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Abstract

Different morphological routines were tailored towards processing and analysis of concrete microstructural images captured by
environmental scanning electron and fluorescent microscopy. These routines transform concrete micrographs form gray scale to bin-
ary scale, and remove most of the noise without significantly disturbing the features of interest (microcracks and air voids). Formu-
lations are developed for quantification of key features of concrete microcracks and voids systems in plane. Stereological
relationships are presented for development of quantitative information on (3-D) structure of concrete microcracks and voids sys-
tems in terms of (2-D) data generated from perpendicular sections. Image processing routines, in-plane formulations, and in-space
interpretations were addressed to be transformed into algorithms to be built in newly developed computer software for microstruc-

tural analysis of concrete.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Qualitative microstructural investigation of concrete
is broadly used towards assessment of concrete compo-
sition [1-6], investigate the effect of different loading
types on concrete failure process and its mechanical
properties [7-10], and study the influence of various
environmental and durability conditions on concrete
performance [11-14]. Although qualitative microstruc-
tural studies provide insight into concrete microstruc-
ture, quantitative information would be needed for
such purposes as validation of theories of concrete
failure and statistical analysis of damage and failure
processes. Latest developed computer-based image anal-
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ysis techniques [15] provide strong tools which can be
adapted towards quantitative microstructural investiga-
tion of concrete. These techniques together with stereol-
ogical techniques can be used to provide quantitative
information of such structural phenomenal as spatial
growth of microcracks in concrete under damaging
effects.

Image processing, image analysis, and stereological
aspects are employed in the proposed approach to yield
quantitative information on the three-dimensional struc-
ture of microcracks and voids systems in concrete.
Image processing can manipulate images and rearranges
them with the intention of making them more useful,
but cannot reduce (or increase) the amount of data pres-
ent in the original image [16]. The ultimate goal of image
processing is to extract feature topology from digitized
images of the material, yielding quantitative information
on features and phases of interest [16]. In order to
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Nomenclature

Notations

Aac1  crack area fraction on the first (horizontal)
section

Aac> crack area fraction on the second (vertical)
section

Apg aggregate area fraction

Aic area of each individual crack

Aiem mean of the area of each individual crack in
the section of interest

Aig area of each individual aggregate particle
A;y area of each individual void
Ay aggregate particles aspect ratio

(Asp)ay average value of fibers aspect ratio in the
whole section of interest

di diameter of each individual fiber

d, diameter of individual void in the section of
interest

dyy, diameter of “»” voids in the section of inter-
est

hye height of each individual fiber

Pt average height of fibers in section of interest

L dimension of the section of interest

Laci  crack length per unit area of the first (hori-
zontal) section (perpendicular to the direction
of loading)

Lacs  crack length per unit arc of the second (verti-
cal) section [Perpendicular to the first (hori-
zontal) section)]

L, length of any individual aggregate particle in
the section of interest

Ly, length of “n” aggregate particles in the sec-
tion of interest

Lic length of each individual crack

L, length of each individual aggregate particle

Ly, length (longest diameter) of each individual
void

Nar number of fibers per unit area

Nag number of aggregate particles per unit area of
section of interest

Nay  number of voids per unit volume

g number of aggregate particles in the section
of interest
Ny total number of voids in the whole section

Nic  number of cracks through length (L)
Nsc total number of cracks in the section of interest

ny, number of voids in the section of interest

Pic perimeter of each individual crack

P;, perimeter of each individual void

(PL);.y average (PL) value for each individual aggre-
gate

(PL)iL or (PL)i|| number of point intersections per
unit length of superimposed array of equally
spaced parallel test lines oriented in a prede-
termined direction for each individual aggre-
gate particle. Subscripts “L”” and ““||”’ refer to
test lines running perpendicular and parallel
to the preferred orientation of aggregates

(PL)tL or (PL)t|| number of point intersections per
unit length of superimposed array of equally
spaced parallel test lines oriented in a prede-
termined direction. Subscripts “1” and “||”
refer to test lines running perpendicular and
parallel to the preferred orientation of cracks.
Subscript “t” refers to the total point inter-
sections in a certain direction

