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Abstract: Permeability of concrete is regarded as a basic indicator of its durability. This paper
proposed a simple model to predict the permeability of engineered cementitious composites (ECC),
which are fiber reinforced cementitious composites with extremely high ductility and toughness. The
permeability of cement paste in ECC was firstly determined based on the general effective media
theory. The needed microstructure information of cement paste was obtained from a simulated
microstructure. Porosity of the interfacial transition zone (ITZ) was obtained with an ITZ porosity
model, and then used to calculate the permeability of ITZ. The permeability of the matrix was
determined according to the general self-consistent scheme, and the influence of fiber was simplified
with its volume fraction. The calculated permeability of ECC was verified with results from water
permeability tests and the accuracy of the model was acceptable for cement-based materials.

Keywords: engineered cementitious composites; permeability; model; porosity; paste

1. Introduction

Concrete is a brittle material and cracks easily. The micro- and macro-cracks create
easy access routes for deleterious agents, resulting in greatly compromised durability of
concrete structures [1]. The concerns with the inferior fracture toughness of concrete are
alleviated to a large extent by reinforcing it with fibers, resulting in fiber reinforced concrete
(FRC). During the last two decades, a significant effort has been made on developing
and researching a new class of FRC, the so-called engineered cementitious composites
(ECC). ECC exhibit strain-hardening behavior and high strain capacity in tension, while
maintaining very tight crack widths (typically below 100 µm) [2]. These unique behaviors
of ECC result from an elaborate design using a micro-mechanical model taking into account
the interactions among fiber, matrix and the fiber-matrix interface [3]. The unique features
of ECC make it a perfect material for repair purposes.

Permeability of concrete is one of the most important characteristics for durability [4].
Being the first line of attack against deleterious agents, it is important that the permeability
of repair material be investigated. Some experimental work [5–9] has been carried out to
study the permeability of ECC, while there is no existing model proposed to predict it yet.

Most of the present permeability models are based on the microstructure and are mainly
aimed for cement paste [10]. Christensen et al. [11] used the Katz and Thompson permeability
theory to calculate the permeability of cement paste with high capillary porosity; the result
was in good agreement with the experiment. However, for low porosity cement paste, where
permeation occurs in both capillary and gel pores, the Katz and Thompson permeability
theory is not applicable [12]. Koster [13] and Park [14] adopted Hagen–Poiseuille’s law to
determine the flow rate in a representative elementary volume of cement paste, and then
calculated permeability with Darcy’s law. They found the results were in good agreement
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with experiment results. Cui and Cahyadi [15] proposed a model to calculate permeability
of cement paste based on general effective media (GEM) theory and got close results with
experiments. To obtain permeability of concrete from that of paste, multi-scale modeling
methods are often adopted [16,17]. However, the calculations of these models are usually
complicated, and some of them require specialized software. Hashin [18] proposed a com-
posite spheres assemblage (CSA) model, which could be used to calculate the conduction of
concrete. However, the CSA model is derived based on the assumption that the thickness of
the interfacial transition zone (ITZ) is proportional to the radius of aggregate particle. This
is not realistic, and it seems rather practical to assume that the ITZ thickness is same for all
particles as Garboczi and Bentz [19] did. Based on the above considerations, Oh and Jang [20]
proposed a general self-consistent scheme (GSCS) to predict the diffusivity of concrete and
obtained good agreement with experimental results.

This paper proposed a simple model for calculating permeability of ECC. The perme-
ability of cement paste was firstly determined with GEM theory, and then used to calculate
the permeability of ECC based on the GSCS method, where most parameters were obtained
easily with the raw materials information. In addition, water permeability tests were
performed to verify the reliability of the proposed model.

2. Theoretical Analysis
2.1. Darcy’s Law

The permeation process in cement-based materials under steady state can be described
with Darcy’s law [21],

q = − κ

η
∇P (1)

where q is the rate of fluid flow (m/s), η is dynamic viscosity of the fluid (Pa·s) and P is
the pressure (Pa). κ is permeability of cement-based material (m2), which is dependent
purely on the characteristics of the material and independent on the fluid properties.
For permeation of water in cement-based materials, the intrinsic permeability κ can be
converted into saturated water permeability Kw (m/s) with

KW = κ
ρW g

η
(2)

where ρW and g represent the water density (kg/m3) and acceleration of gravity (m/s2),
respectively.

2.2. Permeability of ECC Cement Paste

According to the GEM theory [15], the cement paste can be regarded as a two-phase
composite material. One of the phases is the capillary pores with high permeability. The
other one is the low-permeability phase that consists of C-S-H gel, CH and unhydrated
particles. The permeability of cement paste κp can be calculated with

(1−ϕ)(κ1/2
l −κ1/2

p )

κ1/2
l +Aκ1/2

p
+

ϕ(κ1/2
h −κ1/2

p )

κ1/2
h +Aκ1/2

p
= 0

A = 1−ϕc
ϕc

(3)

where κh is the permeability of high-permeability phase (m2), κl is the permeability of
low-permeability phase (m2), ϕ is the capillary porosity and ϕc is the critical capillary
porosity (ϕc = 0.18 [22]).

