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Abstract. Cement is an essential material for the development of the civil construction. The analy-
sis of cement-based materials is useful in the evaluation of mechanical properties, water absorption, air
permeability and evolution of hydration degree. The latter is the motivation of this paper. New advanta-
geous techniques of analysis based on the image information are possible using electronic microscopy. We
propose here an alternative procedure to the segmentation of microstructures of cement and aggregates
in concrete. The central idea consists of a particular use of the morphological operator watershed. We
report the results of the analysis of about 450 Scanning Electron Microscope (SEM) images.

1 Introduction

The chemical composition of cement is controlled by
the content of silica (SiOz), lime (CaO), alumina (Aly
O3) and iron (Fez0O3) oxides. Concrete basically is con-
stituted of cement, aggregates and water. Hydration
is reactions of cement with water resulting a firm and
resistant matrix. Some approaches, for instance chem-
ically bound water, X-ray diffraction and heat of hy-
dration [15, 8], are availiable to characterise the hydra-
tion degree of cement-based materials. However, these
methods can be only used at a given stage of hydration
and, futhermore, require some assumptions concern-
ing the chemical composition of the mixture [10]. The
Scanning Electron Microscope (SEM) has been used
to analyze the differences in microstructure, hydration
degree [9, 10] and microcracks, of samples submitted to
different types of curing. Image analysis, for this study,
is a valuable option in relation to other techniques.
This paper consists of a classification of the con-
crete microestructures by semiautomatic methods. The
aim is to detect two structures: aggregates grains and
anhydrous grains. The hydrated phase is what ramins
from these segmentations. Here a morphological ap-
proach is done based on the grayscale information.
Special attention is given to the aggregate segmenta-
tion method. In the literature, the anhydrous segmen-
tation is focused instead. The determination of an-
hydrous phase is important to estimate the hydration
degree of cement while the aggegates segmentation is

useful to analyze the type of composition of a strange
(or not) concrete mixture. This has several implica-
tions for concrete characteristics.

Section 2 provides the theoretical foundation. In
Section 3 our techniques are presented. Section 4 shows
experimental results and some discussion about these
results. Finally, the conclusions are drawn in Section 5.
Here follows a preliminary overview illustrating the im-
age acquisition method, visual structures observed and
algorithms used.

1.1 Image Acquisition

The microscopic analysis was effected in polished sec-
tions of samples (cylinders of 10cm x 20cm) of hard-
ened concrete in 28, 90 and 180 days. The samples are
cut from the central portion. This slice is made by a
diamond saw and has a diameter of 5cm and a height
of Tem approximately.

After that a sample is scanned in the SEM, the
spread image is visualized in a monitor. The results
are images of 640x480 pixels with 256 graylevels (8
bits) and a magnification of 100 times [9].

1.2 Visual Structures

Figure 1 illustrates an example of concrete image un-
der SEM. Concrete is essentially composed by three
parts: the anhydrous, which are composites of cement
not hydrated (white pores); the aggregates that are
not cement-components such as sand, stone or slag



(medium-gray homogeneous pores); and the hydrated
composites that are the remaining portion. Aggregate
structures have a maximal size previously defined (by
a filtering process).

Figure 1: Example of concrete image under SEM.

1.3 Algorithms Overview

The algorithms are briefly presented in this subsection.

Anhydrous grain segmentation is implemented by
image histogram processing, thresholding by the wa-
tershed technique, followed by area opening.

To process the aggregate segmentation, connected
basins of image gradient are removed, watershed with
regional minimum as marking is applied and, area open-
ing and area closing are determined.

2 Preliminary Definitions

Let E C Z x Z be a rectangular finite subset of points.
Let K = [0,k] be a totally ordered set. Denote by
Fun|E, K] the set of all functions f : E — K. An
image is one of these functions (called graylevel func-
tions). Particularly, if K = [0,1], f is a binary image.
An image operator (operator, for simplicity) is a map-
ping ¥ : Fun|E, K| — Fun|E, K].

Dilation and erosion are morphological operators
[6, 4] and are denoted, respectively, by dp and ep
throughout this text.

A grayscale operator v is considered an morpho-
logical filter, if 1) is increasing and idempotent, or, if
fi £ o= (f1) < ¢ (f2) and ¥ (f) =4 (f).

The opening and closing operators [6, 4] are mor-
phological filters and are denoted, respectively, by vp
and ¢p.

