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a b s t r a c t

The pore structures of cementitious materials are very crucial to the development of the

various engineering properties of these materials. Based on the importance of the pore

structure, several studies have been conducted on the application of fractal geometry,

which can be used as an interpretation tool for the characteristics of the pore structure as

well as in various engineering phenomena. Accordingly, various fractal models have been

developed from the mercury intrusion porosimetry (MIP) data. However, studies on

applying the fractal model considering the characteristics of the material to be analyzed

are relatively scarce. In this study, we conducted an in-depth investigation of the char-

acteristics of the pore structures of cementitious materials considering both the volumetric

and geometric characterization parameters. Among the three concepts of fractal di-

mensions of pore-size distribution, the solid mass fractal concept exhibited the highest

correlation with the degree of hydration. The fractal dimensions of pore-size distribution

and pore tortuousness tended to increase as the complexity of the entire microstructures

increased, mainly due to the increase in the solid phase fraction. Furthermore, the results

of the correlation analysis (between the volumetric and geometric parameters) and

regression analysis (between newly derived parameter and initial sorptivity) showed that

fractal dimensions can be utilized as pore structure characterization parameters like the

existing volumetric parameters, and these parameters serve as complementary tools for

interpreting the transport properties of cementitious materials.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cementitiousmaterials, such as cement paste, cementmortar

and concrete, are porous media that consist of microstruc-

tures including hydration products, unhydrated cement par-

ticles and pores. Unlike other porous media, cementitious

materials have the characteristic that their microstructures

change continuously as the hydration proceeds. In the

microstructure, the part of the assembly of pore phases other

than the solid phases is the pore structure. Thus, the changes

in the pore structure are caused by the changes in the

microstructure due to the hydration, and these changes have

a significant effect on the development of various mechanical

properties and the durability of concrete, such as strength,

permeation, diffusion, shrinkage, and freeze-thaw [1e5].

Accordingly, the characteristics of the microscopic pore

structure act as important factors in determining the perfor-

mance of concrete. To accurately interpret the various engi-

neering properties of concrete, it is necessary to continuously

develop the techniques that can analyze the characteristics of

the pore structure more realistically.

Currently, the pore structure can be measured directly

using experimental techniques, such as nuclear magnetic

resonance [6], nitrogen adsorption/desorption [7] andmercury

intrusion porosimetry (MIP) [8], or predicted indirectly by

computer-based models, such as HYMOSTRUC [9] and CEM-

HYD3D [10]. In the most of the pore structure analysis tech-

niques through existing experiments and computer-based

models as mentioned above, the characteristics of the pore

structure aremainly evaluated by volumetric characterization

parameters, such as the size, area, volume of pores and

porosity. However, the actual pore structure of the cementi-

tious material is considered as chaotic system with highly

complex structure because they also have geometric charac-

teristics that are difficult to quantify, such as a wide pore-size

range, irregular pore shapes and disorderly pore spatial dis-

tributions [11e13]. Even if the pore structure has similar

volumetric characterization parameters, different geometric

characteristics may appear, thus making it difficult to clearly

analyze the characteristics of the actual pore structure using

only the volumetric characterization parameters [14,15].

Therefore, for a clearer analysis of the pore structure, there is

a need for a reliable expression that can reflect the geomet-

rical aspects of the pore structure. In this regard, the con-

nectivity of the pores, effective porosity, pore-size

distribution, critical and threshold pore diameters are already

used as the parameters that can reflect the complex

morphology of the pore structure. However, these parameters

are still expressed in a volumetric manner.

The actual morphology of the porous microstructure is

more complicated than the common shape expressed in

integer dimensions, such as a point, line, plane and space

defined in the Euclidean geometry. To evaluate the realistic

geometrical characteristics of such a structure, fractal geom-

etry was introduced in the late 1970s by Mandelbrot [16]. Ac-

cording to the fractal geometry, a structure having the

characteristics of self-similarity and recursiveness, in which a

small part of a structure is similar to the whole structure and

repeats within a certain scale, can be regarded as a fractal
structure [17]. Although the fractal structure is comprised of a

structurally complex-patterned and chaotic system, it can be

quantified as a non-integer fractal dimension through theo-

retical expressions. Therefore, complex geometric character-

istics of the pore structure within the porous microstructure

can be quantitatively evaluated through non-integer fractal

dimensions [18]. The pore structure of a cementitiousmaterial

is formed in a geometrically complicated shape by a series of

binder hydration processes [19], and this is the fractal struc-

ture with obvious fractal characteristics in terms of the pore-

size distribution and tortuousness of the connected pore

paths, as previous studies have shown [20e28]. Therefore, if

the pore structure is analyzed using the geometric charac-

terization parameters of fractal dimensions together with the

existing volumetric characterization parameters, the complex

pore structure can be analyzed more effectively, as the two

types of parameters act complementarily.

Based on the necessity for fractal geometry, various fractal

models for quantifying geometric characteristics in terms of

the pore-size distribution and tortuousness of the pore paths

have been developed by existing studies [21,29e33]. Among

them, the models developed to describe the geometric char-

acteristics in terms of the pore-size distribution are generally

classified into three concepts based on theoretical principles:

pore surface fractal [21,29], pore mass fractal [30] and solid

mass fractal [31]. These three concepts of fractal models

describe the pore-size distribution characteristics of the

microstructure in three aspects: pore surface, pore volume

and solid volume, respectively [34]. However, to date, these

models have been used differently by different researchers

without considering the intrinsic properties of the materials

to be analyzed. For cementitious materials, hydration is the

intrinsic property. The hydration of cementitious materials

causes the variation in morphological characteristics of the

microstructures, which are consisted of pore phases, solid

phases and the interface of these two phases. Even under the

same hydration mechanism, the ranges of the fractal di-

mensions may vary depending on the aspect from which the

changes in the geometric characteristics of the microstruc-

tures are analyzed. Due to this, the results of each study vary

widely, and a comparison of the results of each study is likely

to be ambiguous, which limits progress in the related research

[34]. Therefore, in order to attain individual results and to

make possible comparisons with other results from studies

dealing with various cementitious materials, it is necessary to

determine the representative fractal concept suitable for

analyzing the pore structure of the cementitious material.

Moreover, studies based on such consideration of material

properties are essential for practical uses.

