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Abstract

The paper presents a comparative study between the autocorrelation function (ACF) and the 2-point correlation
function (2PCF) for the quantitative analysis of the pore structure within hardened concrete via the image
analysis technique. This work was carried out on five cross-sectional images of concrete specimens with varying
area porosities ranging from 2.6% to 21.2%. This research indicates that: (i) the ACF provides a comprehensive
and effective tool that is capable of capturing the contribution of the area porosity, size, and orientation of the
pores in quantifying the pore structure within hardened concrete, while the 2PCF only enables quantifying the
size and spacing between the pores; (ii) the ACF requires the cross-sectional images to be square, whereas the
2PCF can analyze images of any size and shape; (iii) for an area porosity (¢, < 20%), the characteristic size
of the pore structure within hardened concrete, [y, determined by both the ACF and 2PCF approaches, is not
significantly different; (iv) on average, the correlation length (X) estimated by 2PCF is more than 1.6 times
greater than the corresponding value determined by ACF; and (v) the characteristic size (/y) provides a more
accurate and comprehensive quantification of the pore structure within hardened concrete specimens than the
correlation length (Xp).

Keywords: pore structure; image analysis; autocorrelation function; 2-point correlation function; characteristic
size; correlation length.
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1. Introduction

Concrete is a typical heterogeneous material with various constitutive components (phases) such
as coarse aggregates, cement-fine aggregate matrix, the interfacial transition zone (ITZ) between the
cement paste and aggregates, and pores [1, 2]. Among these components, pore structures are often
indicated to have a significant and direct influence on the variations in the mechanical properties
and behaviors of hardened concrete under various types of loads [2-5]. The pores presented in the
hardened concrete include three main components: capillary pores, gel pores, and air voids [2, 6].
According to Mehta and Monteiro [1], air voids, which typically appear in the cement-fine aggregate
matrix with large sizes, have a primary influence on the mechanical behavior of concrete. On the
other hand, the capillary pores and gel pores, which are much smaller in size (ranging from 0.5 nm
to 1 um), typically have little impact on the mechanical properties of concrete [7-9]. Therefore, when
studying the influence of pore structures within hardened concrete on the mechanical properties of
concrete, researchers primarily focus on the airvoids (hereinafter referred to as pores), and this is also
the main focus of the present study.
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In terms of studying the pore structures within hardened concrete, besides traditional methods
such as the liquid displacement method [5], mercury intrusion porosimetry [10-12], and the method
of measuring alkali condensation [13, 14], digital image processing (DIP) and image analysis are in-
creasingly being widely used due to their numerous advantages, especially in quantitative analysis.
While traditional methods primarily assist in determining the apparent porosity and pore size distri-
bution, DIP methods allow for a more extensive quantification of characteristic parameters of the pore
structure, such as the apparent porosity, size, and shape of pores, the distance between pores, and the
spatial distribution of pores within hardened concrete elements [15, 16].

In DIP and image analysis techniques, correlation functions are commonly employed as an effec-
tive tool for quantitatively analyzing the entire internal structure and/or specific constituent compo-
nents of heterogeneous materials (e.g., concrete [17-20]). The fundamental principle of correlation
functions in analyzing digital images is to calculate correlation values between corresponding pixels
at different distances, thereby determining the characteristic size of the structure of the components
presented in the image [17, 21]. This characteristic size can be regarded as the size of the Repre-
sentative Volume Element (RVE) of the material in terms of microstructure and serves as an input
parameter in numerical simulation analyses [22]. Two commonly used correlation functions in image
analysis are the 2-point correlation function (2PCF) [17, 18, 20, 23] and the autocorrelation function
(ACF) [24, 25]. For heterogeneous materials consisting of multiple phases, such as concrete or rock,
ACF is primarily used on color images with structural components exhibiting various colors, whereas
2PCF can only be applied to binary images (i.e., the target phase appears white and the remaining
phases are the black background). In terms of image analysis of the pore structures of concrete, as
2PCF does not require the image to be square-shaped, this function is more commonly employed than
ACF. ACF is simpler mathematically and more visually intuitive compared to 2PCF since ACF values
are represented in both directions of the image, while 2PCF is unidirectional [18, 21]. Nevertheless,
until now, there has been no study comparing the results obtained from these two correlations in the
quantitative analysis of the pore structures within hardened concrete.