(PL)tsL or (PL)ts|| number of point intersections per
unit length of superimposed array of equally
spaced parallel test lines oriented in a prede-
termined direction. Subscripts “L” and “||”
refer to test lines running perpendicular and
parallel to the preferred orientation of cracks.
Subscript “t” refers to the total point inter-
sections in a certain direction. Subscript ‘s’
refers to the point intersections in space

Tcpi  crack tortuosity in plane in the first section
(perpendicular to direction of loading)

Tcpy  crack tortuosity in plane in the second section
(perpendicular to the first section)

Vve fibers volume fraction

14 width of each individual crack

Wig width of each individual aggregate particle

Wee width (shortest diameter) of each individual
void

Acpi spacing in plane through length (L)

Jcpyx spacing in X-direction

lepy  Spacing in Y-direction

Iy width/length ratio of any individual aggre-
gate particle in the section of interest

Iy, width/length ratio of “n” aggregate particle
in the section of interest

achieve this objective, a host of image processing and
analysis functions have been developed and adapted to
identify and then analyze features of interest. The key
step in image processing involves separation of features
of interest from background. This step typically involves
a large number of operations and iterations; hence,

selection of appropriate operations and a reasonable
number of iterations can help enhance the efficiency of
segmentation.

Image analysis is broadly defined as extraction of use-
ful numerical data from an image [16]. Image analysis is
generally implemented after image processing steps. Box
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counting method is one of the oldest means of determin-
ing the fractal dimension of the crack structure [7].
Another approach to image analysis of cracks involves
mapping the cracks and manually measuring the length
and area of cracks [17]. Image analysis is used to quan-
tify different compounds of concrete, and to assess the
characteristics of such components [18]. Finite element
and finite difference techniques have been recently incor-
porated into image analysis schemes in order to deter-
mine the properties and assess the distribution of
strains within construction materials [19].

Stereology can be defined as a body of mathematical
methods which relate three-dimensional parameters
defining the structure to two-dimensional measurements
obtainable on sections of the structure [20]. Stereological
principles can be used to quantify many spatial attri-
butes of oriented features (such as the degree of anisot-
ropy, surface area of oriented cracks per unit volume,
and void size distribution) in terms of measurements
conducted on perpendicular cross sections.

Different image processing strategies were developed
in the current study for application to (fluorescent or
environmental scanning electron) microscopic images
with the purpose of transforming captured concrete
images from gray scale into binary scale images; enhanc-
ing the contrast between the features of interest (micro-
cracks and voids) and the body of concrete, and
removing noise (speckle) from images to facilitate accu-
rate quantitative measurements of the features of inter-
est. Various strategies were evaluated in order to
identify the most successful ones for application to con-
crete microscopic images. Visilog 5.3® image processing
software was used to implement different strategies.
Stereological formulations were also adapted to derive
quantitative information on spatial attributes of micro-
crack and void system based on measurements
performed on perpendicular cross sections.

2. Morphological operations

The first step in image processing is segmentation
(threshold function), which allows distinction of pixels
belonging to the feature of interest. After segmentation,
neighborhood operations can be employed to refine the
form of objects. Such operators, which relate pixels in a
small neighborhood, are versatile and powerful tools
which combine pixels of binary images with logical oper-
ations of Boolean algebra. Five operations were found
to be useful in application to concrete microscopic
images; these operations cause dilation or erosion of ob-
jects. Some morphological operations such as skeleton-
ization and pruning are ignored due to their ability to
create thin lines rather than a set of thick (real dimen-
sions) microcracks which may affect area fraction,
perimeter and width of microcracks measurements.

