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Abstract More and more studies are based on digital

microstructures of cement pastes obtained either by

numerical modelling or by experiments. A compre-

hensive understanding of the their pore structures,

therefore, becomes significant. In this study, the pore

structure of a virtual cement paste (HYMO-1d)

generated by cement hydration model HYMOSTRUC

3D is characterized. The pore structure of HYMO-1d

is compared to the one of CT-1d that is reconstructed

by using X-ray computed tomography technique (CT

scan). Both HYMO-1d and CT-1d have the same

porosity. Various parameters are taken into account,

viz., the specific surface area, the pore size distribution

(PSD), the connectivity and the tortuosity of water-

filled pores. Regarding the PSD, two concepts (i.e., the

‘‘continuous PSD’’ and the ‘‘PSD byMIP simulation’’)

are adopted. The ‘‘continuous PSD’’ is believed to be a

‘‘realistic’’ PSD; while the ‘‘PSD by MIP simulation’’

is affected by the ‘‘throat’’ and ‘‘ink bottle’’ pores. The

results show that HYMO-1d and CT-1d exhibit a

similar curve of ‘‘continuous PSD’’, but distinct curves

of ‘‘PSD by MIP simulation’’ and different specific

surface areas. A lower complexity of the pore structure

of HYMO-1d is indicated by a higher tortuosity of

water-filled pores with reference to CT-1d. This study

indicates that the comparison of pore structures

between the digital microstructures should be based

on multiple parameters. It also gives an insight into

further studies on digital microstructures, i.e. transport

properties of unsaturated materials.

Keywords Cement paste � Capillary pore � Pore size
distribution � Unsaturated � Connectivity � Tortuosity

1 General introduction

The topology of the pore structure is a crucial property

with respect to the hydraulic behaviour and ionic

diffusion in porous media [1]. The durability of a

porous material is highly dependent on its pore

structure and the moisture state [2]. Based on the pore

structure of a cementitious material, water distribution

is found to have a significant influence on the durability

of cementitious materials in terms of chemical ingress

[3]. The diffusivity of ions varies a lot for a material

with different water saturations, because a continuous

water phase is more likely to form in the pore space at

higher water saturations, and provides a path for

ingressive ions, e.g. chloride and sulphate, etc. [4].

In cementitious materials, pores can be simply

classified into two groups, namely capillary pores
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(pore size/diameter d[ 10 nm) and gel pores

(d\ 10 nm), while large capillary pores have a size

50 nm\ d\ 10 lm [5]. To characterize the pore

structure, mercury intrusion porosimetry (MIP) has

been widely used, by which a wide range of pore size

distribution (PSD) from nanometre to microns can be

determined [6]. In this technique, mercury as a non-

wetting liquid is intruded into a porous material at a

progressively increased pressure P. The pore size

d can be determined based on the well-known

Washburn equation: d = -4 g cos h/P, where g is

the surface tension of mercury, h is the contact angle of
mercury on the solid. However, due to ‘‘throat’’ and

‘‘ink bottle’’ effects, MIP measurements systemati-

cally misallocate the sizes of almost all pores in

hydrated cementitious materials, and assign to sizes

smaller than the actual ones [7]. This misallocation has

been confirmed by observation of samples intruded by

Wood’s metal [8]. To alleviate the underestimation of

large pores by MIP measurement, a step by step

pressurization-depressurization cycling MIP (PDC-

MIP) is proposed, with the assumption that the size

distribution of the ink-bottle pores is equal to that of

the pores with the size larger than the corresponding

throat pores from the last step [9].

With the development of computer technology,

several numerical cement hydration models (i.e.,

HYMOSTRUC 3D [10, 11], CEMHYD3D [12] and

lic [13]) have been proposed to simulate the hydration

process and the microstructures of cement pastes.

More and more works are carried out based on the

simulated microstructures [14, 15, 3], mainly for

determining the intrinsic permeability, ionic diffusiv-

ity and the moisture isotherm. Therefore, pore struc-

ture characterization of the digital microstructures

becomes increasingly important.