Consequently, the main aim of this study was to conduct

an in-depth investigation on the characteristics of the pore

structures of cement pastes in geometric aspects. To this end,

the porosimetric characteristics of cement paste specimens

with water-to-cement (w/c) ratios of 0.3, 0.4 and 0.5 were

measured at the ages of 1, 3, 7, 14 and 28 days using the MIP

test. Due to the relatively simple and fast experimental pro-

cedure and the ability tomeasure thewider range of pore sizes

than other pore structure evaluation techniques, this study

used the MIP test. Based on the results of the MIP measure-

ments, the fractal characteristics in terms of the pore-size
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distribution were quantified and analyzed. Then, a compara-

tive analysis between each fractal dimension, derived from

the three concepts of fractal models, and the degree of hy-

dration was conducted. By synthesizing the analysis results,

the representative fractal concept suitable for cementitious

materials was proposed. Furthermore, the fractal character-

istics in terms of the pore tortuousness also quantified, and

correlation analysis among the volumetric and geometric

characterization parameters were conducted. Additionally,

the initial sorptivity of the specimens were measured at the

ages of 1, 3, 7, 14 and 28 days to verify the effectiveness of

applying fractal geometry on interpreting the transport

properties of the specimens. We expected that the results

from this study will play a meaningful role in providing

further and improved insights into the pore structures and

engineering performances of cementitious materials.
2. Experimental methods

2.1. Materials and preparation of the specimens

Cement pastes with w/c of 0.3, 0.4 and 0.5 were fabricated

using Type-I ordinary Portland cement (OPC, Sungshin

Cement Co., Ltd. Korea). Table 1 shows the chemical compo-

sition of the cement. The specimen IDs were OPC 0.3, OPC 0.4

and OPC 0.5, depending on the mixture proportions. After the

materials were mixed in accordance with ASTM C305-14 [35],

the specimens were cast into cubic molds (50 � 50 � 50 mm)

for the MIP test and cylindrical molds (100 mm in diameter

and 200 mm in height) for the capillary water absorption test.

Then, the fabricated specimenswere cured for 24 h at 23 ± 1 �C
and 100% RH condition. After 24 h of curing, the specimens

were cured in water at 23 ± 1 �C for 1, 3, 7, 14 and 28 days.

2.2. Test methods

In this study, the MIP and capillary water absorption tests

were conducted to analyze the variations in the pore struc-

tures by hydration and transport properties, respectively. The

MIP test specimens were split into 10 � 10 � 10 mm cubes at

the core position of the fabricated specimens at the ages of 1,

3, 7, 14 and 28 days. Then, the split specimens were immersed

in acetone for 24 h to stop the hydration. Thereafter, the

specimens were dried for 24 h in an oven at 105 �C to remove

the residual water and acetone. In this study, oven drying at

105 �C, where drying occurs fast [36], was selected to prevent

further hydration from the test date. In this case, the speci-

mens dried at 105 �C is considered that only evaporable water

was removed from the pores [37]. The MIP test was conducted

using Micromeritics AutoPore V 9605 for the specimens after

pretreatment. The specimens to be tested were placed in the
Table 1 e Chemical composition of the cement.

SiO2 Al2O3 Fe2O3 CaO M

Cement (mass %) 20.80 4.93 3.50 62.40 1.

a LOI: loss of ignition.
penetrometer after measuring the weight. After the experi-

ment started, mercury was injected into the specimens

through the low- and high-pressure stages in which pressures

were applied to the specimens step by step from 0.2 to 33,000

psia. The contact angle between the injected mercury and

microstructure of the cement paste and the surface tension of

mercury were 130� and 0.000485 N/mm, respectively. The

minimum pore diameter that could be measured via the

maximum mercury injection pressure of 33,000 psia was

approximately 5.5 nm.

The capillary water absorption test was conducted in

accordance with the modified ASTM C1585-13 [38]. Fig. 1

shows the experimental setup. At specific curing ages, speci-

mens of 100 mm in diameter and 25 mm in height were cut

from the middle of the fabricated cylindrical specimens. The

cut specimens were dried in an oven at a temperature of

105 �C for 3 days until a constantmasswas obtained (variation

below 0.5%). Then, the side and top surfaces of the specimens

were sealed with an aluminum foil tape to prevent water

evaporation. Thereafter, the original masses of the sealed

specimens were measured before starting the test. The spec-

imens were placed on the specimen supports, and the water

level was maintained at approximately 3 mm above the bot-

tom of the specimens. After immersion, the masses of the

specimens were recorded at regular time intervals of 1, 5, 10,

20, 30 and 60 min, and every hour up to 6 h. The initial sorp-

tivity can be determined from 1 min to 6 h according to:

I¼DW
A,r

¼ S,t1=2 þ I0 (1)

where I denotes thewater absorption,DW denotes themass of

absorbed water, A denotes the area of the specimen exposed

to water, r denotes the water density, S denotes the sorptivity,

t denotes the time, and I0 denotes the correction term added

for describing the surface effects that occurs when the spec-

imen comes in contact with water [39].
3. Methodology for evaluating fractal
characteristics of pore structure

3.1. Fractal characteristics of pore-size distribution

The geometric characteristics of the pore-size distribution

within the pore structure are mainly characterized by using

the concept of mass fractal and surface fractal. Mass fractal is

subdivided into pore mass fractal and solid mass fractal. In

the mass fractal concept, both the pore (or solid) itself and its

surface or the interface with other materials are fractal. Mass

fractal has the characteristic that the mass of pore (or solid) is

surrounded by a sphere, and its geometrical characteristic

changes in proportion to the power of the radius of that sphere
gO K2O Na2O SO3 H2O LOIa Sum

61 0.90 0.33 2.21 e 2.74 99.42
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[37]. This power is the dimension of the mass fractal. In the

surface fractal concept, a surface or an interface with other

materials is fractal. If the fractal geometry is applied to a solid-

pore system such as the microstructure of cement paste, the

pore structure is essentially the inverse of the solid phase;

therefore, the solid phase and pore structure share the same

boundaries [37].

As described above, since the fractal concept used to

analyze the geometric characteristics of the pore-size distri-

bution is based on the information of the pore or solid phase, it

is important to obtain information on the pore structures of

the porous media as a first step. The pore structural charac-

teristics of the porous media can be obtained through various

experimental techniques or computer-basedmodels, of which

the MIP test is frequently used due to its easy implementation

and wide range of size of measurable pores. To analyze the

fractal characteristics of the pore-size distribution based on

the porous microstructure data, various fractal models,

developed by Pfeifer and Avnir [40], Usteri et al. [31], Zhang

and Li [21], Neimark [41], Friesen and Mikula [29], Li [30] and Ji

et al. [20], have been proposed so far. Among them, the fractal

characteristics of the pore-size distribution were analyzed in

this study using the models developed by Zhang and Li [21], Li

[30] and Usteri et al. [31], derived based on the concept of pore

surface fractal, pore mass fractal, and solid mass fractal,

respectively.
Fig. 2 e Logarithm plots of logðVp;n
1=3 =rnÞ� logðWn =rn2Þ, logðPÞ �

(OPC 0.3, one day data). (a) pore surface fractal concept; (b) pore
As shown in Eq. (2), Zhang and Li [21] proposed a model for

deriving the pore surface fractal dimension based on the law

of conservation of energy between the increase in the pore

surface energy due to mercury penetration and the work en-

ergy required for intruding mercury into the pores during the

MIP test.