This paper introduces a study comparing the results of quantitative analysis of the pore structures
presented in hardened concrete using two correlation functions, ACF and 2PCF. This work mainly fo-
cuses on the comparison of the defined characteristic length of the pore structures and the correlation
length derived from the ACF and 2PCF values. In addition, the influence of different features of the
pore structures on the values of the characteristic size determined by these two correlation functions
is also investigated.

2. Theoretical background

In image analysis, the digital image of a material cross-section is considered a matrix with di-
mensions of M X N pixels. Each pixel corresponds to a position (x,y) in the matrix with dimensions
M x N,where x =1 > Mandy =1 — N. The value f(x,y) represents the color value at the pixel
located at position (x,y). For binary images, the f(x,y) value takes one of two values: O (for black
color) and 1 (for white color) (see Fig. 1). In the following section, an overview of the autocorrelation
function (ACF) and the 2-point correlation function (2PCF) will be presented.

2.1. Overview of the Autocorrelation Function

The autocorrelation function (ACF) is based on the self-correlation analysis of a dataset with the
same dataset. In image analysis, the ACF of an image is essentially the self-correlation analysis (or
repeated convolution) of the color values at the pixels in that image, as expressed in Eq. (1) below:
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Figure 1. [llustration of the matrix of pixels for a binary image with dimensions of M x N pixels ([18])
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where f(x,y) represents the color value at the point with coordinates (x, y) in the image, ® denotes the
convolution operator, (x’, y") refers to the displacement distance of the image from its original position
(x,y). For the application of the ACF, the Fast Fourier Transforms (FFT) are commonly employed.
Hence, the image must be square. In other words, the matrix of pixels must be a square matrix with
M = N [21, 24, 25]. Applying the two-dimensional Fourier transform, the color value function f(u, v)
at the point with coordinates (u, v) is expressed as follows:
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where N is the size of the square matrix of pixels. The value of ACF at the point with coordinates
(u,v) is determined by the product of f (u, v) with its complex conjugate, ™ (u, v). The matrix of ACF
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Figure 2. [lustration of the ACF analysis applied to an image of size (x X y) pixels with a white circle
on a black background (modified from [21])
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values is also a square matrix, and it has the same size as the matrix of the original pixels. According
to [21, 26, 27], the ACF always achieves its maximum value at the center of the image, corresponding
to the displacement (x" = 0,y = 0), and then gradually decreases towards the edges of the image as
the values of (x',y") increase (x" — N/2,y" — N/2). For binary images, the maximum value of the
ACF is equal to ¢,, which represents the area ratio of the white region (see Fig. 2(a)). It then gradually
decreases to the asymptotic value of ¢§ (see Fig. 2(b)) as the displacement (x’,y") increases [20, 22].

2.2. Overview of the two-point correlation function

The 2-point correlation function (2PCF) refers to the probability of finding two points, p; and p,,
separated by a distance of r within the same phase (e.g., the same white phase as illustrated in Fig. 1)
[19, 20, 28]. The correlation value between two points, p; and p», belonging to phase (i), S» (p1, p2),
is determined by Eq. (3) below:

Y (p1.p2) = 85 (p12) = 85() = (£ () £ (p1 + 1) 3)

where r = p1p = |p2 — pi| (see Fig. 1). If two points, p; and p;, belong to phase (i), the value
f(p12) = 1. The two-point correlation value, S, is independent of the x and/or y direction and solely
depends on the distance between the examined points [20]. In other words, the two-point correlation
value can quantify the size and relative distance between components belonging to the same phase in
the material structure. Similar to ACF, the two-point correlation value of a phase reaches its maximum
value, So = ¢,, corresponding to the distance r = 0, then gradually decreases to the asymptotic
value ¢Z as the distance increases (r — +oco) [20, 28]. In the present work, the “brute force” method
proposed by Berryman [29] and Velasquez [19] was employed to calculate the two-point correlation
value, S». The principle of the "brute force"method is to estimate the value of S, for a given phase
by calculating the ratio of the total number of pixels corresponding to that phase at a specific distance
r, Ny_piss, to the total number of pixels in the analyzed image, N,,,;. Applying the above principle, in
this study, the procedure for calculating the two-point correlation value, S, for the pore structures of
hardened concrete is performed as follows:

+ Generate a random point, p;, on the matrix of pixels with f (p1) = 1;

+ Generate a point, p», at a distance of r from point p, randomly determined by an angle 6 (see
Fig. 1);

+ Calculate the total number of pixels, N,_p;is, Where points p, are at a distance r from p; and
both belong to the white phase (f (p2) = 1);
N + Calculate the two-point correlation value between points p; and p, at a distance ras S, (r, p1, p2)

r—hits
N total .

