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Abstract. Based on the compositions and structures of cement-based materials, the geometrical models of
the tortuosity of transport paths in hardened cement pastes, mortar and concrete, which are associated with
the capillary porosity, cement hydration degree, mixture particle shape, aggregate volume fraction and
water-cement ratio, are established by using a geometric approach. Numerical simulations are carried out to
investigate the effects of material parameters such as water-cement ratio, volume fraction of the mixtures,
shape and size of aggregates and cement hydration degree, on the tortuosity of transport paths in hardened
cement pastes, mortar and concrete. Results indicate that the transport tortuosity in cement-based materials
decreases with the increasing of water-cement ratio, and increases with the cement hydration degree, the
volume fraction of cement and aggregate, the shape factor and diameter of aggregates, and the material
parameters related to cement pastes, such as the water-cement ratio, cement hydration degree and cement
volume fraction, are the primary factors that influence the transport tortuosity of cement-based materials.
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1. Introduction

The service performance and durability of concrete structures, including bridges, dams,
buildings and power plants, are significantly influenced by concrete material deterioration under
permanently aqueous or chemically aggressive environments (Marchand et al. 2002, Bertron et al.
2005, Coussy et al. 2001, Shin et al. 2011). Concrete deterioration processes are associated with
the transport behaviors of environmentally aggressive substances in concrete materials, such as the
humidity, chloride and sulfate salts, acid rain, etc (Yoon 2009, Garrabrants et al. 2003, Moranville
et al. 2003, Chen et al. 2007). Recently, due to the advance in concrete structure durability
research, the transport behaviors of cement-based materials as porous multi-scale composite
materials, such as the conductivity, permeability and diffusivity, have received extensive attentions
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(Guneyisi et al. 2010, Yamaguchi et al. 2009, Zheng et al. 2008, Neithalath et al. 2010). In
cement-based materials such as hardened cement pastes, mortar and concrete, its transport
behaviors are mainly controlled by the material microstructures (Quenard et al. 1998, Matte et al.
2000, Bentz et al. 2000). The microstructure of cement-based materials contains a very
complicated pore structure, which is characterized by the porosity, tortuosity and connectivity of
the pores (Zuo et al. 2010, Neithalath et al. 2010, Zhang et al. 2010). Therefore, it is essential to
establish the relation between the transport behaviors and pore structure of cement-based materials
for predicting the performance of cement-based materials and evaluating the concrete structure
durability. The tortuosity of transport paths in cement-based materials is a key pore structure
parameter (Yoon 2009, Coleman et al. 2008), and it plays a fundamental role in governing
transport processes affecting the concrete durability (Stroeven et al. 2000, Igarashi et al. 2004).
Modeling the tortuosity is a basis of analyzing quantitatively the transport behaviors and further
calculating the in-service lifetime of concrete structure under chloride and sulfate attack.

The concept of tortuosity was originally introduced by Carman to account for the sinuousness of
individual flow channels and for cross-flow effects (Carman 1937). The tortuosity is usually
defined by a ratio of the average diffusion path, L., of fluid particle to the corresponding straight
and shortest distance, L, along the direction of macroscopic flux gradient, 7 = L./L (Carman 1937,
Barrande et al. 2007, Dullien 1979). Because the cement-based materials possess a porous system
with the pore sizes ranging from nanometers to micrometers and the complicated porous networks,
its actual transport path is extremely complicated or tortuous in both microscopic scale and
macroscopic scale, which makes it very difficult to analytically find the tortuosity of cement-based
materials. At present, the tortuosity of transport paths in cement- based materials were found by
experiments (Garrouch et al. 2001, Amiri et al. 2005, Promentilla et al. 2007, Nakashima et al.
2007) or numerical simulations such as random walk (Promentilla et al. 2009) and Lattice
boltzmann method (Weerts et al. 2001). However, the results from either experiment or numerical
simulation are usually expressed as correlations with one or more empirical constants or as curves,
thus the mechanisms behind the phenomena are often ignored. Therefore, seeking an analytical
solution for quantifying the tortuosity of transport paths in cement-based materials is very
necessary for modeling the permeability, diffusivity and durability of concrete materials.