Df ;PSFf
logðWn=rn2Þ

log
�
Vp;n

1=3
�
rn
� (2)

where Df ;PSF denotes the pore surface fractal dimension, rn

denotes the pore radius at the mercury intrusion stage n, Vp;n

denotes the total mercury volume when mercury intrudes

into the pores of rn, and Wn denotes the cumulative surface

energy during mercury intrusion, which is derived through:

Wn ¼
Xn

k¼1

PkDVp;k (3)

where k denotes the mercury intrusion stage, Pk and DVp;k

denote the mercury intrusion pressure and the mercury

intrusion volume at the stage k, respectively. The parameter

Df ;PSF is the slope of the logðVp;n
1=3 =rnÞ � logðWn =rn2Þ curve,

which characterizes the complexity of pore-size distribution

through the roughness of the pore surface.

Under the assumption that the pore structures of the

porous media consist of capillaries with the same lengths and
logðSHgÞ and logðlÞ � logðcÞ for the entire pore-size range

mass fractal concept; and (c) solid mass fractal concept.
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various radii [42], Li [30] developed the model based on pack-

ing the volume of capillaries having different radii and the

relationship between the number of packing capillaries and

pore radii, as follows:

VHg

pr2l
fr�Df ;PMF (4)

where VHg denotes the cumulative volume of mercury that

intrudes into the specimen, r denotes the pore radius, l de-

notes the length of capillary, and Df ;PMF denotes the pore mass

fractal dimension. Meanwhile, according to the Washburn

equation, the capillary pressure P is inversely proportional to

the pore radius; also, when mercury is intruded into the pore,

the mercury saturation SHg in the pore structure is propor-

tional to VHg. Thus, Df ;PMF can be derived through the rela-

tionship between SHg and P, as follows:

SHgfP�ð2�Df ;PMFÞ (5)

In the Usteri et al. model [31], the solid mass fractal

dimension is derived through the logarithmic relationship

between the pore diameter and the fraction of solid volume to

the total volume of porous microstructure, as follows:

c¼Vt � Vp

Vt
(6)

Df ;SMF f3� logðcÞ
logðlÞ (7)

where c denotes the solid fraction, Vt and Vp denote the total

volume of the specimen and the cumulative pore volume,

respectively, Df ;SMF denotes the solid mass fractal dimension,
Fig. 3 e Logarithm plots of logðVp;n
1=3 =rnÞ � logðWn =rn2Þ for the fo
and l denotes the pore diameter. The parameter Df ;SMF can be

calculated by using the slope of the logðlÞ � logðcÞ curve,

which characterizes the complexity of the pore-size distribu-

tion through the volume fraction of the solid phase.

As summarizing, the pore surface, pore mass and solid

mass fractal dimension are calculated through the surface

properties of the pore structure (i.e., roughness), pore volume

and the fraction of the solid phase within the microstructure,

respectively. In this study, based on the pore structure infor-

mation obtained through the MIP test, the fractal dimensions

of pore-size distribution of three concepts were derived

through these control factors.
3.2. Fractal characteristics of the tortuousness of the
pore paths

While variousmodels for evaluating the fractal characteristics

of the pore-size distribution have been proposed by various

researchers, relatively little attention has been given to the

study on the fractal characteristics of the tortuousness of the

pore paths. In most studies, tortuosity was used to describe

the tortuousness of the pore paths; however, the geometric

characteristics of the tortuousness of the pore paths can be

more clearly expressed through the fractal dimension of pore

tortuousness [32,33]. According to the research of Wheatcraft

and Tyler [43] and Yu and Cheng [44], the fractal scaling

relation between the diameter and length of the capillary was

developed as follows:

LTðlÞ¼ lð1�DTÞL0
DT (8)
ur pore-size ranges. (a) OPC 0.3; (b) OPC 0.4; and (c) OPC 0.5.

https://doi.org/10.1016/j.jmrt.2022.08.122
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where DT denotes the fractal dimension of pore tortuousness,

L0 denotes the straight-line length of the pore path (in this

study, L0 was estimated to be 10 mm under the assumption

that a straight pore path as much as the height of the spec-

imen exists within the MIP test specimen) and LTðlÞ denotes
the actual length of tortuous pore path with a diameter of l.

The tortuosity is the ratio of the actual tortuous length to the

straight length of the pore path, expressed using the above Eq.

(8).

t¼ LTðlÞ
L0

¼
�
L0
l

�DT�1

(9)

where t denotes the tortuosity. Then, the fractal dimension of

pore tortuousness can be expressed as follows:

DT ¼1þ lnðtÞ
ln
�
L0
.
l
� (10)

where t denotes the average tortuosity and l denotes the

average pore diameter. In this study, the tortuosity of the pore

paths was obtained via the geometry model proposed by Bo-

Ming and Jian-Hua, as follows [45]:

t¼1
2

2
666641þ

1
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

p
,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1ffiffiffiffiffiffiffi
1�4

p � 1
�2

þ 1
4

r

1� ffiffiffiffiffiffiffiffiffiffiffiffi
1� 4

p

3
77775 (11)

where 4 denotes the porosity. Eq. (11) was proposed based on

the assumption that some capillaries overlap within the

porous material and the others do not [45]. For cement pastes,

solid hydrates are precipitated and accumulated on the sur-

face of randomly distributed cement particles, and the pore
Fig. 4 e Logarithm plots of logðPÞ � logðSHgÞ for the four por
network is formed as some hydrates fill the pore space. Of

course, the idealized configuration of the porous medium

proposed by Eq. (11) is not completely identical to the actual

complex hydrated cement pastes in that it is a simple geo-

metricmodel derived by arbitrarily averaging the possibility of

overlapping particles, which are form of square. However, the

tortuosity can be derived by directly utilizing the microstruc-

tural properties of the hydrated cement pastes without

empirical constants, and in the previous study [46], when the

tortuosity was calculated using other law, the results similar

to those obtained through Eq. (11) were derived. In this regard,

this study determined that the geometrical model of Eq. (11)

can sufficiently evaluate the tortuous properties of the pore

network of the hydrated cement pastes and utilized it.

