of 10 MPa. The specimens were subjected to
compressive loading of about 80-85% of their ultimate
strength (f.=11,000 psi). The advantage of such an
alloy is that it can be intruded into voids and stress-
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Fig. 1. Test apparatus.
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induced microcracks while the specimen is held at the
desired stress level and then solidified to preserve the
geometry of the microcracks induced. Figs. 1 and 2
show the schematic test setup and unconfined and con-
fined specimens. The confining stress used to generate
triaxial compression was supplied by stainless steel
wires that were wound around the concrete cylinders
at a pre-tension of 150 Ibf.

The experimental technique used in conjunction with
scanning electron microscopy (SEM) with backscat-
tered electrons (BSE), allows the detailed observation
of microcracks in concrete as they exist under load.
The SEM was operated at 15 kV and a probe current
of around 1 nA at a working distance of 15 mm. The
images were acquired by the image analyzer at a mag-

(a)

nification of x60 and digitized into an array of 512 x
512 pixels, with 256 gray levels (1 pixel=3.3 um). A
typical BSE image is given in Fig. 3. Figure 4 shows a
histogram of the distribution of gray levels in the BSE
image superimposed on the original image. As the
average atomic number of the Wood’s metal is much
higher than those of the cement paste and the aggre-
gates, impregnated cracks and pores can be easily dis-
tinguished in the BSE image. This technique also
avoids the problem of crack formation during speci-
men preparation. The peak at the right (high gray
level) corresponds to the areas of Wood’s metal, while
the peaks to the left correspond to the cementitious
phases and aggregate. This histogram was used to
select the threshold value for discriminating the areas

(b)

Fig. 2. Unconfined and confined samples.
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of Wood’s metal. The resulting image (Fig. 5) included
small isolated pores, which were eliminated by the ap-
plication of a minimum size threshold (scrap) for
objects of 10 pixels (minimum feature size of approxi-
mately 33 pm).

Next, a skeletonized binary image was obtained by
binary thinning. For every thinning step, pixels that
were not relevant to the connectivity of an object were
removed from the object margins, i.e., converted into
background pixels, thus connectivity of objects is
maintained. This process was continued until all
objects were reduced to a width of one pixel that ap-
proximates the skeleton. Fig. 6 is the final binary
image used for stereological measurements.

3. Stereology

All matter can be described in terms of zero, one,
two, and three dimensions. Stereology deals with the
interpretation of three-dimensional structures by
means of their two-dimensional sections or projections.

In a way, stereology is the opposite of photogram-
metry, which utilizes three-dimensional images in order
to construct flat maps. Techniques conventionally used
for studying the three-dimensional structure of ma-
terials, particularly in other material sciences, are often
stereological ones. Stereology encompasses numerical
characterizations of geometrical aspects of those fea-
tures of the microstructure of interest, like microcracks
in concrete. In its broadest context, stereology includes
all aspects of the methodology for a quantitative study
of spatial structures, i.e., the design of the experiments,
the sampling strategy, the pattern recognition and the
quantitative image analysis operations, the geometrical
statistical theoretical framework for 3-D estimation of
spatial parameters and their accuracy, and the quali-
tative interpretation of the outcomes.

There are various stereological strategies for solving
spatial problems. The major distinction is coming from
the objects of interest. This can be single objects, of
which the internal structure can be analyzed by means
of a serial sectioning approach. This requires a deter-
ministic strategy for 3-D reconstruction. In materials
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Fig. 3. A typical BSE image.
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Fig. 5. Thresholded image.
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Fig. 4. The gray level histogram.
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science, however, the common field of interest is the
assessment of global spatial parameters of a dispersed
‘particulate’ phase. Note that ‘particulate’ can be inter-
preted in terms of aggregate particles of macroscopical
dimensions, or of cement particles on microlevel. Pores
or other defects are obtained upon taking zero phase
stiffness. In such cases of dispersed elements like cracks
in the material body, stereological approaches are
based on statistico-geometrical methods, encompassing
sometimes a large number of two-dimensional images.
It is the approach utilized in this study.

Reliable prediction of 3-D features of the structure
of interest, in the present case of cracks in a loaded
specimen, can only be achieved when based on a repre-
sentative sample. In general, this implies a sample of
random sections or projections of sufficient extent.
Basically, the quality of the prediction is inversely pro-
portional to the square root of the effort. So, taking
the sample four times larger will improve the quality
of the estimate by a factor two. Only in exceptional
cases, the structure itself consists of randomly dis-
persed elements. In such cases, a single section, if
extensive enough to contain a statistically significant
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Fig. 6. Binary-thinned image of the crack network in concrete.

number of features, will suffice to obtain valid results.
Fundamental expressions have been determined which
relate measurements on two-dimensional sections to
the three-dimensional structure. Table 1 presents some
of the symbols commonly used relevant to this work.

The relationships between L4 and Sy with Pp
(Table 1) are presented as follows [19].

(Crack) surface area per unit volume, Sy:

Sy = 2P, pm?/um’ M
(Crack) length per unit area, L 4:
n 2

Ly= 5 P pm/pm (2)
and combined

s s

—Pr=Lys=-S 3
S L A= gov 3)

Table 1

List of basic stereological symbols and their definition

4. Application of stereology to concrete fracture

Stroeven [20-23], Ringot [24], and Massat et al. [25]
successfully applied the concept of stereology to study
micromechanical aspects of concrete. With the advent
of modern image analysis systems, it is now possible to
perform stereological analysis on a great number of
images accurately and expeditiously, whereas in the
past this was not achievable by means of manual
methods.

The present investigation emphasizes the results
from concrete cylinders tested in compression with var-
ious degrees of lateral confinement. While under load,
the specimens were impregnated with Wood’s metal to
preserve the pre-loading cracks and the stress-induced
cracks.