In this study, the generation of these random points is performed using the rand() function in the

program MATLAB™,

2.3. Characteristic size of the pore structure

In terms of quantifying the microstructure via image analysis techniques, the distance correspond-
ing to the position from which the correlation function value approaches a stable value is often used
to indicate the value of the characteristic size of a material [19, 30, 31]. According to this definition,
the distance corresponding to the position, Xy, commonly called the correlation length, where the cor-
relation function (e.g., ACF or 2PCF) reaches the asymptotic value ¢(21 (see Fig. 2(b)), can be regarded
as the characteristic size of the pore structure. According to Kanit et al. [22, 30], the value of Xj is
often influenced by the largest size of the phase being analyzed (in the case of pore structures, Xy
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would be directly related to the largest size of the pores). However, separating the boundaries of indi-
vidual pores from the image (Fig. 3(c)) is challenging and requires complicated analysis algorithms.
Moreover, considering only the maximum size of pores is just one factor to be considered when an-
alyzing the pore structure of concrete. To indicate a characteristic size of the material structure in a
general manner, Kanit et al. [22, 30] have introduced an integral range, /o, estimated by the following

equation:
1
lo = CO - C Xy ﬁ [C(x) - C(Xo)]dx “4)

where C (x) is the value of the correlation function at a position with a distance of x. In this study, the
value [y is used as the characteristic size of the pore structure of concrete.

3. Cross-sectional sample preparation

In general, the mix proportion and type of composition components of concrete are frequently
found to be the important factors posibly influencing the pore structures within the hardened concrete
[1,2]. However, the pore structure and the porosity of hardened concrete are randomly stochastic prop-
erties. In other words, fabricating concrete samples with a predetermined mix proportion to achieve
a pore structure within a hardened state with a given porosity is not feasible. On the other hand, to
investigate the influence of the properties of the pore structure within hardened concrete on the ef-
fectiveness of its image analysis, a variety of images with different characteristics and porosities are
required. Hence, in the present work, 05 (five) cross-sections of concrete samples available in the
laboratory, fabricated from various mixtures, were used for analysis. The sample cross-sections were
ground flat and smoothed to eliminate scratches incurred during the cutting process (Fig. 3(a)). Next,
the cross-sections were painted black on the surface and covered with a fine-grade calcium carbonate
powder (KSHG-20C). The pores, filled with white calcium carbonate paste, stand out prominently
against the dark background of the cross-sections, previously painted black. Then, the cross-sections
were scanned using a scanner with a resolution of 1200 dpi to obtain digital images of the cross-
sections (see Fig. 3(b)). Using the "imbinarize" function in the program MATLAB™ for the scanned
images of the sample cross-sections to obtain the binary images of the sample cross-sections. In these
binary images, the white portion represents the pore structure, while the black portion represents the
remaining structural components of concrete (i.e., the cement paste and aggregates) (see Fig. 3(c)).

(a) Color scan image of the (b) Color scan image of the (c) Binary image of the
cross-section cross-section after surface cross-section
processing

Figure 3. An illustrative example of the image processing procedure to obtain a binary image of the pore
structure within hardened concrete
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4. Results and discussions
4.1. Analysis of ACF of the pore structure

(¢) Section C

(e) Section E

Figure 4. Binary images of the cross-sections (left) and the corresponding digital images of ACF values (right)

Fig. 4 presents the binary images of the five cross-sections examined in this study and the digital
images of the corresponding ACF values for those cross-sections. The ACF values shown in Fig. 4
have been normalized with the corresponding maximum ACF value on each image. As indicated in
the figure, some noteworthy results are as follows:

- The ACF values reach their maximum at the symetric center of the image and gradually decrease
in both directions to the stable value, which is ¢,, for all cross-sections. The area porosity, ¢,, is
calculated by dividing the total area of the pore presented in the cross-section (i.e., the area of the
white portion of the image; see Fig. 3(c)) by the entire area of the cross-sections. The values of ¢, for
all five cross-sections are summarized in Table 1.