Let N(x) be the set containing the neighbourhood
[7, 4] of x, x € E. We define a path [7] from z to

y, ,y € E as a sequence C = (pg, p1, ..., pn) from E,
where pg =, p, = y and Vi € [0,n — 1],p; € N(pi41)-
A connected subset of E is a subset X C E such
that, Vx,y € X, there is a path C entirely inside X.
Let f € Fun|E, K]. A flat zone of f is a connected
subset X C E, such that f(x) = f(y), Vz,y € X.

Definition 1 Let f € Fun|E,K]. v is said to be a
connected operator if and only if

f@) = Fly) = v((@) = (),

where x,y € E, x € N(y).

Connected filters reduce the number of flat zones
[2, 13, 6, 11] without introducing borders. Notice that
when some flat zones in an image are reduced, some
borders may be supressed, but it does not seem to
create new borders.

Definition 2 The sup-reconstruction operator is given
by, Vf,g € Fun|E, K],

¢Bc7f(g) = E%Sc,g(f) )

where B. C E is the structuring element defining con-
nectivity, n € Zy and €_, is the n-conditional ero-
sion operator [14, 5]. €¥ (f) means that the erosion
is applied till idempotency.

Definition 3 Let f € Fun[E,K]. A regional mini-
mum is a flat zone Z such that f(z) < f(n),z € Z,n €
N, N € Fz, where Fz is a set of all flat zones adjacent
to Z [4]. The regional mazima of f is found by applica-
tion of a operator pB™ : Fun[E, K] — Fun[E, [0, 1],
given by

() = (1< (95 (F=1) = (F =)V (f<0),
where ¢, ¢ s a sup-reconstruction.

Definition 4 Let f € Fun|E, K], z € E, k € R, the
threshold decomposition is defined by

Tk(f):{ L, i k< f(@)

0, otherwise

Definition 5 Let f € Fun|[E, K], K = [0,k], and x €
FE, the negative operator is defined by

v(f) =k—f(a).

Notice that, when k = 1 (binary images), v (f) is the
set-complement of f.



Definition 6 Let x € E, 0Eq, 4, C E, the frame
image is created as to following:

. 1, Zf S 8Edh,dw
fri@) = { 0, otherwise

where dp, is the width thickness in left and right bor-
ders, and d, is the height thickness in top and bottom
borders.

Definition 7 Let f € Fun|E, K|. Let us consider the
histogram of the image as a function hy : K — Z,
given by
hy(i) = card{x | f(z) =1}

where card (x) is the cardinality of x. Despite the do-
main of hy, the morphological operators used in the
graylevel classification were applied in the same man-
ner. In other words, we consider K as a subset of E.

2.1 Morphological Operators

In this subsection we introduce the morphological op-
erators used in this work.

2.1.1 Alternating Sequencial Filtering

The alternating sequential filtering, Vf € Fun|E, K],
and for every structuring element B, is given by

pi,B(f) = mkmp—1---mi(f) and

vk,8(f) = prpk—1--p1(f) ,

where
7 (f) = s (¢r5 (B (f)))
pe(f) = drB (veB (¢B (f)))  and
(origin), fork=0
kB = 53(53(5}3(3))), fOT‘kZ].

k—1 dilations

This filtering is frequently used to smooth the topo-
graphic surface of an image. In other words, this may
be desirable in order to reduce noise or simplify grayscale
variation in a preprocessing stage.

2.1.2 Area Opening / Area Closing

The area opening is a connected filter applied to binary
images, aiming to eliminate flat zones valued 1 and
with area lower than a threshold a. Let B be the set of
all flat zones valued 1 in a binary image. Let a € Z
be an area threshold. Let B, C B be the set of all
flat zones F' € B whose area is greater than a. Let
f € Fun|FE, K], the area opening operator is given by

are ) =\ e

FeB,

The dual operator of area opening is the area clos-
ing. This filter is a mapping ®3r¢@  given by

Ga () =v(raT W () -

2.1.3 h-Basin

This operator sup-reconstructs the grayscale image f
from the marker created by the addition of the positive
integer value h to f, using the connectivity B.. It re-
moves connected basins with a contrast smaller than h.
This function is very useful for simplifying the basins
of the image.

Vf € Fun|E, K], h-basin is determined by

h-¢p.n (f) = dBo,srn (f) -

2.1.4 Morphological Gradient

The morphological gradient, Vf € Fun|E, K], and for
every structuring element By;; (of dilation) and Ber,
(of erosion), is given by

\IJBdilyBero (f) = 6Bdil (f) - EBero (f) :
This operator is frequently used to enhance con-
tours or non homogeneous regions.