In addition to numerical models, microstructures of

cement pastes can also be reconstructed using exper-

imental technics, i.e. micro- and nano-X-ray computed

tomography (CT scan). CT scan is a non-destructive

method, and has a digital resolution up to 63.5 nm/

voxel [16, 17, 3]. Besides, microstructures of cement

pastes with a higher resolution (around 30 nm/voxel)

can be obtained by using a focused ion beams-

nanotomography (FIB-nt) technique. FIB-nt is a

locally destructive technique, based on electron

microscopy imaging and nanoscale serial sectioning

[18]. These experimentally obtained microstructures

can be used to compare with the ones generated by

numerical cement hydration models for a better

understanding of the digital microstructures.

Usually, two concepts are adopted to characterize

the pore structures of digital cement pastes, namely the

‘‘continuous PSD’’ and the ‘‘PSD by MIP simulation’’

[18]. In the algorithm of ‘‘continuous PSD’’, spheres of

the diameter d are put in the pore space, and then the

volume of the pore space that can be covered with the

spheres is calculated. By putting the spheres with a

successively smaller diameter, more volume of the pore

space is covered by the spheres. Thereby, a continuous

size spectrum of the pore space can be obtained. In the

algorithm of ‘‘PSD by MIP simulation’’, mercury is

intruded from the surface to the interior of the sample.

The pore size d is directly related to the volume of the

pores that are accessible to the mercury. Due to the

presence of pore ‘‘throat’’, the interior pores and the

‘‘ink-bottle’’ poresmay remain empty even though they

have a pore size larger than d. Detailed description of

the algorithms will be given in Sect. 3.

Under the concept of ‘‘PSD by MIP simulation’’,

Garboczi et al. [19] conducted MIP simulation on a

two-dimensional (2D) fresh cement paste reproduced

by CEMHYD3D. Attempts was also made on three-

dimensional (3D) microstructures simulated by

HYMOSTRUC 3D [20], where fictitious spheres with

incremental radii are checked and put in the pores,

according to the algorithms described by Bekri et al.

[21], so that the ‘‘realistic’’ PSD (‘‘continuous PSD’’)

can be calculated. Further efforts have been made to

figure out the influence of ‘‘ink bottle’’ and ‘‘throat’’

pores on the result of PSDbased on the pore structure of

a cement paste obtained by FIB-nt technique [18]. In

their work, both ‘‘continuous PSD’’ and ‘‘PSD by MIP

simulation’’ were calculated, and compared to exper-

imental results fromMIP tests. The ‘‘continuous PSD’’

is believed to reveal a ‘‘realistic’’ PSD of the materials,

because the influence of ‘‘ink bottle’’ and ‘‘throat’’

pores is circumvented. Based on the same methodol-

ogy used for pore structure characterization as Münch

et al. [18], Do [22] investigated the pore structures

reproduced by lic model. A number of influencing

factors were evaluated, such as digital resolution,

sample size, flocculation of cement particles, cement

particle shape, surface roughness of hydration prod-

ucts, and number of nucleating clusters. They found

that diffuse growth of C–S–H had to be considered in

order to obtain better agreement between the experi-

mental MIP tests and the simulations.
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However, with respect to the comparison on the

results of PSD between simulation and experiments

(MIP tests), the sample size effect should be brought

forward. In general, the digital microstructures are

mainly in micro-scale (typically hundreds of microns

in size), while in experiments, the sample size is

usually in millimetres. A significant sample size effect

on PSD determined by MIP tests has been ascertained.

Bager et al. [23] conducted MIP tests on hardened

cement pastes and found that the result of PSD showed

an increasing fraction of large pores when decreasing

specimen sizes (0.149–2 mm). According to Larson

et al. [24], it is believed that a smaller sample would

increase the accessibility of pore space during MIP

tests. The sample size effect gets more complicated

when possible cracking of the sample during sample

drying is concerned. For instance, a contrary sample

size effect was found byMoro et al. [25]: the larger the

measured sample (from 1 to 20 mm), the lower the

pressure needed to reach a certain relative amount of

intruded volume of mercury. This phenomenon was

attributed to the damage of the sample from the sample

drying before MIP tests. They stated that sample

drying might cause less damage to small samples than

to large samples. Thus, it is hard to determine the

representative elementary volume (REV) in MIP tests,

this statement holds true in numerical simulation. It

infers that the comparison on PSD between simulation

and tests is inappropriate unless the same dimension of

sample is adopted. However, in MIP simulation, it is

quite computational demanding for a digital

microstructure with the same dimension as the one

for MIP tests, and this problem doesn’t yet attract

sufficient attention. Nevertheless, the sample size

effect is out of the scope of this study. Rather, for a

valid comparison, this study characterizes the pore

structures of two digital microstructures with the same

dimension, i.e., 100 9 100 9 100 lm3.