The pores present within the microstructure of cement

paste exist in the form of pore paths that are randomly

distributed and connected to each other. Therefore, DT plays

an important role in determining the actual length of the pore

paths, leading to a more accurate description of the actual

pore structure.
4. Results and discussion

4.1. Fractal dimension of pore-size distribution

4.1.1. Entire pore-size range
Fig. 2(a)e(c) show the relationship of logðVp;n

1=3 =rnÞ�
logðWn =rn2Þ, logðPÞ � logðSHgÞ and logðlÞ � logðcÞ for the entire

pore-size range of the OPC 0.3 specimen at an age of one day,

respectively. In the graphs, subscripts f,PSF, f,PMF and f,SMF

represent the concept of the pore surface fractal, pore mass
e-size ranges. (a) OPC 0.3; (b) OPC 0.4; and (c) OPC 0.5.
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fractal and solid mass fractal, respectively. As shown in

Fig. 2(a), Df ;PSF for the entire pore-size range was 3.0110. Ac-

cording to the fractal theory, the fractal dimension in space

lies between 2 and 3. If the fractal dimension is 2, the structure

is perfectly flat (i.e., plane), and if the value is close to 3, it

implies that the morphology of the structure has become

more complicated [47,48]. Moreover, if the fractal dimension is

over 3, the structure is not considered to be physical from the

geometric perspective because it deviates from the concept of

three-dimensional space [21]. Thus, the result shown in

Fig. 2(a) was found to be inconsistent with the fundamental

assumption of the fractal theory. Meanwhile, as shown in

Fig. 2(b) and (c), Df ;PMF and Df ;SMF were 2.6798 and 2.9624,

respectively, which were within the range of 2e3 mentioned

above. However, in the curves of logðPÞ � logðSHgÞ and logðlÞ�
logðcÞ, there were clear inflexion points. This suggests that

the fractal dimensions derived for the entire pore-size range

may present a limitation in precisely representing the entire

pore structure characteristics, independent of the applied

fractal concepts.

4.1.2. Various pore-size ranges
To evaluate in greater detail the variations in the fractal

characteristics of the pore structure that is affected by hy-

dration, the pore structure was categorized by the pore-size as

follows, according to Monteiro [49] and Mindess et al. [50]: gel

& small capillary pores (5.5e50 nm, 50e100 nm), large capil-

lary pores (100e10,000 nm) and air voids (>10,000 nm). Figs.

3e5 show the relationship of logðVp;n
1=3 =rnÞ� logðWn =rn2Þ,

logðPÞ � logðSHgÞ and logðlÞ � logðcÞ for each pore region,

respectively. As shown in Figs. 3e5, an inflexion point

occurred in common around 50 nm within the region of gel &
Fig. 5 e Logarithm plots of logðlÞ � logðcÞ for the four pore
small capillary pores (particularly, in the concept of mass

fractal); thus, the analysis was conducted by dividing the re-

gion of gel & small capillary pores into two based on 50 nm to

improve the accuracy of fractal analysis. As well known, the

fractal dimension has scale-dependency property. Thus, the

fractal dimension of local pore region can be derived based on

the inflection points present within the entire pore-size range.

At this time, the ranges of each local pore region are different

for each specimen. The fractal dimension estimated in this

way is the actual geometrical characteristic value of the pore

structure. However, to analyze the pore structural character-

istics within each local pore region that change by hydration,

this study focused on the method of classifying the pore re-

gion on a constant standard and then analyzing, similar to

previous studies [51,52]. In the graphs, the superscripts G&S-1,

G&S-2, L and A represent 5.5e50 nm and 50e100 nm of gel &

small capillary pores, large capillary pores and air voids,

respectively. Table 2 summarizes the estimated Df ;PSF, Df ;PMF

and Df ;SMF in the four regions.

As shown in Figs. 3e5 and Table 2, DG&S�1
f ;SMF and DG&S�2

f ;SMF were

in the ranges of 2.9156e2.9765 and 2.7428e2.9258, respec-

tively. The fractal dimensions in these pore regions, consist-

ing of the gel pores (corresponding to the pore-size of

5.5e10 nm) and small capillary pores (corresponding to the

pore-size of 10e100 nm), tended to increase with increasing

age. The Df ;SMF reflects the space-filling characteristics of the

hydration products for the entire pore structures [18,31], and

the increase of this value means that the complexity of the

pore structure increases as the fraction of the hydration

product increases. The gel pores exist inside the calcium sili-

cate hydrate (CeSeH) gel, which is a component of the CeSeH

solid, interlayer space, intra-globule space and monolayer
-size ranges. (a) OPC 0.3; (b) OPC 0.4; and (c) OPC 0.5.
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water [53,54]. The CeSeH gel exists in two forms: low density

(LD) CeSeH and high density (HD) CeSeH, due to the different

packing configurations, of which LD CeSeH tends to be

formed in the early hydration stagewith sufficient pore spaces

inside the cement paste [53,54]. After the initial stage of hy-

dration, as the hydration products are progressively precipi-

tated and accumulated with increasing age, the spaces where

the gel pores existed become increasingly complex structur-

ally, leading to the LD CeSeH being converted into HD CeSeH

[55]; thus, it was considered that this mechanism affected the

increase in both DG&S�1
f ;SMF and DG&S�2

f ;SMF . Small capillary pores are

the pores in the range of 10e100 nm as the space between the

LD CeSeH and nanoscale hydrated crystals [56]. As the hy-

dration proceeds, an increasing amount of nanoscale hy-

drated crystals precipitate and grow, contributing to the

formation of more complex geometric patterns in the region

of small capillary pores.

The DG&S�1
f ;PSF , DG&S�2

f ;PSF , DG&S�1
f ;PMF and DG&S�2

f ;PMF were in the ranges of

2.3269e2.5535, 2.6313e3.9772, 2.1481e2.3188 and

2.4283e5.9809, respectively. While DG&S�1
f ;SMF and DG&S�2

f ;SMF tended

to increase with age, in the case of the concept of pore surface

fractal and pore mass fractal, there was no consistent trends

in the range of 5.5e50 nm; in addition, in the range of

50e100 nm, it was found that most of the results were over 3,

which did notmeet the prerequisite of fractal theory. From the

results of the region in the range of 5.5e50 nm, it is judged that

there is difficulty in analyzing the morphology of the micro-

structure in terms of the pores since the pore sizes in corre-

sponding region are very fine. In addition, it is inferred that

the phenomenon that the fractal dimensions were derived

over 3 in the range of 50e100 nm occur due to the following

two reasons. One is the existence of ink-bottle pores [57]. Ink-

bottle pores have an irregular geometric shape whose inlet

diameter is smaller than the inner cavity diameter. Thus,

during the MIP measurement, the mercury cannot penetrate

the wide inner cavity until sufficient pressure (force required

for the mercury to penetrate the narrow inlet) is applied.