- The cross-sections with higher ¢, value will have correspondingly larger ACF values. As dis-
played in Fig. 4, the ACF values for all cross-sections examined in this study can be ordered as follows:
C>B > A > E > D. This order aligns with the sequence of ¢, values reported in Table 1.

- In the matrix of ACF values (i.e., the right part of the graphs shown in Fig. 4), there exist two
distinct regions: (i) the central region around the maximum ACF value, and (ii) the background region
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with ACF values fluctuating around the ¢, value. The size of region (i) mainly depends on the size of
the largest pore.

- The ACF values can indicate the distribution features of pores across the cross-section. Indeed,
cross-sections A, B, and E have relatively even distributions of pores, resulting in corresponding ACF
values also being evenly distributed in region (ii) (background region) (see Figs. 4(a), (b), (¢)). Mean-
while, cross-sections C and D exhibit unevenly distributed pores, leading to an uneven distribution of
ACEF values in both directions (see Figs. 4(c), (d)).

- The shape of region (i) in the matrix of ACF values depends on the spatial distribution of
pores across the cross-section. While cross-sections A, B, D, and E exhibit a relatively circular shape
for region (i), that of cross-section C takes an elliptical shape with its major axis aligned with the
primary orientation of its largest pore (see Fig. 4(c)). In other words, the ACF analysis enables the
determination of the primary orientation of pore distribution across the cross-sections.

Table 1. Values of the area porosity (¢,), the correlation length (X,) and the characteristic size (Iy)
for all the five examined cross-sections

ACF 2PCF
Section ¢q (%)

Xo (cm) lo (cm) Xo (cm) ly (cm)
A 33 0.162 0.001 0.147 0.001
B 14.9 0.375 0.007 0.515 0.007
C 21.2 1.307 0.011 2.270 0.027
D 2.6 0.365 0.002 0.292 0.002
E 7.6 0.792 0.006 1.021 0.006

4.2. Characteristic size of the pore structure

As mentioned in Section 2.3, the characteristic size of the pore structure is determined from the
relationship between the correlation value (i.e. ACF or S, values) and the correlation distance (r).
The variations of ACF and S, values with the distance r are displayed in Fig. 5(a) and Fig. 5(b),
respectively. For all cross-sections, both ACF and S, values reach their maximum at ¢,, then gradu-
ally decrease and attain a stable value approximating ¢§ (expect for the S, value of cross-section C,
see Fig. 5(b)). This result aligns with the theoretical principles of the ACF method, as illustrated in
Fig. 2(b). As shown in Fig. 5, the rate of decrease in ACF and S, values with distance r primarily de-
pends on the size of the pores appearing in the cross-sectional images, while being less influenced by
the area porosity (¢,). The decrease rate of the correlation function values can be quantified through
the correlation length (Xj) (see Fig. 2(b) and Section 2.3).

Fig. 6 shows the variation of the X and /y values determined through ACF and 2PCF in relation
to the area porosity (¢,) for all five cross-sections examined in this study. From this, a general trend
is observed: as ¢, increases, both the values of Xy and [y generally increase, regardless of cross-
sections and correlation functions. Nevertheless, based on the obtained coefficient of determination
(R?) values (Fig. 6), it can be concluded that the correlation length (Xp) is less influenced by ¢, (with
R? < 0.7). In contrast, ¢, has a significant impact on the characteristic size (lp) (with R? > 0.87). In
other words, the Xy value only allows for a relative quantification of the pore size, but it cannot account
for the porosity and shape of the pores, aspects effectively captured by the [y value. Consequently, the
lp value is recommended to be used as the characteristic size for a comprehensive quantification of
the pore structure of concrete.
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Figure 5. Variations of ACF and S, with the correlation distance, r, for all cross-sections.
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Figure 6. Relationship between the X, and [y values determined through the ACF and 2PCF methods with the
area porosity (¢,) for all examined cross-sections

4.3. Comparison of ACF and 2PCF analysis results

Fig. 7(a) presents the relationship between the correlation length determined through the ACF
method, Xo acr, and the corresponding values obtained from the 2PCF method, Xos,. As shown in
this figure and Table 1, most of the examined cross-sections have Xy s, values greater than Xo scr.
With a coefficient of determination of R> = 0.945 (see Fig. 7(a)), it can be deduced that there is a
linear proportion between these two correlation lengths as follows: Xo 5, ~ 1.6Xo acF.