In this study, a comprehensive comparison of the

pore structure is made between two digital microstruc-

tures, including the one generated by HYMOSTRUC

3D and another reconstructed from CT scan. Since a

single parameter (i.e., porosity or PSD) is not suffi-

cient to describe the pore structure [26], multiple

parameters (e.g., porosity, specific surface area, pore

size distribution) will be taken into consideration in

this study. Besides, the connectivity and tortuosity of

water-filled pores in progressively drying cement

pastes are evaluated. Study on unsaturated cement

pastes aims to further illustrate the difference in the

pore structures, and to give an insight into further

studies, i.e. transport properties of unsaturated

materials.

2 Derivation of digital cement pastes

Pore structures of two digital microstructures (named

as CT-1d and HYMO-1d) are characterized and

compared. Detailed information on the derivation of

digital cement pastes is given as follows:

1. Reconstruction of microstructures from CT scan

was carried out at University of Illinois at Urbana-

Champaign (UIUC, USA). ASTM type I Portland

cement was used, with a w/c of 0.5. The cement

was sieved with 45 lm sieve to eliminate the

coarse grains and then mixed with de-ionized

water by mixer. The specimens were cured in a

sealed condition at 20 �C and scanned in due time.

The microstructure of a 1-day old cement paste is

reconstructed and named as CT-1d. It has a degree

of hydration of 70.7% and a porosity of 27.3%.

The volume of interest (VOI) has a dimension of

100 9 100 9 100 lm3, and a digital resolution

of 0.5 lm/voxel. More information of the exper-

iments and the reconstruction of 3D microstruc-

tures can be found in Zhang et al. [27]. Note that,

pores smaller than 0.5 lm in the cement pastes

cannot be resolved due to experimental limitation.

With ongoing hydration, capillary pores are

gradually refined, and the microstructures recon-

structed from CT scan become less reliable. It

explains why the 1-day old sample was chosen for

pore structure characterization. Distinct from the

classification by Mindess et al. [5], large capillary

pores in this study refer to the pores larger than

0.5 lm. Discussion on the influence of digital

resolution on capillary pore characterization can

be found in Gallucci et al. [28]. However, the

resolution-related problem is out of the scope of

this study.

2. HYMOSTRUC 3D is a computer-based model for

simulating the hydration and the microstructure of

Portland cement pastes. Initially, spherical cement

particles are distributed in a cube with a dimen-

sion of 100 9 100 9 100 lm3. Under the

assumption of spherical growth over hydration,
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the digital microstructure of a cement paste can be

simulated. The microstructure includes unhy-

drated cement, hydration products and capillary

pores. In this study, Portland cement CEM I

42.5 N is used as a raw material. It has a chemi-

cal composition of C3S : C2S : C3A : C4AF ¼
53:5% : 21% : 7:5% : 10%, where C stands for

CaO, S stands for SiO2, A stands for Al2O3 and F

stands for Fe2O3. A continuous particle size

distribution from 2 to 50 lm is specified. The

cement paste has aw/c of 0.5. The hydration of the

cement paste is simulated at 20 �C. A microstruc-

ture with the same porosity (27.3%) as CT-1d is

adopted and named as HYMO-1d. HYMO-1d is

digitized with a resolution of 0.5 lm/voxel.

3 Capillary pore size distribution of digital cement

pastes

To characterize the pore structure of a digital

microstructure, all voxels in the microstructure are

first labelled by binary numbers, with ‘‘0’’ represent-

ing pores, and ‘‘1’’ representing solids. In porous

materials, each point on the pore surface has a mean

curvature k, which is an average value of two principal

curvatures. In this study, mean curvature k is simpli-

fied as a reciprocal of pore radius r. Therefore, a pore

morphology (PM)-based image analysis can be used to

determine the pore size (d = 2r) and to simulate fluid

displacement in porous materials [29, 30]. Similar as

the work fromMünch et al. [18], this study determines

both ‘‘continuous PSD’’ and ‘‘PSD by MIP simula-

tion’’ based on digital microstructures. The

methodology of PM-based image analysis is briefly

introduced in the following part.