For this purpose, this paper presents the geometrical models of tortuosity of transport paths in
cement-based materials such as hardened cement pastes, mortar and concrete, and investigates
numerically the effects of some material parameters, such as water-cement ratio, volumetric
fraction of mixtures such as cement and aggregates, shape and size of aggregate, cement hydration
degree, on the tortuosity of transport paths in hardened cement pastes, mortar and concrete.

2. Model description
2.1 Tortuosity of transport paths in hardened cement pastes

The hardened cement pastes with a certain of hydration degree are mainly consisted of the
unhydrated and hydrated cement particles. Based on SEM observation on the morphology of the
cement particles in the process of the cement hydration, Authors have regarded the partly hydrated
cement pastes as a mixture of the unhydrated circular cement particles with the average diameter
and the square hydrated cement particles with the same length of a side (Zuo et al. 2011). In order
to model easily the transport tortuosity, the hardened cement pastes are individually separated into
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Fig. 1 Ideal morphology and simplification of hardened cement pastes
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Fig. 2 Representative unit cell for transport paths through unhydrated and hydrated cement medias

two parts: the unhydrated circular cement particles and fully hydrated square cement particles, as
shown in Fig. 1. Therefore, the tortuosity of transport paths in hardened cement pastes can be
obtained by modeling the transport tortuosity in unhydrated and fully hydrated cement particles.
For unhydrated circular cement particles given in Fig. 1(b), a possible configuration, namely a
representative unit cell, for analyzing the transport tortousity of the penetrative water or diffusible
ion in unhydrated cement particle deposits which are consisted of the circular cement partcles and
the interconnected pores, is the dashed rectangle given in Fig. 2(a), in which the cement particles
are arranged in an equilateral-triangle form. The penetrative water or diffusible ion moves along
the maximum gradient direction under the gravity or chemical potential, namely, the transport path

of the water or ion is A — B —2ewl4ac_, ¢ s the effective length of the transport path L. = (A_B
+BC ), and the corresponding shortest distance L = ABO . According to the definition of tortuosity

(Barrande et al. 2007, Promentilla et al. 2009), the transport tortuosity in unhydrated circular
cement particles can be obtained by

. L, B(z-2)

T —

uh-cp T, T t—
L 6(1+El)j

is the tortuosity of unhydrated circular cement particles in the loose state, D is the

@)

where 7}
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average diameter of unhydrated cement particles, d is the average gap among the unhydrated
cement particles.
By using the porosity of the representative unit cell in Fig. 2(a), it can be obtained that

d T
Rl I A 2
D \/2\/5(1_¢uh—cp) ( )

in which ¢, ., is the porosity of unhydrated cement in the loose state, in general, the porosity of

cement powers is about 58% (Zuo et al. 2010).
Substituting Eg. (2) into Eg. (1), the relation between the tortuosity 7,

!

uhep and the porosity

Punp Of the unhydrated circular cement particle deposites can be expressed by

- 1+ (”_2) (1_¢uh-cp)

uh-cp — m

!

when Pin-cp = 58% , it can be obtained that Tohcp = 1.23, it is in agreement with the tortuosity of

the porous particles (Amiri et al. 2005, Zuo et al. 2010).

Similarly, for fully hydrated square cement particles given in Figure 1(c), its possible
configuration or representative unit cell for analyzing the transport tortousity of the penetrative
water or diffusible ion in fully hydrated cement particle deposits including the square particles and
the interconnected pores, is also a dashed rectangle given in Fig. 2(b), in which the square particles
are arranged in an equilateral-triangle form. Based on the actual condition that the tortuosity tends

to infinity when the porosity of cement pastes approaches to zero (¢, ,, = 0, T,Q_Cp —00) (Yoon

@)

2009), the paths A'—>C' and A'— B' are respectively selected as the transport paths in the
fully hydrated cement pastes and the shortest paths without the existence of the cement particles,

namely, the effective length of the transport path L, = A’C’, and its direct length L = AB, s0

the tortuosity in the fully hydrated cement pastes for the water penetration or ion diffusion can be
expressed by

. L 1(. DY
=—=[1+=|1+— 4
Thop = 2 T 4

where r(]_cp is the transport tortuosity of the fully hydrated cement pastes, D’ is the average
side length of the square particles, and d’ is the average gap among square particles.