Fig. 7(b) shows a comparison of the characteristic size determined by the ACF method, {p acF,
with the corresponding values determined by the 2PCF method, /o s,. Except for section C (with ¢, =
21.2%), the values of Iy acr and [y s, for the remaining four sections are highly similar. The significant
difference between lp scr and /o s, for section C can be explained as follows: the pore system of section
C consists of interconnected airvoids forming the strips (see Fig. 4(c) left); consequently, the Xo s,
value could be either the maximum distance between the pores or the largest size of the interconnected
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Figure 7. Relationship between the values of Xoacr and Xo5,, and lp scr and Iy s,
for all the examined cross-sections

airvoid strips; on the other hand, the Xo 4acr value is determined from the average of 360 ACF values
corresponding to 360 rotation angles of the ACF matrix around the symmetry center (see Fig. 4(c)
right); as a result, the Xy g, value of section C will be much larger than its X acr value (see Table 1);
furthermore, the ACF value for section C rapidly decreases with an increase in the correlation distance
(r) (see Fig. 5(a)), while the S, value decreases at a slower rate, it even increases after decreasing at
certain distances (see the S-value curve for section displayed in Fig. 5(b)); all these factors listed
above contribute to the value of /s, for section C being much higher than its Ip acr value.

From the similarity between the values of lys, and /o ocr observed in this study, it can be con-
cluded that, for concrete with an area porosity ¢, < 20%, the characteristic sizes of the pore structure
determined by the ACF and 2PCF methods are similar. This, once again, allows for indicating that
the characteristic size, [y, calculated by Eq. (4) is an appropriate value for quantifying the pore struc-
ture of hardened concrete as a whole, instead of using the correlation length, Xy. On the other hand,
this suggests that, for concrete with an area porosity ¢, > 20%, the characteristic size, y, should be
determined using the ACF method, while the 2PCF method may yield inaccurate results. The main
reason for this is that the S, values in this case offen do not converge to the value of ¢§ (see Fig. 5(b)).
However, it is noteworthy that this finding was derived from only one cross-section with ¢, > 20%.
Consequently, this conclusion needs further clarification through additional research similar to the
present work, conducted on a large number of concrete cross-sections with ¢, > 20%. These addi-
tional works would, of course, be necessary to enable us to determine a threshold for the area porosity,
beyond which the values of /y determined by the ACF and 2PCF methods are significantly different.

5. Conclusions

This paper has presented a comparative study of the autocorrelation function (ACF) and two-
point correlation function (2PCF) methods applied to quantify the pore structure of concrete. From
the obtained research results, several main conclusions can be highlighted, as follows:

- In terms of image analysis, the ACF provides a comprehensive and effective method to capture
several factors, such as the porosity, the size and shape of the pores, and the spatial distribution
of the pores when quantifying the pore structure of concrete, while the 2PCF only allows for the
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quantification of the size and spacing of the pores. However, ACF requires the image of the cross-
section to be square, whereas 2PCF can analyze images of any size and shape.

- For concrete with an area porosity (¢, < 20%), the characteristic size of the pore structure of
concrete, [y, determined by both ACF and 2PCF methods, is highly similar.

- On average, the correlation length (X() estimated by the 2PCF method is more than 1.6 times
greater than the corresponding value determined by the ACF method.

- The characteristic size (lp) provides a more accurate and compressive quantitative measure of
the pore structure of concrete than the correlation length (Xp).

Nevertheless, due to the limited number of cross-sections and the range of porosity considered in
this study, similar research conducted on cross-sections with higher porosity would be necessary to
determine the threshold at which the porosity significantly affects the analysis results of the ACF and
2PCF methods. Moreover, a comparative study between the results of analyzing the pore structure of
concrete using the image analysis procedure presented in this paper and those obtained from other
traditional experimental methods would be necessary to refine the findings of the present work.
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