The selected image processing operations in addition
to segmentation, are dilation, erosion, opening, closing,
and hole-fill. Dilation has different effects, including fill-
ing of small holes or cracks and smoothing of contour
lines. Erosion causes disappearance of objects smaller
than a mask governing the effect of this operation. Ero-
sion provides the opportunity to eliminate noise but it
has the disadvantage that all the remaining objects
shrink in size. In order to overcome this problem, ero-
sion and dilation operations may be used together. This
largely recovers the original feature size while producing
a smooth shape. The sequence of erosion followed by
dilation is called an opening. The initial erosion removes
small features which may represent noise in concrete
micrographs, and also sharp protuberances from the
feature outline. The subsequent dilation does not restore
the small features (noise), which have permanently dis-
appeared, but it does fill in any small indentations in
the outlines. In contrast to erosion, dilation enlarges
objects and closes small holes and cracks. General
enlargement of the object by the size of mask can be
reversed by follow-up erosion. This combination of oper-
ations is called closing operation. Dilation operation can
fill very small holes in features of interest. If the feature
has a large hole within it which does not provide any
physical meaning, dilation operation can not regain the
missing part at low number of iterations. Increasing the
number of dilation iterations to recover the missing hole
can damage the whole image by swelling the size of other
features. Application of the hole-fill function is essential
in this case. The hole-fill function recovers the missing
holes within any feature (microcrack or void) without
any change to its size. Application of the hole-fill func-
tion to microcracks or voids that do not have any holes
does not produce any harmful effect on them or the rest
of features in the image. Between auto-threshold and
hole-fill functions, there are many scenarios can be pro-
posed to achieve the goal of enhancing the features of
interest (microcracks and voids); alternative scenarios
combined in this work are shown in Fig. 1.

Concrete specimens were prepared by impregnation
with Wood’s metal for environmental scanning electron
microscopy (ESEM) and with ink followed by epoxy for
fluorescent microscope. Concrete micrographs were cap-
tured using either ESEM or fluorescent microscope, and
the alternative image processing scenarios were applied
to those images. The effect of applying the alternative
scenarios on fluorescent and ESEM micrographs is
shown in Figs. 2 and 3, respectively. Applying those sce-
narios on numerous images showed the best results were
generally obtained when Scenario #1 and #7 were
implemented. Scenario #1 may be useful when images
contain a noticeable number of noise where application
of the opening operation first followed by the closing
operation probably restore the image after removal of
noise. Images containing missing parts of features of
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Auto Erosion Hole-fill The final
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Threshold With “m” analysis
number of
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Original Binary Dilation Image after ot image
- — » e X
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—— Threshold With “n” analysis
number of
iterations
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Threshold With “m” With “n” “’a‘iy for
number of number of analysis
iterations iterations
Scenario # 6
Auto i i Hole-Fill The final
Original Binary Closing Image after Opening Image after ! image
(Gray) image image closing opening ready for
Threshold With “n” With “m” analysis
number of number of
iterations iterations
Scenario # 7
Auto ati ; Hole-Fill -
Original .| Binary Dilation | Image after Erosion | Image after The final
(Gray) image image dilation Erosion image
Threshold With “n” With “m” ready for
number of number of analysts
iterations iterations

Scenario #8

Fig. 1. Proposed image processing scenarios.

interest (microcracks and voids) can benefit from Sce-
nario #7 since the closing operation, when applied
first, helps recover some missing parts of the features
of interest while preventing further losses in original fea-
ture caused by the opening operation. The quality of the
original image decide the level of change brought about
by any of these scenarios. For example, the generally

better quality of environmental scanning electron micro-
graphs, when compared with fluorescent micrographs,
implies that ESEM images are less sensitive to the
selection of particular image processing scenarios. It
should be noted that scanning electron and fluorescent
microscopy use specimens impregnated with Wood’s
metal and fluorescent epoxy, respectively, which could
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Fig. 2. Effect of applying different image processing scenarios on
fluorescent gray scale concrete micrograph at magnification 125x: (a)
original gray image, (b) final image (scenario #1), (c) final image
(scenario #2), (d) final image (scenario #3), (e) final image (scenario
#4), (f) final image (scenario #5), (g) final image (scenario #6), (h) final
image (scenario #7) and (i) final image (scenario #8).