Using the porosity of the representative unit cell in Fig.2(b), it can be obtained that

d—,z ! ©)
D l_wh-cp

Substituting Eq. (5) into (4), the transport tortuosity Z';]_Cp of the fully hydrated cement pastes
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is expressed by

, 1 2 1
Thop =ﬁ\/(1—«/1—%.cp) *2 (6)

Eq. (6) demonstrates that when ¢, ,, —1, r{]_cp ~1,and when ¢, —0, z-,']_cp — 0. This

is consistent with the fact of the defined tortuosity of cement pastes (Yoon 2009, Barrande et al.
2007). Therefore, it is reasonable for idealizing the hydrated cement particles as square shape and
selecting the transport paths in fully hydrated cement pastes in Fig. 2(b).

As known from the above, the hardened cement pastes are mainly consisted of the unhydrated
and hydrated cement particles. With the continuous hydration of cements, the hydrated products
gradually increase and the unhydrated cements decrease, so the tortuosity of transport paths in
hardened cement pastes changes with the cement hydration degree. Based on the separation of the
hardened cement pastes in Fig. 1, the tortuosity of transport paths in hardened cement pastes can
be obtained by the weighted average with the cement hydration degree between the tortuosities of
unhydrated circular and fully hydrated square cement particles, namely

r;, =(1-h,)z

uh-cp + ha z-k,\—cp (7)

where rc'p is the tortuosity of transport paths in hardened cement pastes with the ideal cement

!

particles, Tuh-cp

and z‘{,_cp are the transport tortuosity in unhydrated circular and hydrated square

cement particles, which can be calculated by Egs. (3) and (6), respectively, h is the cement

hydration degree (Masi et al. 1997).

The tortuosity models, Egs. (3), (6) and (7), are deduced from the ideal circular and square
cement particles. But the real shapes of cement particles are very complicated and irregular, and
the ideal shapes of both unhydrated and fully hydrated cement particles is quite different to their
real morphology, so the calculating tortuosity from these models has an error with the real
tortuosity. Therefore, in order to modify the tortuosity models, the shape factor is selected to
correct the difference between the ideal shapes and the real morphology of cement particles (Mora
et al. 2000, Chen et al. 2003). In addition, for the hydrated cement pastes, the water-cement ratio
has an important influence on its microstructure and morphology (Zhang et al. 2010). Therefore,
the model of tortuosity in hardened cement pastes, Eq. (7), is corrected by the shape factors and
the adjustment coefficient associated with the water-cement ratio

Tep =1 (1_ ha ) Z-L;h-cp + Oy 1], haTI:-cp (8)

where 7, is the modified tortuosity of transport paths in hardened cement pastes, 7, and 7,

are respectively the shape factors of unhydrated and fully hydrated cement particles, which can be
obtained by using the volume equivalence principle between the irregular cement particle and the
ideal circular and square (Taleb et al. 2007, Stroeven et al. 2009), for the ordinary Portland cement,

n,~1.97 and 7, =1.77 (Zuo et al. 2011), w,, is the adjustment coefficient associated with
the water-cement ratio, based on the fit of the MIP test results for the tortuosity in hardened
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cement pastes, it may be expressed by (Zuo et al. 2010)
@ = (1+7h, )% 9)
inwhich a,, is the adjustment coefficient, w, is the water-cement ratio.

2.2 Tortuosity of transport paths in mortar and concrete

Depending on the compositions and structures of mortar, it can be assumed that the mortar is a
composite embedding the circular sand particles with the average diameter D; into the cement
paste matrix, as shown in Fig. 3(a). Thus, a possible configuration, namely a representative unit
cell for modeling the transport tortuosity of mortar, is displayed in Fig. 3(b), in which the particles
are arranged in an equilateral-triangle form and the corresponding unit cell is in the dashed
rectangle.