When sufficient pressure is applied, the quantity of intruded

mercury increases sharply to fill the actual inner cavity. Since

the pore size corresponding to the narrow inlet ismeasured as

being much larger than the actual one, proper fractal char-

acteristics cannot be obtained. The other reason is the rapid

increase of pores in the corresponding region. As hydration

progresses, the initial large pores are divided into smaller

pores due to the continuous accumulation of hydrates. This

can act as a cause of a sharp increase in dimensions in fractal

analysis.

In the region of large capillary pores, the, DL
f ;PMF and DL

f ;SMF

were in the ranges of 2.8512e3.3492, 2.2513e2.9866 and

2.9559e2.9990, respectively. Among the three fractal concepts,

only DL
f ;PSF appeared to be over 3. It seems that a large amount

of energy was consumed for mercury injection during the MIP

test due to the structural complexity of the large capillary

pores region; as a result, the fractal characteristics were not

derived in terms of the pore surface. Meanwhile, the param-

eters DL
f ;PMF and DL

f ;SMF tended to decrease and increase,

respectively, with increasing age. The parameter Df ;PMF rep-

resents the geometric characteristics of the pore volume

https://doi.org/10.1016/j.jmrt.2022.08.122
https://doi.org/10.1016/j.jmrt.2022.08.122


Table 3 e Univariate analysis results between the degrees of hydration and pore surface fractal dimensions.

Pore surface fractal dimensions

Parameters OPC 0.3 OPC 0.4 OPC 0.5

Gel & small capillary
pores

Large capillary
pores

Air voids Gel & small capillary
pores

Large capillary
pores

Air voids Gel & small capillary
pores

Large capillary
pores

Air voids

5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm 5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm 5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm

R �0.92 0.96 �0.77 0.87 �0.67 0.75 0.91 0.18 �0.69 0.96 �0.96 0.24

R2 0.85 0.92 0.60 0.75 0.45 0.57 0.83 0.03 0.48 0.91 0.92 0.06

p-value 0.03 0.01 0.13 0.06 0.21 0.14 0.03 0.77 0.19 0.01 0.01 0.69

Table 4 e Univariate analysis results between the degrees of hydration and pore mass fractal dimensions.

Pore mass fractal dimensions

Parameters OPC 0.3 OPC 0.4 OPC 0.5

Gel & small capillary
pores

Large capillary
pores

Air voids Gel & small capillary
pores

Large capillary
pores

Air voids Gel & small capillary
pores

Large capillary
pores

Air voids

5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm 5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm 5.5
e50 nm

50
e100 nm

100e10,000 nm >10,000 nm

R �0.50 0.59 �0.79 0.78 0.28 0.95 �0.95 �0.07 0.96 0.93 �0.91 �0.14

R2 0.25 0.35 0.62 0.60 0.08 0.90 0.90 0.00 0.92 0.86 0.82 0.02

p-value 0.39 0.30 0.12 0.12 0.64 0.01 0.01 0.92 0.01 0.02 0.03 0.83
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distribution. As the hydration proceeds, the volume fractions

corresponding to the large capillary pores decreased; thus,

structural complexity in that region appeared to decrease in

the pore mass aspects. Conversely, Df ;SMF reflects the space-

filling characteristics of the hydration products. As the hy-

dration proceeds, the decrease in volume fractions corre-

sponding to the large capillary pores indicates that the solid

volume fractions in that region increase. Thus, the structural

complexity increased in the solid mass aspects, as the hy-

dration products contribute to transform the loose initial

structure into a dense one through the interconnection and

space-filling of the pore structure [58].

Lastly, the parameters DA
f ;PSF, D

A
f ;PMF and DA

f ;SMF were in the

range of 2.1874e2.7001, 2.2722e2.8249 and 2.9985e2.9993,

respectively. The air voids correspond to a very large pore

region of more than 10,000 nm. When the concepts of the

pore surface fractal and poremass fractal were used, distinct

variation trends were not observed with increasing age

compared to the other regions. By contrast, DA
f ;SMF tended to

increase with increasing age, however, the sensitivity of the

results was insufficient. This leads to a limitation in that a

clear distinction between different fractal characteristics

from specimen to specimen is difficult.

As summarizing the results of Table 2, it was confirmed

that the solidmass fractal dimensions in all pore regions and

the pore mass fractal dimensions in the region of large

capillary pores varied with a consistent tendency according

to the variation of ages. That is to say, this indicates that the

age-related properties of the specimens can be estimated

through the variation tendency of fractal dimensions.

Furthermore, the morphology of the microstructure at a

specific age can be presumed by comparison with the fractal

dimension of an ideal fractal structure [59].

4.1.3. Correlation among the three different concepts of
fractal dimensions of pore-size distribution and hydration
As mentioned above, since the three concepts of fractal di-

mensions of pore-size distribution are derived from different

aspects (pore surface, poremass and solidmass), the suitable

parameters may vary depending on the target materials.

Since the pore structure of the cementitious material

changes as the hydration proceeds, it is necessary to deter-

mine the representative fractal concept that is the most

suitable for analyzing the geometric characteristics of the

pore structure of the cementitious material in consideration

of the hydration. Tables 3e5 show the univariate analysis

results of the relationship between the degrees of hydration

and fractal dimensions derived from the three fractal con-

cepts. Since the correlation and causality between these two

parameters can be quantitatively evaluated by the Pearson

correlation coefficient (R) and the coefficient of determina-

tion (R2), this study conducted the analysis using such two

coefficients. The degree of hydration of the cement pastewas

obtained from Power's model [60], as follows:

a¼ð1� 4cÞðW=CÞ � 0:324c

0:36
(12)

where a denotes the degree of hydration, W=C denotes the

water-to-cement ratio, and 4c denotes the capillary porosity.

https://doi.org/10.1016/j.jmrt.2022.08.122
https://doi.org/10.1016/j.jmrt.2022.08.122


Fig. 6 e Variations of fractal dimensions of pore tortuousness depending on the age. (a) gel & small capillary pores

(5.5e50 nm); (b) gel & small capillary pores (50e100 nm); and (c) large capillary pores.
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For the correlation and regression analysis, the data of degrees

of hydration and fractal dimensions were imported into Excel.

The scatter plot between the degrees of hydration and the

fractal dimensions was drawn by Excel; and then, R2 and R

were obtained by linear regression analysis and correlation

analysis, respectively. In addition, the t-test was used to

reveal the significance of the correlation.