(h) 0]

Fig. 3. Effect of applying different image processing scenarios on
ESEM gray scale concrete micrograph at magnification 250x: (a)
original gray image, (b) final image (scenario #1), (c) final image
(scenario #2), (d) final image (scenario #3), (e) final image (scenario
#4), (f) final image (scenario #5), (g) final image (scenario #6), (h) final
image (scenario #7) and (i) final image (scenario #8).
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differ in terms of the thoroughness of impregnation into
concrete microcracks and pores. In order to determine
the optimum number of iterations in different image
processing operations, concrete microscopic images
were processed with each scenario using different num-
ber of iterations (ranging from 1 to 10). The results sug-
gested that a low number of iterations of the opening
function may not efficiently remove the noise from
images; a high number of iterations of the opening oper-
ation, on the other hand removes parts (pixels) of the
feature of interest. In the case of closing operations, a
low number of iterations may not effectively restore
missing parts of interest, while a high number of
iterations could cause noticeably swelling of features,
yielding misleading measurements. It was also noticed
that using fixed number of closing and opening itera-
tions may not be universally applicable to different
image conditions; hence, a range was suggested for the
number of iterations for different scenarios. These
ranges were (0-2) for opening operation, and (0-3) for
closing operation. The optimum number of iterations
for certain image condition depends on the amount of
noise and the size of noise relative to the size of the fea-
tures of interest.

3. Mathematical models, in plane (2-D) measurements
3.1. Cracks

3.1.1. Length per unit area (L4¢)

Crack length per unit area is expresses ‘“‘crack den-
sity”’ [21] in concrete specimens and provides an indica-
tion about crack characteristics in concrete. The crack
length per unit area (are of the section of interest) can
be expressed as follows:

()

3.1.2. Perimeter per unit area (P4c)

Perimeter tends to be more than twice the length due
to the tortuosity and branching effects which increase
perimeter but length. Crack Perimeter per unit area
can be expressed as follows:

P
Pac = Arﬁa @)

3.1.3. Area fraction (A c)

Cracks Area fraction is considered one of the most
important parameters to characterize damage in con-
crete since increasing crack area fraction in concrete
gives an indication that the concrete has high degree
of damage. Crack area fraction can be expressed as
follows:

AAC = A (3)

3.1.4. Width in plane (Wp)

Width is actually defined as breadth, which deviates
from actual width for branched and tortuous cracks.
Crack width per unit area can be expressed as follows:

_ Wic
" Area )

W cp

Throughout the research an empirical equation was
developed to provide crack width measurement. The
proposed equation is as follows:

3.5x% Ai

WCP - T X LiCC (5)
In order to validate the applicability of the proposed
equation, 100 different cracks vary in its shape and size
were captured at different magnification factors and
measured. The actual width of each individual crack
was measured manually using Visilog 5.3® and the pro-
posed equation was also applied for the purpose of com-
parison. The error as a percentage in the calculations of
crack width by the proposed equation is shown in Table
1 and the comparison between calculated and measured
crack width is shown in Fig. 4.

Table 1
Error in calculated crack width
Measured Calculated  Error in
crack width crack width calculated crack
width (%)
Minimum (pixels) 6.83 5.10 10.2
Maximum (pixels) 262.3 235.5 41.3
Average (pixels) 47.4 36.7 229
Standard deviation  50.0 44.5 13.3

a0t i

20 -

Crack Width (pixels)

MANUAL EQUATION
Type of Measure

Fig. 4. Comparison between measured and calculated crack width.
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3.1.5. Spacing in plane (Acp)

In the simplified model of Fig. 5, it is assumed that
each crack can be represented by circle has the same
area and positioned in the center of gravity of the crack.
It is also assumed that cracks are uniformly and equally
distributed in plane (2-D). The crack spacing expression
can be derived as follows:

L

Nic (6)

Acpl =

The number of cracks along length L can be
expressed as follows:

Nic = +/Nsc (7)

The total number of cracks in the section of interest is

A;
Ny = 2 ®)

By substitution of Egs. (7) and (8) in Eq. (6), the follow-
ing expression can be obtained:
L

Acpl = —F——
\V/ ZAiC/Aicm

For the purpose of normalization (spacing per unit
length), length (L) can be replaced by length per unit
area, and the area of cracks can be replaced by area frac-
tion. The crack spacing in plane thus can be expressed as
follows:

Aicm
Acp = 10
v =5 (10)

The diagonal spacing can be obtained by using the
following expression:

(epe)” + (Zepy)’ (11)

Egs. (10) and (11) yield the following expression for
diagonal spacing:

©)

ACP diagonal =

Aicm
> Aac

;L’PC diagonal — \/E (12)

Crack (or Void)

*\ ] ! Nearest

Spacing

Diagonal
Spacing

# Concrete
¢\ Section

Fig. 5. Schematic presentation of the assumptions used in spacing
computations.