Because the average diameter of sand particles is largely greater than that of cement particles
(Ds * D), the transport path of mortar in Fig. 3(b) may be approximately selected as A — B
—dongltace_, ., Due to the obstacle of cement particles in mortar, the effect of filling cement pastes
among the sand particles on its transport tortuosity needs to be taken into account, so in the

representative unit cell, the effective length of transport path, L. = (A_B +BC )zpand the direct
length L=AO. The tortuosity of transport paths in mortar can be drawn as

T :fe: 1+—d Tep (10)
231+ —=

DS
where 7 is the tortuosity of transport paths in mortar as the circular sand particles embedded in
the cement paste matrix, and 7., is the tortuosity of transport paths in hardened cement pastes,

determined by Eq. (8), D, and d, are the average diameter of the circular sand particles and the

average gap among the sand particles, the ratio between them can be obtained by the volumetric
faction of sand particles in the representative unit cell in Fig.3(b)

d T
s -1 11
D, \lzﬁfsa Y

where f_, is the volumetric faction of sand particles in the unit cell.

Substituting Eq. (11) into Eq. (10), the tortuosity of transport paths in mortar with the circular
sand particles can be expressed by

7 = {1+ ﬂ} 7 (12)
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Fig. 3 Configuration for the model of the tortuosity of transport paths in mortar with spherical
sand particles in hardened cement paste matrix

Due to the great differences between the ideal circular in the tortuosity model and the real
shape of sand particles, the circular sand particle, as a substitute for the irregular sand particles,
produces great influences on the tortuosity of transport paths in mortar. Therefore, the effects of
the shape of the sand particles on the tortuosity in model Eq. (12) need to be considered by the

shape factor

Tm = NaTm =T |: m

in which 7, is the tortuosity of transport paths in mortar associated with the sand particle shape,
1, s the shape factor of sand particle, which can be obtained by using the image analysis method
(Mora et al. 2000, Taleb et al. 2007), for the ordinary river sand, its average shape factor
N, ~1.1 (Zuo et al. 2010).

In order to model the tortuosity of the transport paths in concrete, regarding mortar as a matrix,
concrete is from the mortar embedded the circular stone particles with the average diameter D,
and average gap d_, which are also arranged in an equilateral-triangle form. Similar to modeling
the transport tortuosity of mortar, and considering the effect of stone shape on the tortuosity, the
tortuosity of transport paths in concrete can be expressed by

Te= Ustfr’n =T |:1+ %} Tm (14)
T

where 7, is the tortuosity of transport paths in concrete, f, is the volumetric faction of stone
particles in concrete, 7, is the shape factor of the stone particles in concrete, 7, is the transport
tortuosity in mortar, as given in Eq. (13).

With the combinations of Egs. (13) and (14), it can be obtained that

1+—(ﬂ_2)m}{1+—(ﬂ_2)\/f_ﬁ}c (15)
2«/572 2\/§7r P

Te = Nyt {
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3. Numerical result and discussion
3.1 Materials and properties

The cement used in this work was ordinary Portland cement, whose chemical compositions are
given in Table 1. The fine aggregate in mortar and concrete is a kind of river sand with the
maximum particle size being 2 mm and the apparent density 2.64g/cm?®, and its average shape
factor is 1.1. The basalt with the maximum particle size being 15 mm and the apparent density
3.0g/cm® is selected as the coarse aggregate in concrete, and the average shape factor of the basalt
particles is 1.4. The water used was potable laboratory tap water. The mix weight proportions, the
cement paste, mortar and concrete with the water-cement ratios 0.35, 0.45, 0.55 and 0.65, are listed
in Table 2. Using MIP tests, the porosity of hardened cement pastes with the water-cement ratio,
0.35, 0.45, 0.55 and 0.65 are respectively 15.58%, 20.17%, 26.38% and 35.36% (Zuo et al. 2011).