2.1.5 Watershed

The watershed [1, 16] is a powerful tool of segmenta-
tion. It is based on the concept that any grayscale
image can be considered as a topographic surface. If
we flood this surface from its markers and, if we pre-
vent the merging of the waters coming from different
sources, we partition the image into two different sets:
the catchment basins and the watershed lines.

We will use the symbol W, (f) to represent the
watershed operator. m is the image of markers and the
33 cross structuring element (B, ) is used.

3 The Proposed Technique

In this section, we describe each step of our proposed
techniques. Subsection 3.1 and Subsection 3.2 present,
respectively, our anhydrous and aggregates segmenta-
tion method.

3.1 Anhydrous Segmentation

There are many techniques for global thresholding de-
termination. In particular, we can cite the entropy
maximisation and ISODATA used by Mouret [10, 9].
Here, we use a morphological approach to detection of
domes in a histogram.

We can observe that the histogram in Figure 2a
(calculated from image of Figure 1) has a small peak in



the white region related to the anhydrous phase. This
information is similar in almost all images under a con-
trolled process of acquisition resolution of a determined
concrete mixture composition.

The threshold value is extracted using the water-
shed technique. The aim is to detect the middle valley
of the histogram. If the histogram is negated, we need
to extract the middle peak of the one dimensional sig-
nal. This is accomplished by finding proper markers on
the valleys. These markers are extracted by detecting
the regional minima of the filtered signal (alternating
sequential filtering, closing followed by opening):

hasf = VU1,Biines (V (hf>) )

where Biines is a line of length 8 pixels. It repre-
sents 1/32 (or 3%) of 256 (greatest graylevel discrimi-
nated by hy). This value is sufficient to create regional
minima conveniently in various histograms. Figure 2b
shows this filtering result. After, the watershed is ap-
plied in hggy.

ws = Wy, (hasf) >

where m is the default markers of classic watershed
defined by regional minima:

m = ’ugm (hasf)

c

and B.= B, .

Figure 2¢ shows the watershed result. To discard
the detection of peaks near the limits of the histogram,
an intersection is done using an border image negated
with appropriated width:

wsf =min ({fr | 0Ey 20 C E},ws)

The coordinate value is detected by

kin = {x | wsf(z) =1}

For illustrative purpose, a plot of Ay and wsf sig-
nals are displayed in Figure 2d.

The threshold value found in the previous step
is applied. Figure 3a shows a example of image and
Figure 3b shows thresholding result (7%,, (f)). After, a
filter is applied to remove sufficiently small blobs (area
less than 20).

anhy = 756" (Tk, (f))

For illustration, the anhydrous grains are displayed
(in white) in Figure 3c.

4 s

© (@

Figure 2: (a) Histogram of image of Figure 1 (b) Filter-
ing of negated histogram (c) Watershed lines on filtered
signal (d) Threshold value found, put on the histogram

3.2 Aggregates Segmentation

Now, the objective is to detect the aggregate phase
which is the main responsible for the unitary mass,
elasticity module and dimensional stability of concrete
[12]. There is a certain difficulty here because a global
thresholding is not possible in this case. The difference
between aggregate and hydrated paste is that the first
is homogeneous and the second has texture. The tech-
nique proposed here is the greatest contribution of this
paper.

The watershed applied on the gradient using the
markers from filtered regional minima of the gradient
is a standard watershed based technique. In this case
the filter was chosen to be a contrast h-basin:

grad =Yg, g, (f)
ma = pE" (h-os,, h,, (grad))

WSy = Wina (grad)

where h,, is determined manually depending on
the concrete type (hy, is around of 20).

Figure 4a shows these watershed lines (in white)
and the surfaces of markers (in gray).

The result of the watershed in the previous step is
the detection of a large number of regions. Figure 4b
shows the larger ones that are the aggregates and the
anhydrous. So first the regions are filtered out using
an area criteria, and small holes are closed:



a1 = 300" (v (wsa))

az = ¢5p°* (a1)

The aggregates are obtained by removing the an-
hydrous phase:

aggr = az — anhy

For illustration, the aggregates are displayed (in
white) in Figure 4c.

Finally we have each phase of concrete structures.
The third phase is hydrated composites and can be
denoted by

hydcomp = f — as .