3.1 Continuous PSD: realistic PSD

‘‘Continuous PSD’’ tends to show a ‘‘realistic’’ PSD of

a material. A 2D illustration of the algorithm is shown

in Fig. 1. Figure 1a shows a schematic of a simple

porous material. The ‘‘continuous PSD’’ is determined

by following steps.

Step 1: The pore space is eroded by spheres with a

specified radius r (Fig. 1b). The erosion process

takes place incrementally from the pore surface to

its medial axis, and removes voxels from the pore

space.

Step 2: The eroded set is dilated using the same

radius r as for erosion (Fig. 1c).

Then the volume of pores with the size no less than

d (d = 2r) (Fig. 1c) can be calculated [31]. Simulation

is continued consecutively for smaller pore sizes, by

repeating Step 1 and Step 2. Therefore, ‘‘Continuous

PSD’’ of a microstructure can be determined. It also

gives indication to water distribution in unsaturated

cement pastes, where larger pores always empty first

[32].

3.2 MIP simulation

In the process of mercury intrusion into porous

materials, capillary pressure is a force, which resists

the mercury intrusion. The pressure corresponds to an

equivalent pore size. Given a pore size and a boundary

condition for mercury intrusion, the volume of mer-

cury-intruded pores can be determined. As stated in

Fig. 1 Illustration of the ‘‘continuous PSD’’ concept in a

porous material (400 9 400 pixel). Solid is shown in white, and

pore in blue. a original pore space b pore space after erosion, the

eroded pore is shown in grey c pore space after dilation. Large
pores (pore size d[ 25 pixel) are shown in red, and smaller

pores in blue
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Sect. 2, the dimension of VOI is only 100 lm by

length, which is much smaller than the sample size

(usually in millimetres) in MIP tests. Therefore, MIP

simulation in this study is only dedicated to comparing

with the ‘‘continuous PSD’’ of the same digital

microstructure. For ‘‘PSD byMIP simulation’’, similar

methodology as ‘‘continuous PSD’’ is applied. The

difference lies in how the volume of mercury-intruded

pores can be calculated. In MIP simulation, all 6

surfaces of the microstructure are specified for mer-

cury intrusion. Briefly, 3 steps are followed:

Step 1: The pore space is eroded as ‘‘Step 1’’ in

Sect. 3.1. The eroded pore space is referred to

Fig. 1b.

Step 2: Connectivity of eroded pore space from the

surfaces is checked. Under a given capillary pres-

sure, mercury is not accessible to the pores unless

the erosion of the pore space has a continuous

connection to the mercury reservoir (the surfaces of

the sample). Hence, all pores separated from this

reservoir are removed from the eroded pore space

(Fig. 2a).

Step 3: To determine mercury-intruded pores, the

eroded set is dilated as ‘‘Step 2’’ in Sect. 3.1. It

finally leads to the opening of the pore space

(Fig. 2b).

A smaller radius r is used for mercury intrusion,

corresponding to a higher capillary pressure. Conse-

quently, the cumulative porosity / with respect to the

pore size can be determined. For both ‘‘continuous

PSD’’ and a ‘‘PSD by MIP simulation’’, a limitation of

PM-based image analysis should be pointed out. As

discussed by Hilpert et al. [30], this analysis overes-

timates the pore size when d is very small. It is

believed that the very small pores from the microstruc-

ture are mostly in a pendular shape. Two distinct

principal curvatures exist on the pendular pore surface,

with one positive and the other negative. Therefore,

the pore size will be overestimated when only one

positive curvature is considered. However, this issue is

out of the scope of this study. Thus, only one principal

curvature is considered for characterizing and com-

paring the pore structures.

3.3 Specific surface area

In a 3D voxel-based microstructure, each voxel has 6

faces. The voxel face is considered as pore surface

when the face is shared by pore voxel and solid voxel.

The specific surface area S (m-1) is calculated by:

S ¼ As=Vb ð1Þ

where As is the total surface area of the pores (m
2) and

Vb is the bulk volume of the material (m3).

3.4 Connectivity of pores

As mentioned in Sect. 1, the connectivity of water-

filled pores will be calculated in this study. Moreover,

the connectivity of eroded pore space from the

surfaces in Sect. 3.2 needs to be checked. The

connectivity of the water-filled pores or the eroded

pore space is checked using a cluster-labelling algo-

rithm [33]. As a criterion, hereinafter, only adjacent

voxels sharing a common surface are regarded as

connected (Fig. 3).