3.2 Effects of material parameters on the transport tortuosity

It can be known from the above tortuosity models of transport paths in cement-based materials
such as hardened cement pastes, mortar and concrete that, several factors, such as water-cement
ratio, volumetric fraction of mixtures, shape and size of aggregate, cement hydration degree, have
an influence on the transport tortuosity in cement-based materials. Based on the above proposed
model Egs. (8), (13) and (15), the effects of water-cement ratio, volumetric fraction of mixtures
such as cement and aggregates, shape and size of aggregate, cement hydration degree, on the
tortuosity of transport paths in hardened cement pastes, mortar and concrete are numerically
investigated, of which the mix weight proportions are listed in Table 2.

In numerical simulation and analysis, the related main parameters are summarized as follows.
the cement stack porosity: ¢, ., =0.58, the average shape factors of unhydrated and fully hydrated
cement particles: 7,=1.97 and 7,=1.77, the average shape factors of sand and stone particles:
n,=1.1 and n,=1.4, when water-cement ratio w,=0.35, the sand volume fraction in mortar: f_
=0.39, and the sand and stone volume fraction in concrete: f, = f,=0.31, the water-cement ratios:
w, = 0.35, 0.45, 0.55, 0.65, when the cement hydration time: t =30days, the hydration degree: h, =
0.785, and the porosities corresponding to water-cement ratios: ¢, ,, =15.58%, 20.17%, 26.38%,
35.36%.

—o— Hardened cement pastes|

—o— Mortar
—2— Concrete

\\(

To—

T

30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Water-cement ratios

Fig. 4 Effects of water-cement ratio on the transport tortuosity in cement-based materials
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3.2.1 Water-cement ratio

Fig. 4 presents the effects of water-cement ratio on the tortuosity of transport paths in hardened
cement paste, mortar and concrete, in which the materials are cured for 30 days, and the cement
hydration degree is 0.78. It is seen from Fig. 4 that, the transport tortuosities in cement-based
materials decrease with the increasing of water-cement ratio, and when the water-cement ratio
increases from 0.35 to 0.65, the tortuosities of transport paths in hardened cement pastes, mortar
and concrete decrease respectively from 30.7, 18.3 and 13.9 to 18.7, 11.2 and 8.5, and the
corresponding decrease ratios are basically 39%. Therefore, the water-cement ratio has an
important impact on the transport tortuosity in cement-based materials. Because of the increasing
of the water-cement ratio in cement-based materials, the capillary porosity increases and the pore
space are better connected to each other, and the pore connectivity in cement-based materials with
the low water-cement ratio 0.35 appears to be much lower than that with the high water-cement
ratio 0.65. The pore connectivity will directly shorten the transport paths and cause the decrease of
the transport tortuosity in cement-based materials (Nakarai et al. 2006). In addition, the aggregates
such as sands and stones embedded in mortar and concrete will prolong the transport paths, which
lead to the increasing of the tortuosity of mortar and concrete. The more aggregates, the larger
tortuosity. So, the tortuosities of transport paths in mortar and concrete are obviously greater than
that in hardened cement pastes, as shown in Figure 4, and this is in agreement with the
experimental results (Promentilla et al. 2007, Zuo et al. 2010).

3.2.2 Volumetric fraction of mixtures

The content of the mixtures such as cement and aggregates in cement-based materials has a
significant influence not only on its mechanical behavior like the strength and stiffness but also on
its microstructure such as the tortuosity, porosity and connectivity. In order to describe
guantitatively the effects of the mixtures on the transport tortuosity in cement-based materials, the
volume fraction of cement and aggregates in cement-based materials is selected for analyzing the
effects of mixture on the transport tortuosity, as shown in Figure 5 and 6. Figure 5 presents the
effects of the cement volume fraction on the tortuosity of transport paths in hardened cement
pastes, mortar and concrete. It can be made clear from the figure that the tortuosity of transport
paths in hardened cement pastes, mortar and concrete increases with the cement volume fraction.
When the cement volume fraction increases from 0.2 to 0.8, the transport tortuosities of hardened