After the metal solidified, sections were cut from the
specimens and examined in a scanning electron micro-
scope. Image analysis and stereology were used to
characterize the 3-D extent of cracking. Additional
objectives were to determine the geometry (shape and

Symbol Dimensions Definition

Py pm~! Number of intersections per unit grid line length between features (i.e., cracks) in the section plane, and a
superimposed randomly oriented system of parallel lines

P(0) pm ™! Ibid, but with the line array oriented at an angle (to a reference axis)

Ly pm;/pm?> Total crack length in a section per unit of area

Sy pm?/pm? Total crack surface area per unit of volume
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size) of the stress-induced 2-D microcracks as they
exist under load, and to assess the dependence of these
damage parameters on types of concrete and on the
loading confinement.

The backscatter images obtained from scanning elec-
tron microscopy (Fig. 3) were analyzed using a Kon-
tron image analyzer. Computer programs were
developed to analyze the images based on the concept
of stereology. The binary image (Fig. 6) is then inter-
sected by an array of straight parallel lines at succes-
sively increasing angles of 0°, 15°, 30°, 45°, 60°, 75°,
90°, 105°, 120°, 135°, 150°, and 165° (Fig. 7).

The number of crack intersections at a given angle,
0, is thereupon determined. Table 2 summarizes the
results of the stereological analysis obtained from
intersecting the array of straight parallel lines at differ-
ent angles with the binary images of crack network.

4.1. Orientation of microcracks

Fig. 8 is the plot of the number of intersections of
the line array with the network of thinned cracks for
successive orientations of the grid based on data from
Table 2 and using Eq. (1) (loading direction is 0=0,
180)

From Fig. 8 it is apparent that on a microscopic
scale, the cracking is relatively isotropic. The uniaxial
section reveals some tendency for a higher number of
intersections for line arrays oriented parallel to the
stress axis, indicating that the cracks in this section
tended to run perpendicular to the loading direction.
However, this tendency is not present in the sections
of the confined specimens.

Any tendency to anisotropy and to anisometry in
the underlying damage structure is due to the non-
hydrostatic character of the loading. The heterogeneity
of concrete greatly affects the details on microlevel of

.

Fig. 7. Array of straight parallel.

Table 2
Data from stereological analysis

90 105 120 135 150 165 180 Total Sy

75

60

30 45

15

Area % Area

Specimen

7.0E-4
1.5E-3
8.3E-4

226
470

21

20
43

18
39
23

16
34
19

18
36
21

19
40

19
39
22

20
41

18
38
22

16

35

19
39
23

20

43

21

0.98
1.90

1.21

5228
10,829

No load

43

43

Unixaxial
Confined

25 269

25

22

23

20

25

25

6274

139
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CRACK INTERCEPTS WITH LINE ARRAYS
(High Strength Concrete)
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Fig. 8. Areal crack orientation distribution.

damage evolution. The relatively stiff and strong par-
ticles play an important role in normal concretes, par-
ticularly because of their relative poor bond to the
surrounding matrix. Visual examination makes it clear
that a large proportion of the cracks occur at the
cement paste/aggregate interfaces, like already reported
in the 1960s [1]. Although, these interfaces will be ran-
domly oriented, even cracking in the virgin state will
never be random. So, the starting point of any mech-
anical test will involve testing concretes with a partially
oriented defect structure. Whether this should be con-
sidered significant depends on the goals of the investi-
gations. The same can be said, but to a far lesser
extent, for the non-random influence of non-hydro-
static loadings on damage evolution. Total crack sur-

face area per unit of volume — seen as a relevant
global 3-D damage evolution parameter — could be
assessed with sufficient accuracy for particular pur-
poses, e.g., when comparing influences of significantly
different loading regimes, such as in this paper.

4.2. Crack surface area (Sy)

The stereological measurement of the surface-to-
volume ratio, Sy (S/V), was determined from the
basic equation for obtaining the total crack surface
area per unit of volume. Plots of S) as a function of
confinement are presented in Fig. 9. Crack surface
area, Sy decreases as the confining stresses increases.

CRACK SURFACE AREA (S)) VS. CONFINEMENT
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Fig. 9. Crack surface area (Sy) as a function of confinement from data in Table 2.
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CRACKLENGTH L, VS. CONFINEMENT
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Fig. 10. Stereological measurement of total crack length per unit of area as a function of confinement.

4.3. Crack length distribution

Based on stereological analysis, L4, the total crack
length per unit area (Eq. (2)) also decreases with
increasing confining stresses. Fig. 10 shows the re-
lationship between L4 and confinement condition.

5. Summary and conclusion

The concept of stereology, which deals with the in-
terpretation of three-dimensional structures by means
of their two-dimensional sections, was applied to ana-
lyze images of concrete specimens subjected to differ-
ent loading regimes.

Concrete has the inherent quality of being heavily
cracked even before a load is applied. When concrete
specimens were subjected to compressive loading,
microcracks were generated by several different mech-
anisms and had an orientation that was generally
within 15° of the direction of the maximum com-
pression. The stereological prediction of the total sur-
face area per unit of volume of the cracks — or the
crack surface density — Sj, was found to be strongly
influenced by the confining stress: the application of
the confining stress resulted in a decrease in crack sur-
face density. The reason for this behavior is because
the stress intensity factor is a fundamental quantity
that governs the stress field near the crack tip. The
propagation of microcracks is controlled by the stress
intensity factor at the microcrack tips, resulting from
both local tensions, which generate the microcracks,
and the overall stress field. The confining stress, which
is orthogonal to the direction of maximum com-
pression, adds a negative stress intensity factor, inhibit-
ing further propagation of the microcracks.
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