3.5 Tortuosity

Tortuosity, as a pore structure-transport parameter, is a

measure of the geometric complexity of a porous

medium. It characterizes the convoluted pathways of

(a) (b)

Pore “throat”

“Ink-bottle”
pore

d = 25 pixels

Fig. 2 Illustration of the ‘‘PSD by MIP simulation’’ concept in

a porous material (400 9 400 pixel). Solid is shown in white,

and pore in blue. a pore space after erosion with connectivity

check b pore space after dilation. Large pores (pore size

d[ 25 pixels) are shown in red, according to the ‘‘PSD by MIP

simulation’’

Sharing a face
Sharing an edge

Sharing a vertex

Fig. 3 Configurations of two adjacent voxels in porous

materials. Two voxels are considered connected when they

share a face
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fluid diffusion and electrical conduction through

porous media. In the fluid mechanics of porous media,

tortuosity is the ratio of the length of a streamline

between two points in pore phase to the straight-line

distance between the two points. However, the esti-

mation of tortuosity for a porous material is usually

subjective. Distinct types of tortuosity, such as geo-

metric, hydraulic, electrical, and diffusive tortuosity

have been studied in the literatures [34]. This part of

the study aims to compare the tortuosity of water-filled

pores between CT-1d and HYMO-1d. Two different

tortuosities are calculated, namely a diffusive tortu-

osity and a geometrical tortuosity.

3.5.1 Diffusive tortuosity: random walk algorithm

Diffusive tortuosity can be determined by simulating

self-diffusion in the material. It is noted that, there is a

difference between diffusion and self-diffusion of a

material. Diffusion refers to the thermal motion of the

particles at temperatures above absolute zero. It

explains spontaneous movement of particles from a

region of higher concentration to a region of lower

concentration. Once there is no concentration gradi-

ent, the process of diffusion will cease, and self-

diffusion governs the movement of particles. With

respect to movement of ions in solution, the self-

diffusion coefficient D is time-independent. However,

in a confining geometry, the process of self-diffusion

becomes time-dependent because of local heterogene-

ity, and a reduced D is expected due to the restriction

from solids.

In a porous material, a random walk algorithm can

be used to simulate Brownian motion of molecules and

the self-diffusion coefficient [35, 36]. Binary 3D

digital microstructures of cement pastes are used as

inputs. At s = 0 (the dimensionless integer time), a

point in the pore space is randomly chosen as a starting

point, from which the walker migrates on discrete

voxels corresponding to the pore space. In each integer

time step, the walker executes a random jump to one of

the nearest face-connected voxels. The jump is not

performed if the walker tries to jump to the voxels

corresponding to solids, while the time is still incre-

mented by one step.Mean square displacement (MSD)

r(s)2 is a measure of the deviation over time between

the position of a particle and some reference position.

After a number of jumps, the mean-square

displacement r(s)2 of the walkers from the starting

point can be calculated. The self-diffusion coefficient

D(t) in a 3D lattice space is defined based on the

following equation (Eq. 1):

D tð Þ ¼ 1

6

d r2
� �

dt
ð2Þ

The diffusive tortuosity sdiff of the pore structure is the
limiting value of the ratio of D0 in the free space to

D(t) in the porous media when time t approaches

infinity (Eq. 2).

sdiff ¼
D0

D tð Þ ; as � t ! 1 ð3Þ

As time t is required to be large enough for a constant

self-diffusion coefficient of porous media, it is possi-

ble that the walkers jump out of the volume of interest

(VOI), which consists of 200 9 200 9 200 voxels

representing a volume of 100 9 100 9 100 lm3. To

tackle this problem, a larger volume with a periodic

boundary is created. 8 mirror copies of the initial VOI

are generated and arranged to form a new VOI with a

dimension of 200 9 200 9 200 lm3. The new VOI

can be used as an element for an infinitely large

material by parallel arrangement in 3 different direc-

tions. Therefore, the continuity of the pore structure is

ensured for a correct estimation of diffusive tortuosity

of the materials.

Considering the stochastic nature of the random

walk algorithm, simulation on 10,000 walkers is

performed by randomly specifying a starting point

for each walker in pore phase of the materials. A 2D

schematic of random walk is shown in Fig. 4.