—a— Hardened cement pastes
—o— Mortar
—— Concrete

1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
Volumetric fraction of cements  f__

Fig. 5 Effects of water-cement ratio on the transport tortuosity in cement-based materials
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Fig. 6 Effects of water-cement ratio on the transport tortuosity in cement-based materials

cement pastes, mortar and concrete increase from 1.7, 2.7 and 3.8 to 10.4, 11.9 and 17.2, and the
corresponding increments of tortuosity caused by the cement volume fraction are respectively 8.7,
9.2 and 13.4. Therefore, the change of the transport tortuosity in hardened cement pastes is
basically the same as that of tortuosity in mortar, but they are less than the change of the transport
tortuosity in concrete. Because the increases of cement volume fraction in cement-based materials
decrease the porosity and connectivity of the materials and prolong the effective length of
thetransport paths, the tortuosity of transport paths in cement-based materials will increase
(Bejaoui et al. 2007). In addition, the average shape factors of the river sands and the basalt
particles are respectively 1.1 and 1.4, so the sand shape has basically no obvious influence on the
transport tortuosity in mortar while the stone shape has more obvious impact on the transport
tortuosity in concrete.

Fig. 6 shows the effects of the sand volume fraction on the transport tortuosity in mortar and
concrete, in which the materials with the water-cement ratio 0.35 are cured for 30 days, and the
sand volume fraction increases from 0.15 to 0.55 in mortar and concrete. The stone volume
fraction in concrete include two cases: one is that the stone volume fraction always maintains
0.381; the other is that the total aggregate volume fraction maintains 0.7, namely the stone volume
fraction varies from 0.55 to 0.15. It can be seen from Figure 6 that, when the sand volume fraction
increases from 0.15 to 0.55, the tortuosity of transport paths in mortar increases from 17.1 to 18.9,
whereas the transport tortuosity in concrete increases from 28.7 to 31.8 on the condition that the
stone volume fraction always maintains 0.381; When the total volume fraction of the sand and
stone is constant, namely fg, + f4=0.70, the transport tortuosity in concrete maintains basically 30.0.
Similarly, the effect of the stone volume fraction on the transport tortuosity in concrete is basically
the same as that of the sand volume fraction, and here, omitted. Therefore, the transport tortuosity
in cement-based materials has an increase with the aggregate volume fraction, but the increasing
degree is relatively small.

3.2.3 Shape and size of aggregates

In cement-based materials, the effects of the aggregates on the transport tortuosity are not only
related to its volume fraction but also its shape and size (Taleb et al. 2007, Stroeven et al. 2009).
Figure 7 presents the relations between the transport tortuosity in cement-based materials and the
shape factor reflecting on the aggregate shape. It is seen from Figure 7 that, with the increasing of
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the sand shape factor from 1.0 to 4.0, the transport tortuosity in mortar increases linearly from 16.9
to 67.8, and for concrete, when the stone shape factor maintains 1.4, the transport tortuosity in
concrete increases linearly from 27.4 to 109.5, but when the shape factor of stone and sand
increases simultaneously from 1.0 to 4.0, the tortuosity of transport paths in concrete increases
from 19.8 to 317.0. In addition, Fig. 7 also shows that, when the shape factor of both sand and
stone is 1.0, namely the sand and stone are regarded as the sphere, the transport tortusoity in
hardened cement pastes, mortar and concrete are 13.9, 16.9 and 19.8 respectively, so the smaller
aggregate shape factor, the smaller differences between the transport tortuosities in hardened
cement pastes, mortar and concrete. Therefore, the aggregate shape has very important influences
on the transport tortuosity in cement-based materials, and the complicated and coarse aggregate
surface, which has a great shape factor, not only improve the interfacial behavior of cement-based
materials but also increase its transport tortuosity, thus it enhances the mechanical behavior and
durability of cement-based materials (Barksdale et al. 1991, Stroeven et al. 2000).