In Tables 3e5, R can quantifies how well the degrees of

hydration and fractal dimensions of pore-size distribution are

correlated to each other and evaluates the variation tendency

between such two parameters. Generally, as the hydration

proceeds (i.e., the degree of hydration increases), the hydra-

tion products become increasingly precipitate and grow in the

pore spaces. Therefore, the large pores tend to be divided into

small pores, and the pore structure becomes dense. In the

region of the gel& small capillary pores, both the pore volume

fraction and solid volume fraction increase together. Thus, the

fractal dimensions of pore-size distribution derived from both

the pore mass and solid mass concepts showed positive cor-

relations with the degrees of hydration. By contrast, in the

region of the large capillary pores, the opposite correlation

tended to be observed according to the fractal concept

(negative correlation in the pore mass fractal concept and

positive correlation in the solid mass fractal concept). As the

hydration proceeds, the pore volume fractions in the region of

the large capillary pores gradually decrease, but the hydration

products are formed continuously. The geometric character-

istics in the concept of the poremass fractal originate from the

pore space; thus, the fractal dimensions tended to decrease

with increasing degrees of hydration. However, the geometric

characteristics in the solidmass fractal concept originate from

the solid space (i.e., hydration products space); thus, the

fractal dimensions tended to increase with increasing degrees

of hydration. Meanwhile, as a result of analyzing the geo-

metric characteristics of the pore surface, results similar to

those of the poremasswere found in the regions of gel& small

capillary pores (50e100 nm) and large capillary pores. How-

ever, in the region of gel & small capillary pores (5.5e50 nm),

the complexity of the surface decreased as the hydration

progressed. This is considered to be because, as hydrates are

generated, the pores corresponding to the range of 50e100 nm
are rapidly increased and the surface thereof become

complicate, however, the topography in the finer pore region

is rather arranged regularly, leading to reduce the complexity

thereof.

As summarizing the results of R, although a very low

quantitative coefficients were derived from about one-third of

the results for each concept, other results showed that a

“strong” relation between the two parameters, and that as the

degree of hydration changed by hydration reactions, this

change causes the change in fractal dimension. Additionally,

for the solid mass fractal concept, unlike the other two con-

cepts, consistent trend appeared with the degree of hydration

in all pore regions regardless of the w/c.

As shown in Tables 3e5, R2 between the degrees of hy-

dration and Df ;PSF, Df ;PMF and Df ;SMF were in the ranges of

0.03e0.92, 0.00e0.92 and 0.00e0.94, respectively. R2 can eval-

uates the extent to which changes in hydration affect the

changes in fractal dimensions.With an exception of few cases

where the causality were remarkably degraded, the degrees of

hydration appeared to have a significant relationship with the

three concepts of fractal dimensions, and the best correlation

was observed probabilistically between the degrees of hydra-

tion and the solid mass fractal dimensions. In addition, the p-

value (significance probability) derived from the t-test

appeared to be lower than 0.1 (correlation is significant at the

0.1 level, p-value < 0.1, 2-tailed) (except for the few cases

mentioned above). This was probabilistically lower than the p-

value derived between the degrees of hydration and the other

two concepts of fractal models.

Such results indicate that the fractal dimension can suffi-

ciently represent the characteristics of microstructures that

change with hydration. As summarizing the results of section

4.1.2 and 4.1.3, in the case of applying the solid mass fractal

concept, the derived results were not deviate from its physical

meaning in all pore regions, and the tendency of change in the

geometric characteristics of the pore structure was analyzed

apparently. In addition, it had the most significant relation-

ship with the hydration of cement pastes. Therefore, we

deduced that the solidmass fractal concept is a representative

concept that can effectively describe the geometric charac-

teristics of the pore structure of cementitious material.
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4.2. Fractal dimension of pore tortuousness

Fig. 6 shows the variations of fractal dimensions of pore

tortuousness depending on the age in the region of the gel

& small capillary pores (5.5e50 nm and 50e100 nm) and

the large capillary pores. In the graphs, the subscript T

represents the tortuousness. The DT for each pore region

was calculated by Eq. (10) using the average tortuosity,

obtained by Eq. (11) through the porosity of each pore re-

gion derived by the MIP test, L0, estimated in this study,

and the average pore diameter of each pore region. As

shown in Fig. 6, DG&S�1
T , DG&S�2

T andDL
T were in the ranges of

1.0972e1.1706, 1.1098e1.1918 and 1.1024e1.4536, respec-

tively. In the specimens with the same w/c and pore re-

gion, the fractal dimensions of pore tortuousness tended

to increase with increasing age. This tendency was

noticeable in the region of gel & small capillary pores for

the specimen with a low w/c, and was noticeable in the

region of large capillary pores for the specimenwith a high

w/c. From this result, it was found that, as the hydration of

cement particles develops, the pore paths inside the pore

structure become more tortuous. Moreover, the effect of

the conditions of the initial pore space according to the w/

c on the morphology of pore paths was different for each

pore region.

As shown in Fig. 6(a) and (b), DG&S�1
T and DG&S�2

T

increased with decreasing w/c (except for one day). Since

the amount of water decreases with decreasing w/c under

the same amount of cement, the less initial pore space is

formed in the specimen with a low w/c compared to that

with a high w/c. Thus, due to the high probability that the

hydration products growwhile overlapping each other in a

confined pore space, the high tortuosity of the pore paths

was observed in the specimen having a low w/c with the

less initial pore space. Meanwhile, as shown in Fig. 6(c), DL
T

tended to increase with decreasing w/c at the early ages

(one and 3 days). Conversely, DL
T tended to decrease with

decreasing w/c at the later age of 28 days. As mentioned

above, because the hydration products are filled in an

initial confined pore space in the specimenwith a loww/c,

the tortuousness of the large capillary pores increases.

However, as thew/c increases, the reaction occurs actively

and continuously, resulting in a steady growth of the hy-

dration products in the microstructure compared to the

specimen with a low w/c. Therefore, we considered that

the variation trend of DL
T was reversed. This phenomenon

was also confirmed by the results, where the increase in

the ratios of DL
T at 28 days to that of one day increased to

10.29%, 24.51% and 31.86% for OPC 0.3, OPC 0.4 and OPC

0.5, respectively.

As such, DL
T increased with increasing w/c at the later

ages, whereas DG&S�1
T and DG&S�2

T tended to decrease with

increasing w/c. Although the specimen having a high w/c

showed high tortuousness for the large capillary pores

because the hydration products grow continuously in that

region, there is less tendency for hydration products to

grow overlapping each other due to the large initial pore

space. Consequently, we reasoned that the reversal of the

variation trend of the fractal dimensions of pore

https://doi.org/10.1016/j.jmrt.2022.08.122
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Fig. 7 e Initial sorptivity of the specimens.
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tortuousness depending on the w/c, which resulted from the

difference in hydration rate, does not affect the two regions of

the gel & small capillary pores (5.5e50 nm and 50e100 nm) in

the specimen having a high w/c.