3.5.2 Geometrical tortuosity: shortest path finding

by A* algorithm

Geometrical tortuosity sgeo (Eq. 3) is defined as the

ratio of the length of the shortest path connecting two

points in the pore space (Le) with respect to the straight

connection L between the two points [37]

sgeo ¼
Le

L
ð4Þ

In porous media, some obstacles (solids) may exist

between two points, making the path from one point to

another tortuous. Hart et al. [38] first described the A*

algorithm for searching shortest paths between the

start node to the goal node in graphs.
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To find the shortest path between two points, two

sets (FRINGE and CLOSED) are included in A*

algorithm (Fig. 5). The FRINGE set contains nodes

for examining, it holds potential best path nodes that

have not yet been considered, starting with the start

node. The CLOSED set starts out empty and contains

all nodes that have already been visited. Each node

also keeps a pointer to its parent node so that the path

can be backtracked from the goal to the start. At node

n, A* calculates both the actual distance g(n) from the

start and the estimated/heuristic distance h(n) to the

goal. An evaluation function (Eq. 5) is used to

estimate the total distance f(n) between the start and

goal nodes

f nð Þ ¼ g nð Þ þ h nð Þ ð5Þ

During implementation, A* algorithm selects the node

with the lowest f nð Þ from FRINGE set. Then all valid

neighboring nodes are put into the FRINGE list. Here

the valid neighboring nodes refer to the ones that are

not obstacles or not in CLOSED set. A loop is

conducted until the goal is reached. Then the f nð Þ
value of the goal is considered the length of the

shortest path.

To calculate the geometrical tortuosity, two

points (or voxels) in pore space from two opposing

surfaces are selected from each sample (HYMO-1d

or CT-1d). For example, the two points are located

at the coordinates (x, y, 1) and (x, y, 200). Note that

the value of the shortest path Le depends on the

locations of the two chosen points. In this study, 6

random pairs of points (start and goal) are selected

from each sample to study the influence of water

saturation on the geometrical tortuosity of water-

filled pores in a cement paste. The average value of

the geometrical tortuosity will be presented.

Two voxels in pore space from two opposing

surfaces of CT-1d are selected for geometrical

tortuosity calculation. A straight line connecting

these two voxels is vertical to the surfaces where

the two voxels are located. A 2D schematic of the

shortest path finding between two points (i.e., A0

and B0) is shown in Fig. 4. The calculation of

geometrical tortuosity aims to add more significance

to the numerically computed tortuosity of water

filled pores in digital microstructures.

4 Results and discussion

4.1 ‘‘Continuous PSD’’ and ‘‘PSD by MIP

simulation’’

The cumulative porosities/ for CT-1d and HYMO-1d

are presented in Fig. 6, where ‘‘continuous PSD’’ and

‘‘PSD by MIP simulation’’ are included. For each

Fig. 4 Schematic of a porous material (100 9 100 pixels).

This figure shows the randomwalk from point ‘‘A’’ to point ‘‘B’’.

A stepwise explanation is given. The walker starts from point

‘‘A’’ and reaches point ‘‘O’’ after 2500 steps. After another 2500

steps, the walker reaches point ‘‘B. This figure also shows the

shortest path finding between point ‘‘A
0
’’ to point ‘‘B

0
’’. The

algorithm of the shortest path finding is presented in Sect. 3.5.2

n

1   2

3

1   4

5

3   2

5

4   1

5

A (Start)

B (Goal)

2   3

5

( ) ℎ( )

( )

FRINGE set

Obstacle

2    

7

CLOSED set

Fig. 5 A* algorithm for finding the shortest path between two

points (A and B) in a porous material (4 9 4 pixels). The

obstacles are shown in grey. Representation of the numbers in

the nodes is explained in the node at the top right-hand corner
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sample, the cumulative porosity from ‘‘PSD by MIP

simulation’’ evolves behind the one of ‘‘continuous

PSD’’, as pore size decreases. This phenomenon is due

to the well-known influence of ‘‘ink bottle’’ and

‘‘throat’’ pores. For both samples, the ‘‘continuous

PSD’’ resembles each other, with the variation in

cumulative porosity less than 2% at each pore size. In

this respect, HYMO-1d has a similar pore structure as

CT-1d. However, clear difference can be seen from

‘‘PSD by MIP simulation’’ between two samples: the

cumulative porosity varying by 6.25% at pore size of

2 lm. It indicates that two samples with similar

‘‘continuous PSD’’ may have different responses to

mercury intrusion.