When the shape factor of the aggregate is regarded as a constant in cement-based materials
(here, n, =11 and 7, =1.4), and taking the diameter of sand particles as an example, the effects

of the aggregate size on the transport tortuosity in materials are shown in Fig. 8. It can be obtained
from Fig. 8 that, when the diameter of sand particles increases from 1.0 mm to 5.0 mm,

—o— Hardened cement pastes
—o— Mortar
—4— Concrete

Shape factor of stones increases
K

also from 1.0(0\4.0\

X
Shape factor of stones
is constant, ,=1.382

s
£
P
I

2
I

/¢

1

i —o—0—0—0———0—0— 00— O—O—0—0
5 1.0 15 20 25 3.0 35 4.0 45
Shape factor of sands 7,

Fig. 7 Effects of aggregate shape on the tortuosity in cement-based materials

—a— Hardened cement pastes
—o— Mortar

—&— Concrete

Volumetric fraction of aggregates is constant, f_+f, =0.70,

Volumetric fraction of stones is constant, fﬂ:O.SBl,

10 015 020 025 030 035 040 045 050 055 0.60

Volumetric fraction of sands f_

Fig. 8 Effects of sand particle diameter on the tortuosity in cement-based materials
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Fig. 9 Effects of cement hydration degree on the tortuosity in cement-based materials

the transport tortuosities in mortar and concrete increase respectively from 15.5 and 26.0 to 20.0
and 33.4. This is because, when the shape factor of the aggregates remains unchanged, the
increasing of the aggregate size will bring about the increasing of the aggregate volume fraction in
materials, which have a rise in the transport tortuosity according to the above-mentioned analytical
results. Based on numerical analysis (Zuo et al. 2010), the transport tortuosity in concrete also
increases with the stone particle diameter, and the relevant results are not repeated here. Therefore,
for an invariable particle shape factor, the tortuosity of transport paths in cement-based materials
increases with the aggregate size.

3.2.4 Cement hydration degree

Fig. 9 illustrates the effects of the cement hydration degree on the tortuosity of transport paths
in cement-based materials, in which the water-cement ratio is 0.35, and the sand volume fraction
in mortar is 0.39, and both of the sand and stone volume fractions in concrete are 0.31. It may be
made out from Figure 9 that, with the increasing of the cement hydration degree from 0.0 to 0.9,
the tortuosity of transport paths in hardened cement pastes, mortar and concrete increases from 2.4,
3.2 and 5.1 to 28.7, 37.8 and 61.0 respectively, and the increasing degrees of the transport
tortuosity become larger when the cement hydration degree is more than 0.55. This is because,
with the increasing of the cement hydration degree, the capillary porosity decreases and the pore
connectivity becomes relatively poor (Bentz et al. 2000, Beaudoin et al. 1994), it leads to the
decrease of the transport torutuosity in cement-based materials.

4. Conclusions

(1) Based on the constituents and microstructures of cement pastes, geometrical model for the
tortuosity of transport paths in hardened cement pastes is firstly proposed. Then considering the
compositions and geometric features of mortar and concrete, the cement pastes are regarded as a
matrix, and the sands and stones are respectively embedded in the cement pastes and mortar to
form mortar and concrete. On the basis, the geometric models for the tortuosity of transport paths
in mortar and concrete are finally established. The proposed models of transport tortuosity in
cement-based materials are expressed as a function of capillary porosity, cement hydration degree,
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mixture particle shape, and aggregate volume fraction and water-cement ratio.

(2) Based on the proposal tortuosity models of transport paths in cement-based materials,
numerical analysis has been carried out to investigate the effects of water-cement ratio, volume
fraction of the mixtures, shape and size of aggregates and cement hydration degree on the
tortuosity of transport paths in hardened cement pastes, mortar and concrete. Results indicate that
the transport tortuosity in cement-based materials decreases with the water-cement ratio, and
increases with the cement hydration degree, the volume fraction of mixtures, the shape factor and
diameter of the aggregates, and the water-cement ratio, cement hydration degree and cement
volume fraction related to cement pastes are the main factors influencing the transport tortuosity of
cement-based materials. The proposal models can be helpful for understanding the physical
mechanism for the tortuosity of transport paths in cement-based materials.
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