As summarizing all the results, the conditions of the initial

pore space and the degree of hydration according to the w/c

affect the formation of microstructure, which lead to the

variation of DT; thus, we judged that it is possible to charac-

terize the pore structure with the parameter of DT.

4.3. Correlation among the pore structure
characterization parameters

Table 6 shows R derived through the univariate analysis re-

sults among the pore structure characterization parameters.

In the table, the subscripts th and cr represent the threshold

and critical pore diameter, respectively, and the superscript T

represents the total pore region. As shown in Table 6, the R of

Df � 4 (the relationship between Df and 4 corresponding to
Fig. 8 e Relationship between the pore structure characterizatio

DG&S�1
T ; (c) with 4G&S�1.
each pore region) and DT � 4 (the relationship between DT and

4 corresponding to each pore region) lies in the ranges of

0.93e0.99 and 0.75e0.99, respectively (negative correlation).

Given that the correlation between the two parameters is

interpreted as strong and very strongwhen R lies in the ranges

of 0.70e0.89 and 0.90e1.00, respectively [61], Df and DT for

each pore region appeared to have strong and very strong

negative correlationswith the porosity for each corresponding

region. The porosity is one of the representative parameters

that can characterize the pore structure. Such the high cor-

relations between the porosity and geometric pore structure

characterization parameters indicate that the pore structure

can be sufficiently characterized by the geometric parameters

of Df and DT, as well as the existing volumetric ones (porosity)

[62]. Furthermore, since Df and DT react more sensitively to

changes in the pore structure, it was considered that the pore

structure can be characterized more precisely than the case

where only the existing volumetric pore structure character-

ization parameters were utilized [62,63].
n parameters and initial sorptivity. (a) with DG&S�1
f ; (b) with

https://doi.org/10.1016/j.jmrt.2022.08.122
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Fig. 9 e Relationship between rFP and initial sorptivity.
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Meanwhile, R between the pore volume fraction ε of the gel

& small capillary pores (5.5e50 nm and 50e100 nm) and the

large capillary pores showed negative correlations. This result

indicates that the pore structure becomes dense due to the

microstructure filling effect of the hydration products. In

addition, the ε in these regions showed strong correlations

with 4L, DL
f , D

L
T and lth. From these results, it was inferred that

the densification of the pore structure has a significant influ-

ence on both the volumetric and geometric characteristics of

the large capillary pores among the three pore regions.

4.4. Analysis of the water sorption ability of cement
paste

4.4.1. Water absorption test results
The results of the initial sorptivity of the specimens are shown

in Fig. 7. At the same w/c, the initial sorptivity tended to

decreasewith increasing age (except for OPC 0.3 specimen at 7

days). As the age increases, hydration products increasingly

fill the pore structure, making it denser; thus, the ability of

water uptake through the interconnected pore paths seems to

decrease. In addition, at the same age, the initial sorptivity

decreased with decreasing w/c. As described above, the

specimens with a low w/c have the less initial pore space;

hence, it may affect the decrease in the initial sorptivity.

4.4.2. Correlation among porosity, fractal dimensions and
initial sorptivity
To verify the effectiveness of applying fractal geometry on

interpreting the transport properties of cementitious mate-

rials, first, the initial sorptivity relative to DG&S�1
f , DG&S�1

T and

4G&S�1 were investigated separately (among the four pore re-

gions, the volumetric and geometric pore structure charac-

terization parameters in the 5.5e50 nm of gel& small capillary

pores showed the best correlation with initial sorptivity). The

initial sorptivity plotted against DG&S�1
f and DG&S�1

T are shown

in Fig. 8(a) and (b), respectively. TheDG&S�1
f eS (the relationship

betweenDG&S�1
f and S) andDG&S�1

T eS (the relationship between

DG&S�1
T and S) appeared to be a power function with strong

correlations (�0.8375 and �0.8174 of R, respectively). In
addition, the exponents in the regression equations were

negative numbers, which indicate that higher DG&S�1
f and

DG&S�1
T lead to lower initial sorptivity. As described earlier, the

increased fractal dimensions indicate that the complexity of

the pore structure increases in terms of both the pore-size

distribution and pore tortuousness; thus, it seems to affect

the decrease in initial sorptivity. The initial sorptivity plotted

against 4G&S�1 is shown in Fig. 8(c). The 4G&S�1eS (the rela-

tionship between 4G&S�1 and S) also appeared to be a power

function with a strong correlation (0.8077 of R). However, un-

like Fig. 8(a) and (b), the regression exponent was a positive

number, which indicates that higher porosity leads to higher

initial sorptivity.

Porosity is the most well-known physical quantity that is

measured directly through the MIP test, and that is the pri-

mary characteristic that significantly affects the transport

ability of cementitious materials [64]. However, even if the

pore structures of cementitious materials have the similar

porosity, different transport properties may be observed

depending on their structural shape. Thus, if the fractal di-

mensions are additionally used for the analysis of the trans-

port properties, the existing results, which were difficult to

analyze, may be newly interpreted. Fig. 9 shows the relation-

ship between the initial sorptivity and the newly derived

parameter considering both the volumetric and geometric

ones. As shown in Fig. 8, since the two types of fractal di-

mensions and the porosity were simultaneously related to the

initial sorptivity as the negative and positive power function,

respectively, rFP can be derived in terms of DG&S�1
f , DG&S�1

T and

4G&S�1, as follows:

rFP ¼ 4G&S�1

DG&S�1
f ,DG&S�1

T

(13)

Thus, through the regression analysis shown in Fig. 9, the

initial sorptivity can be expressed simply by using the

following equation:

S¼4E� 05,ðrFPÞ0:59 (14)

Among the experimental conditions of the water absorp-

tion test applied in this study, the boundary condition of the

specimen and submerged water level affect the initial sorp-

tivity. If the side and top surfaces of the specimen are not

sealed, the water absorbed into the capillaries will evaporate

during the experiment, causing a decrease in initial sorptivity.

In addition, the capillary pressure leading to the initial water

absorption is mainly affected by the diameter of capillaries.