3.1.6. Angle of orientation in plane (wc)

Direction of concrete cracks can be provided by the
angle of orientation. Orientation of concrete cracks can
be related to the direction of loading since each different
direction of loading may lead to a certain crack orienta-
tion. Crack orientation can affect diffusion properties of
concrete. Angle of orientation of each individual crack
can be determined by measuring angle of crack length
inclination on horizontal (X-X) or vertical (Y-Y).

3.1.7. Tortuosity in plane (Tcp)

Crack Tortuosity is a useful quantitative descriptor of
the propagation characteristic of cracks in concrete.
Propagation of cracks in concrete depends on the
strength of mortar and aggregate. In normal strength
concrete, cracking occur in mortar and most of cracks
tortuous its path around the aggregate particles and as
a result more aggregate particles in concrete leads to
more tortuous cracks. Throughout the research study
crack tortuosity is expressed as follows:

_Actual Crack Length
~ Projected Crack Length

(13)

CP

Due to difficulty in measuring the actual crack length,
the following expression is generally used:

(14)

3.1.8. Degree of orientation in plane (Qcp)

While angle of orientation can provide an indication
about orientation of each individual crack, degree of
orientation provides an indication about the orientation
of the overall cracks in the same section. If degree of
orientation (2, = 1), this means that the cracks system
is completely planar orientated in a certain direction.
If degree of orientation (£, = 0.0), this means that the
cracks system is completely planar random system
[22]. Depending on the value of the €, (between zero
and 1) the cracks system can be classified a partially pla-
nar oriented system. Assuming cracks as system of lines
in the plane, crack degree of orientation in plane can be
expressed as follows [22]:

[(PL)r L —(PL)t]]
[(PL)t L +0.571(PL)[]

Qcp = (15)

3.2. Voids

The area fraction (Aay), perimeter per unit area
(Pav), and spacing in plane (Ayp) of voids can be
expressed in the same way as for cracks.

3.2.1. Equivalent diameter (dyy)
The equivalent circular diameter is the diameter of a
fictitious circular that has the same area as the void [23].
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The equivalent diameter provides an easy way to esti-
mate the diameter of the void; assuming that the void
is spherical in shape. Once the area has been determined,
it is often convenient to express it as an equivalent circu-
lar diameter and simply calculated from the following
expression:

4XAiv
T

duy = (16)

3.2.2. Number per unit area (N 4y)

Number of voids in concrete may be considered to be
one of the most important parameters. The importance
of the number of voids is owned to its effect on frost
resistance and concrete durability and performance.
Number of voids can also be used as an indication about
the concrete strength, since large number of voids in
concrete can lead to low concrete strength. Number of
voids in concrete is also helpful in determination void
size distribution [24] and some other additional para-
meters. Number of voids in concrete can be expressed
as follows:

N
_ Zi:lNiV

N
AV Area

(17)

3.2.3. Mean diameter in plane (d,,,)

Mean diameter introduces the average diameter of
the voids found in a specified concrete section. The mean
diameter can be expressed as follows [25]:

4><ZAAV
mp = AT 1
d P 7'E><NAV (8)

3.2.4. Aspect ratio (As,)

Aspect ratio is a shape index, used to distinguish the
change in object elongation. Aspect ratio is close to 1 for
spherical voids, and has larger values for eclongated
ones. Aspect ratio can be used also as a measure for pore
size that gives and indication about any pore collapse
may occur in the materials due to confining pressure
[26]. Aspect ratio is proposed as follows [25]:

Liv

Agy = ch (19)

3.2.5. Form factor (Fg,)

Form factor is often used to describe the shape of fea-
tures. It is usually defined as [27]

4 x XAy
Fpy = ——5%— (20)
(piv)

Form factor reflects the circularity and rough edges of
voids; it is maximum at 1.0 for circles and 0.785 for
squares.