For a clear illustration, pores in the samples are

differentiated based on a specified threshold value

(named as a ‘‘corresponding pore size’’ dc). Mercury-

intruded pores of the samples are illustrated in Fig. 7,

with a dc of 2 lm. The figure shows that only the outer

parts of CT-1d are intruded with mercury (Fig. 7a),

with the mercury-intruded porosity of 11.2% accord-

ing to Fig. 6. In contrast, mercury is intruded to the

inner parts of HYMO-1d (Fig. 7b), with the mercury-

intruded porosity of 17.4%. This is because that there

exists a smaller pore ‘‘neck’’ in CT-1d, through which

the mercury can access the inner parts of the samples.

Apart from the cumulative porosity /, differential
porosity /d (lm-1) gives another feature of pore

structure (Eq. 6). It provides detailed information of

the pore microstructure, to which the pore size d is

ascribed.

/d ¼ D/=Dd ð6Þ

Differential porosity /d of each sample is plotted

against the pore size (Fig. 8). It shows that, ‘‘contin-

uous PSD’’ covers a broader range of pore sizes from 1

to 6 lm, compared to ‘‘PSD by MIP simulation’’

where most pores are with a size d\ 4 lm. It infers

that MIP simulation assigns larger pores to smaller

ones, whereby the volume of large pores in the

microstructure is underestimated. The ‘‘continuous

PSD’’ serves as a basis for determining the misallo-

cation of large pores in the PSD curve determined by

MIP simulation. Similar as in Fig. 6, /d from ‘‘con-

tinuous PSD’’ of two samples resembles each other.

CT-1d has only a slightly lower /d than HYMO-1d for

pore sizes between 2 and 4 lm, and a slightly higher

/d for other pore sizes. In contrast, /d from ‘‘PSD by

MIP simulation’’ of two samples shows a noticeable

divergence from each other. For instance, CT-1d has a

higher /d than HYMO-1d for pores with a size

d\ 2 lm, and a lower /d for pores with a size

2 lm\ d\ 3 lm.

4.2 Specific surface area

The specific surface areas S of CT-1d and HYMO-1d

are 0.30 and 0.23, respectively. For two microstruc-

tures with the same porosity, it is believed that the pore

structure is finer if the microstructure has a higher

specific surface area [26]. Therefore, CT-1d exhibits a

finer pore structure compared to HYMO-1d in terms of

the specific surface area.

4.3 Connectivity of water-filled pores

The water saturation (referring to Sect. 3.1) and the

connectivity of water phase in unsaturated cement

pastes (CT-1d and HYMO-1d) are plotted against dc in

Fig. 7. Both samples exhibit similar characteristics in

terms of water saturation and connectivity of water

phase. For each sample, the connectivity of water

phase decreases with dc. Most of the water phase is

connected when dc[ 2 lm. However, the water phase

suddenly becomes discontinuous when the dc drops to

2 lm. Note that, the water saturation evolves

smoothly as dc decreases. It indicates that there exists

a value of water saturation, which is critical for water

phase continuity. For the two samples in this study, the

critical water saturation is associated with a dc = 2 -

lm, under which the water phase loses its continuity.

According to Mindess et al. [5], water in capillary

pores is significant to the transport properties, e.g.,

permeability. Under the critical water saturation level,

the transport path in the capillary pores is cut off.Fig. 6 Cumulative porosities of CT-1d and HYMO-1d
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Transport of matters (e.g., ions) has to be via smaller

pores (i.e., pores smaller than 0.5 lm that are not

resolved in HYMO-1d and CT-1d).

However, it should be pointed out that the connec-

tivity analysis of water-filled capillary pores is influ-

enced by the digital resolution of the microstructures.

The connectivity of the pores will be higher when a

higher digital resolution is applied [28]. In practice,

the connectivity of water-filled capillary pores should

be 100%, since at the scale of nanometers the pores in

cement pastes are perpetually connected [39]. The

connectivity analysis in this study aims to give more

information of the capillary pore structures, when

similar digital microstructures are used for studying

transport properties.