However, if the submerged water level is different, the pres-

sure acting on the specimen vary, also leading to affect the

initial sorptivity. Therefore, the regression result of Eq. (14) is

valid for specimenswith the same experimental conditions as

in this study. As shown in Fig. 9, the correlation coefficient

also indicates a strong correlation, which is R ¼ 0:8099, and

the simply derived theoretical curve was consistent with the

experimental results. Compared to the existing analytic

methods, the transport ability of cement pastes can also be

interpreted pretty accurately using both the volumetric and

geometric parameters. Moreover, the fractal dimension acts

as a much more accurate quantitative parameter to

https://doi.org/10.1016/j.jmrt.2022.08.122
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characterize the pore structure than that already used [63]. In

addition, as mentioned above, the reason why the specimens

with similar porosity show different transport properties can

be analyzed further. Putting it concisely, it is expected that the

interpretation of the transport properties of cementitious

materials from various perspectives will be possible via the

simultaneously use of parameters from different aspects that

can describe the pore structure.
5. Further research

In the field of studying on the pore structures of porous ma-

terials, applying fractal geometry is quite a novel research

technique, and the results derived from it are being used

meaningfully in various research fields. Although significant

results were derived from this study, several aspects should

be studied further.

The present results of this study are for the pore structure

measured via the MIP test. Since the pore structures can be

analyzed through various experimental techniques, the repro-

ducibility of the results may limit when other experimental

techniques are used. By comparing the results derived using

various experimental techniques, the currently conducted

fractal utilization analysis technique can be further developed.

Oven drying at 105 �C, which is the pretreatmentmethod of

the MIP test, is one of the effective techniques to remove

evaporable water. However, it is also the method of changing

the microstructure of the hardened cement paste as decom-

position of hydration products may occur during the drying

process [65]. For instance, the dehydrate of gypsum, ettringite

and CeSeH is known to occur approximately 60e105 �C
[36,66e68]. Accordingly, it is judged that additional research

on the drying method to prevent the destructive effect on the

microstructure is needed.

This study conducted the correlation and regression anal-

ysis on the specimens with different degree of hydration.

However, there is a limit to generalizing the analysis results in

that the number of specimens and type of mixtures are

limited. Therefore, further analysis is necessary by building

up the related database through the additional experiments,

that can measure the degree of hydration, and the use of

various cementitious materials.

In this study, the efficiency of using the fractal dimensions

was demonstrated by analyzing the correlation between the

parameter, using both the volumetric and geometric ones, and

the initial sorptivity of cementitious material. Meanwhile, as

mentioned above, even in the pore structures with similar

volumetric characteristics, the development of engineering

properties may vary depending on different geometric ones.

However, there were limitations in that it was difficult to

derive reliable results since there were insufficient cases of

microstructure analyzed in this study. In further research, it is

expected that meaningful results can be derived in the field of

microstructure analysis using fractal theory through the

design and implementation of more specific experimental

cases to prove this.

In addition to the MIP test used in this study, various

techniques that can evaluate the pore structure of cementi-

tious materials exist, and one of which is the image analysis.
Fu and Yu [69] conducted a research on the analysis of various

characteristics of pore structure through image processing

techniques and MATLAB programs using the images of pore

structure of concrete taken by X-ray computed tomography

(CT). Using X-ray CT, the image can be obtained without

damaging the pore structure [69]. Since the analysis is con-

ducted based on the images, the information on the pore

structure that is difficult to measure by the MIP test, such as

the connectivity between pores, can be obtained [70].

Accordingly, it is necessary to conduct a research on devel-

oping the existing technique by applying fractal theory to the

image analysis technique on the pore structure of cementi-

tious materials, and analyzing the difference by comparing

such results with the results of this study, in-depth.

Wood [71] conducted a research on techniques for calcu-

lating fractal dimension of organic-rich shale considering the

uncertainties and discrepancies that may occur when

deriving fractal dimension. The fractal dimension of organic-

rich shale is typically derived by applying Frenkel-Halsey-Hill

(FHH) technique to the isotherm curve obtained through the

gas adsorption experiment. However, the problem is that

using FHH technique alone cannot solve the uncertainties.

Therefore, in Wood's research [71], in addition to the FHH

technique, Neimark (NM) [41] and Wang and Li (WL) [72]

techniques were used to analysis the discrepancies and un-

certainties related to the derived fractal dimensions. Addi-

tionally, the fitting process utilized in each technique was

evaluated, and methods for optimizing and standardizing the

analysis were studied. Cementitious materials also have a

very complex microstructure similar to shale and, in this

study, although the fractal dimensions were derived using

models derived from three fractal concepts, uncertainties on

the results were existed similar to Wood's research [71]. Thus,

it is necessary to develop an analysis technique that can

integrate the fractal concepts that affects the fractal proper-

ties of the microstructure of cementitious materials while

resolving such uncertainties.
6. Summary and conclusions

In this study, the development of the pore structure of hy-

drated cement paste was analyzed via experimental and

fractal approaches. In addition, the ability of applying fractal

geometry on interpreting the transport properties of hydrated

cement pastes from various perspectives was evaluated via

sorptivity. The main conclusions are summarized as follows:

1) The fractal dimension of pore-size distribution can be

quantified in terms of the pore surface, poremass and solid

mass aspects. As a result of the correlation analysis be-

tween the fractal dimensions and the degrees of hydration,

it was found that the fractal dimensions of pore-size dis-

tribution can be investigated most suitably in interpreting

the characteristics of pore structurewhen derived from the

solid mass aspect. As the solid fraction within the entire

microstructure increased due to the filling effect of hy-

dration products, the morphological complexity of the

pore-size distribution tended to increase in all the pore

regions.
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2) In terms of the fractal characteristics of pore tortuousness,

the complexity in the region of the gel & small capillary

pores increased with decreasing w/c. It was considered

that this result was due to the growth of the hydration

products overlapping each other because of the narrow

pore space in the specimen having a low w/c. This phe-

nomenon was also observed in the region of the large

capillary pores at the early ages. However, as the age pro-

gressed, the tendency was reversed due to the rapid hy-

dration of the specimen having a high w/c.

3) The analysis of the correlation between the geometric pore

structure characterization parameters and the existing

ones revealed that the fractal dimensions to be highly

correlated with the volumetric characteristics. This in-

dicates that Df and DT can be sufficiently utilized as pa-

rameters to characterize the pore structure.

4) The porosity and the two types of fractal dimensions

showed positive and negative power function relation with

initial sorptivity, respectively. Accordingly, the ratio of

porosity to the multiplication of Df and DT was newly

derived for analyzing the relationship between the micro-

structural characterizations and the initial sorptivity. The

findings from the regression analysis showed that the

utilization of both the volumetric and geometric parame-

ters acts complementary in interpreting the transport

properties of cementitious materials from various

perspectives.
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