3.2.6. Compactness (Cg,)

Compactness is used to measure the elongation, and
is minimum for circles; it is proposed to be expressed
as follows:

(PiV)2
Aiv

Csy = (21)

3.2.7. Roundness (Rg,)

Roundness is a shape factor similar to form factor,
which uses length (longest chord) instead of perimeter;
hence it is less sensitive to roughness of boundary and
reflects more on elongation. Roundness is expressed as
follows [25]:

4% Ay,
Rgy = — 220 (22)
T X (Li\,)

4. Stereological interpretations, in space (3-D)
measurement

Stereological relationships use (2-D) measurements
performed on two perpendicular sections [(x—y) horizon-
tal and (y—z) vertical]. To quantify the spatial (3-D) struc-
ture of microcracks and void systems, the horizontal
section was selected to be perpendicular to the predomi-
nant loading direction (or, when no loading is involved),
perpendicular to the core/specimen length; vertical sec-
tions were perpendicular to the horizontal direction.
The stereological relationships are introduced below.

4.1. Cracks

4.1.1. Specific surface area (Syc)

Specific surface area is the area of cracks per unit vol-
ume of concrete. Specific surface area can be considered
an indication about the percentage of cracks in the con-
crete volume and is expressed as follows [28]:

4
Sve = I (2LAct + Laca) (23)

In the case of randomly oriented cracks, the above
equation assumes the following form, with (2-D) mea-
surement on one section sufficient to yield the specific
surface area of cracks [5,29,30]:

4
Sve = ELAC (24)

4.1.2. Volume fraction (Vyc)

Volume fraction is a parameter that gives an indica-
tion about how much concrete specimen contains cracks
which can affect most of concrete mechanical properties
and it can be expressed as follows:

Apct +Aac2

5 (25)

Vve =
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4.1.3. Spacing in space (Acs)

Spacing of cracks in space can considerably affect the
thermal properties of concrete such as thermal conduc-
tivity and thermal expansion which has a significant
effect on concrete shrinkage. Crack spacing in space is
considered as the mean free distance and expressed as
the following [28]:

4(1 — Vve)

PR 2
ACS 7Svc (6)

4.1.4. Crack width in space (Wcs)

Cracks are manifested as lines of various thickness on
(2-D) cross. The (2-D) crack widths are essentially of
minimum crack width measured at non-perpendicular
angles to plane of cracks. Fig. 6 shows a schematic pre-
sentation of crack widths (Wcp; and Wcep,) in plane due
to cutting by the proposed two perpendicular sections,
the actual crack width (Wcs) can be obtained as follows:

sin{ = Wes (27)
CP1
Wes
cos{ = 28
‘ W cp2 (28)
Since,
sin (> +cos(* =1 (29)

From Egs. (27)—-(29), the following equation can be
derived:

Wes )2 ( Wes )2
(WCPI W cpa (30)
which yields the following expression for (3-D) crack
width:

chzil (31)

2 2
Weer Wer

4.1.5. Degree of orientation in space (Qcs)

Degree of orientation of cracks in space considers
cracks as partially oriented planes in space, and can be
expressed as follows [22]:

[(PL)ts — (PL)ts||]

Qs = [(PL)ts + (PL)ts|]] (32)

Fig. 6. Schematic presentation of the relationship between projected
and actual crack widths.

4.1.6. Tortuosity in space (Tcs)

Tortuosity of cracks in space is a shape index reflect-
ing on the nature of concrete cracking at failure, and can
be expressed as follows:

T T
Tes = CP1-§ cp2 (33)

4.2. Voids

4.2.1. Volume fraction (Vyy)

Voids volume fraction assumes the same values as
area fraction, and can be expressed as the average area
fraction on the two perpendicular sections.