4 Experimental Results

In this section we present estimated values of the per-
centage of anhydrous grains, aggregates and hydration
degree. The images are obtained from two types of
cement and three types of curing in a concrete mix-
ture. For this study, 450 images were analyzed. Ta-
ble 1 shows some these results. The used notation is
explained here:
The area is calculated by

Afbm(ﬁ) = Z fbin (I) »

VzeE

and the normalized area (or area fraction) is

o = card (E)

where fpin, € Fun[E,[0,1]], and card(E) is the
cardinality of E. Therefore, auanhy and aqgqr are the
anhydrous and aggregate phases of area fraction.

The estimated hydration («) degree based on im-
age treatment is written by [9, 3]

- Qanhy o C
O[—l FO s FO_C—i—pc-a’

where C'is the cement consumption per m? of con-
crete, a is the water consumption per m3 of concrete,
and p,. is the specific mass of cement.

Important: this is true at 400 times magnification.
In our case (100 times), this normalization of anydrous
grains (@anhny) is increased by 17% [9].

[Type | Gure | Ao || Gany | tager | @]

t1 c1 28 || 0.109 | 0.411 || 0.561
141 c1 90 || 0.113 | 0.159 || 0.670
t1 c; | 180 || 0.076 | 0.368 || 0.673
t1 Co 28 || 0.089 | 0.220 || 0.663
t1 &) 90 || 0.078 | 0.273 || 0.727
t1 ca | 180 || 0.054 | 0.366 || 0.740
to c1 28 || 0.091 | 0.225 || 0.759
to c1 90 || 0.041 | 0.486 || 0.812
12 c1 | 180 || 0.037 | 0.300 || 0.863
to ca 28 || 0.077 | 0.182 || 0.737
to Co 90 || 0.058 | 0.205 || 0.818
to ca | 180 || 0.036 | 0.193 || 0.862

Table 1: ;1 is Portland blast furnace cement; to is Port-
land high initial resistence cement; c; is humid curing
during 7 days; ¢y is steam thermal curing (60°); @ is
the medium hydration for each type of concrete (above
10 images considering the first three columns)

4.1 Discussion

A similar image analysis process is reported by Mouret
[10]. His work concentrates on the anhydrous phase
segmentation that is the goal for hydrated degree es-
timation. His algorithm is based on the thresholding
by entropy maximisation of greylevel (maximisation of
the histogram contrasts) of the image intensity filtered,
followed by hole closing (of the anhydrous phase which
may be hidden). Our technique also works with his-
togram, but a morphological analysis is made of the
histogram. Mouret also mentions another work which
uses the ISODATA technique to estimate the thresh-
old to separate the anhydrous phase. Our techinque
is very convenient if there is a dome in the histogram
representing the anydrous phase. We found that for
some concrete samples, the histogram did not reveal
any dome and our method could not be applied.

On the other hand, our proposed technique to seg-
ment the aggregates based on the watershed transform
gave excellent results, despite the manual choice of h,,.
Aggregate particle shape, size, and gradation can im-
pact the performance of concrete. In concrete mix-
tures, the characteristics of aggregate phase has been
related to permanent deformation, and fatigue resis-
tance. The properties that are affected include stiff-
ness, stability, durability, permeability, resistance to
moisture damage, and air voids in the mix. To design
concrete mixtures with long service lives, the aggre-
gates must have the proper gradation and shape. This
study also can be used in analysis of the aggregate in-
fluence.



Figure 4: (a) Watershed lines and markers in gray (b)
Agglomerated of Anhydrous and Aggregates (¢) Ag-
gregates segmentation

Figure 3: (a) Original image (b) Thresholding result
(¢) Anhydrous segmentation



Figure 5 illustrates other example images from the
segmentation presented in this paper. The pixels of
segmented images are shown with the original image
values.

5 Conclusions

We have presented an image analysis methodology for
the classification of microstructures of cement paste
from SEM image. The image segmentation first es-
timates the anhydrous composites, based on a global
thresholding. The threshold is selected from a morpho-
logical histogram processing. The second segmentation
is to detect the aggregate material, which has almost
the same gray scale distribution as the hydrated mate-
rial. We have proposed a watershed based segmenta-
tion which discriminates the texture of both materials.

These techniques were applied to estimate the an-
hydrous phase of several types of Portland cement with
cure process and at different curing age. The image
segmentation methodology proved very suitable for this
task which was confimed by the analysis of approxi-
mately 450 SEM images.

Further work is required to improve the global
threshold method to segment the anhydrous phase and
to design an automatic procedure to estimate the pa-
rameter h,, used in the aggregate segmentation.
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