4.4 Tortuosity of water-filled pores

In an unsaturated material, water saturation and its

connectivity are two important factors influencing the

diffusivity in water-filled pores, because the free

diffusion path is affected by the blockage of the air

phase. Random walks of 10,000 walkers in two

saturated samples (CT-1d and HYMO-1d) are simu-

lated to compute the diffusive tortuosity. Besides, 3

unsaturated microstructures for each sample are

studied, with a corresponding pore size dc = 3 lm,

dc = 4 lm, and dc = 5 lm, respectively.

Figure 10 shows the diffusive tortuosity sdiff of the
water-filled pores in different microstructures. Water

saturation is found to play an important role on the

diffusive tortuosity of a material. For both samples,

sdiff increases with a decreasing water saturation, in

the order of ‘‘Saturated’’\ ‘‘dc = 5’’\ ‘‘dc = 4’’

\ ‘‘dc = 3’’. It is mainly caused by the decreased

water saturation of water-filled pores, which is indi-

cated in Fig. 9. In general, CT-1d has a higher value of

tortuosity than the one of HYMO-1d, for both

saturated and unsaturated samples. Note that the

unsaturated samples are dried under the same condi-

tion (or in other word, dried with the same dc). This

reflects the difference in the microstructure, in the

sense that CT-1d has a more complex pore structure

than HYMO-1d.

Based on the same microstructures as for diffusive

tortuosity, the shortest path between two points from

Fig. 7 Visualization of differentiated pores in CT-1d (MIP simulation). Corresponding pore size dc is 2 lm, with mercury-intruded

pores in red, empty pores in blue and the solid phase in white

Fig. 8 Differential porosity of CT-1d and HYMO-1d
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two opposing surfaces are calculated, based on which

the geometrical tortuosity sgeo of water-filled pores is

determined. From Fig. 11, it can be seen that the

evolution of geometrical tortuosity sgeo for both

samples follows the same trend as the one for diffusive

tortuosity (Fig. 10), even though their absolute values

are different. Basically, both diffusive tortuosity and

geometrical tortuosity can reflect the morphological

change in the water-filled pores. They give insights to

further studies on unsaturated cementitious materials,

i.e. transport properties.

5 Conclusions

In the scope of capillary pores (pores larger than

0.5 lm), this study characterized and compared the

pore structures of two cement pastes (CT-1d and

HYMO-1d) based on a pore morphology-based image

analysis. Water distribution in unsaturated cement

pastes, and the related properties, i.e. connectivity and

tortuosity of water filled pores, are studied. The

following conclusions can be drawn:

• With the same capillary porosity, HYMO-1d and

CT-1d shows a similar ‘‘continuous PSD’’, but a

distinct ‘‘PSD by MIP simulation’’. MIP simula-

tions reveal that the critical pore neck of CT-1d

through which the mercury is accessible to the

inner part of the material is smaller than the critical

pore neck of HYMO-1d.

• The specific surface area, the diffusive tortuosity

and the geometrical tortuosity of CT-1d are higher

than HYMO-1d, indicating a higher complexity of

the pore structure in CT-1d with reference to

HYMO-1d.

• In HYMO-1d and CT-1d, the connectivity of

water-filled pores has a high value ([90%) when

the capillary water saturation level is higher than

50%. The water-filled capillary pores become

discontinuous when water saturation level drops to

20%. Besides, the diffusive/geometrical tortuosity

of water-filled pores increases with the decrease of

the water saturation level.

It should be noted that both microstructures in this

study are subjected to various limitations, including

the low digital resolution (0.5 lm/voxel) in CT-1d and

the assumption of centrical growth of hydration

products in HYMO-1d. Thus, this study does not
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Fig. 10 Diffusive tortuosity of CT-1d and HYMO-1d. Here-

inafter, CT-1d and HYMO-1d refer to saturated microstructures,

while dc = 5, dc = 4 and dc = 3 refer to 3 unsaturated

microstructures for each sample, with water in pores with the

size equal or larger than 5, 4 and 3 lm dried out

Fig. 11 Geometrical tortuosity between two points in HYMO-
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intend to justify any digital microstructure. Rather, it

aims to enable a better understanding of the digital

microstructures, and to accentuate that multiple

parameters (e.g., porosity, specific pore surface area,

pore size distribution, connectivity and tortuosity of

the pores) should be taken into account when

comparing different pore structures.
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