4.2.2. Number per unit volume (Nyy)
Number of voids per unit volume can be expressed as
follows [22]:

2 N
Nyy = =222 (34)

where, m is the mean value of the reciprocals of the cir-
cle diameters on the test section, which can be expressed
as follows [22]:

. Yyt (1/dvi) + (1/dya) + (1/dvy3) + - -+ (1/dv,)

ny

(35)

4.2.3. Specific surface area (Syy)

Specific surface area of voids is the surface area of
voids per unit volume of concrete. Simulating voids as
partially oriented linear systems of surfaces in space
yields the following expression for specific surface area
[22]:

Syy = 1.571(PL)ts L +0.429(PL)ts|| (36)

4.2.4. Mean diameter in space (d,;)

Mean diameter of voids provides a quantitative
descriptor of the average size of voids in concrete. Mean
diameter of voids can be derived as follows:

3
Volume of sphere (V) = g X T X (%) (37)
which yields
3/6
dv = ; XV (38)

In order to obtain the mean diameter of voids in
space, volume of voids should be divided by the number
of voids in the section of interest yielding the following
expression:

l6 x v
Aoy = 12220 (39)
T X NVV



832 P. Soroushian, M. Elzafraney | Cement & Concrete Composites 27 (2005) 823-833

4.2.5. Spacing in space (Ays)

Spacing voids in concrete is an important factor to
evaluate air-entrained admixtures, since large spacing
lead to inefficient influence of air-entrained in concrete
and as a the probability of concrete deterioration due
to freeze-thaw is increased, while small spacing can
adversely affect concrete mechanical properties. Voids
spacing in space, can be derived using the same expres-
sions used for cracks.

4.2.6. Specific surface (Ssy)

Specific surface is the surface area of voids per unit
volume of voids and quantifies the irregularity of void
surfaces. Void surfaces irregularity is directly propor-
tional to specific surface area value which can is
expressed as follows:

Sy = Sw (40)
VVV

5. Summary and conclusions

An image processing methodology was developed for
automated microstructural investigation of concrete,
emphasizing microcrack and void systems. A range of
(2-D) mathematical formulations was used to quantify
planar microstructural features of concrete. Stereologi-
cal principles were used to derive quantitative informa-
tion on the (3-D) microstructure of concrete, based on
planar measurements. The proposed formulations pro-
vide a solid basis for software development towards a
quantitative microstructural investigation of concrete
microcracks and void systems. The key issue involved
in the proposed approach to processing and analysis
of concrete microscopic images are summarized below:

1. Thresholding, followed by opening, closing, and
hole-fill operations provide the basis to process con-
crete micrographs with substantial noise. In the case
of images with limited noise, thresholding followed
by closing, opening, and hole-fill provided a better
approach to remove noise and preserve features of
interest (microcracks and voids). Opening operations
in both causes generally require one to three itera-
tions; closing operations require one to four.

2. New formulations with higher precision were devel-
oped to determine crack width in plane and space
and crack/void spacing in plane. New specific surface
area formulation was adopted to determine crack
specific surface area based on the preferred orienta-
tion of cracks in concrete.

3. Planar modification of the microcrack system
involved formulations of length per unit area, perim-
eter per unit area, width per unit area, area fraction,
degree of orientation, spacing, and tortuosity were

produced in systematic system to be programmed in
microcrack and void systems quantification software.

4. Planar quantification of the void system involved for-
mulation of equivalent diameter, number per unit
area, aspect ratio, form factor, compactness, and
roundness were assigned to be the key probes to ana-
lyze void systems in concrete and the relationships
between these probes and concrete properties were
addressed.

5. Planar characteristics of microcracks on two perpen-
dicular sections were used in stereological formula-
tions to quantify microcrack volume fraction,
spacing, width, degree of orientation and tortuosity
in space. Different spatial formulations for biological
applications were adopted to be used for microcrack
system analyses.

6. Planar characteristics of voids on two perpendicular
sections were used in stereological formulations to
quantify the volume fraction, number per unit vol-
ume, specific surface area, spacing, and diameter of
voids in space.
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