The permeability of high-permeability phase κh can be calculated with the following equation:

κh =
1.8
226

r2
peak(1− ϕc)

2 (4)
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where rpeak is the peak radius of the capillary pores (m). The permeability of low-permeability
phase can be determined with

κl = κC−S−H

(
1− 1−VC−S−H

1−V ′c

)2
(5)

where κC-S-H is the permeability of C-S-H gel, which is 7 × 10−23 m2 according to Pow-
ers [23], VC-S-H is the volume fraction of C-S-H gel in the low-permeability phase and Vc’ is
the critical volume fraction of C-S-H gel which is taken as 0.17 [24].

Some microstructure-related parameters need to be determined in order to calculate
the permeability of cement paste with GEM theory. These parameters could be provided
by some well-developed microstructure models for cement paste [25,26]. Among all
these models, HYMOSTRUC [27], CEMHYD3D [28], µic [29] and DUCOM [30] are the
relatively mature and generally accepted models. HYMOSTRUC model was proposed in
the 1990s to simulate the hydration process and microstructure of cement paste. It is also
applicable for simulating paste containing slag, fly ash and silica fume now. Details about
HYMOSTRUC model can be found in [31,32]. The simulated microstructures were verified
with experiments and showed good consistency [33]. The microstructure of ECC paste in
this study was simulated with the HYMOSTRUC model, and then used to determine the
permeability of ECC cement paste with GEM theory.

2.3. Permeability of ECC

Sand particles in mortar are usually considered as non-permeable phase and their
permeability is normally taken as zero when modeling permeability of mortar. The presence
of sand reduces the volume fraction of permeable phases in mortar, and that is the main
reason why the permeability of mortar is usually lower than that of cement paste. The
presence of sand also increases the tortuosity of water’s transport path and consequently
reduces the permeability. However, the ITZ between the cement bulk paste and the sand
particles has much higher porosity and larger pore size than cement paste, which results
in a higher permeability in mortar. In order to predict the permeability of an ECC matrix,
the GSCS method was adopted to calculate the permeability of mortar matrix. The scheme
was discussed extensively in the literature, and it has been proven to be a simple, yet
realistic, method to be used for reasonable durability design of concrete structures [20,34].
According to the GSCS method, mortar can be regarded as a three-phase composite material
composed of bulk cement paste, spherical sand particle and ITZ. By assuming the interface
thickness is same for all sand particles and the permeability of sand particle is zero, the
permeability of matrix mortar κm can be calculated with

κm = κp

1 +
Vs

1
2(κi/κp)ε−1 + 1−Vs

3

 (6)

where vs. is the volume fraction of sand, κi is the permeability of ITZ (m2) and ε is the ratio
of the thickness of ITZ (ti) to the average radius of sand particles (rs).

The thickness and porosity of ITZ can be influenced by various factors, such as the
water to binder (w/b) ratio, aggregate features, curing age, etc. Zheng et al. [35] developed
an algorithm to simulate the three-dimensional distribution of cement particles between
aggregates in concrete. Based on his algorithm, Sun [36] proposed a porosity model of
ITZ in concrete and calculated the averaged porosity of ITZ ϕi, as shown in Figure 1. The
results were fitted in this study to build a relationship between ϕi/ϕp and ϕp as follows:

ϕi/ϕp = 1.49 + 3.35× (1.34× 10−7)
ϕp (7)
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The averaged porosity of ITZ could be easily calculated using Equation (7) with known
porosity of the bulk paste. The permeability of ITZ can then be calculated based on the
Katz-Thompson theory [37], as shown in Equation (8).

κi =
0.18
226

r2
i (ϕi − ϕc)

2 (8)

where ri is the peak radius of capillary pores in ITZ (m). The parameter ri is difficult to
determine. For a couple of simulated ϕp and rpeak, the relationship between ϕi/ϕp is taken
to calculate ri with rpeak. Sun [36] studied the porosity distribution of ITZ in concrete with
w/b ratios of 0.23, 0.35 and 0.53, respectively. It was found that within the studied range of
w/b ratio, the porosity of ITZ became stable at 20 µm from the aggregate surface and the
porosity there was almost the same with porosity of bulk cement paste. That was to say,
the thickness of ITZ was about 20 µm. Scrivener [38] pointed out that the thickness of ITZ
was between 10–30 µm for ordinary concrete. In this study, the thickness of ITZ was taken
as 20 µm.

Another parameter to be determined in Equation (6) is the average radius of sand
particles rs, which can be calculated with sieve analysis results of sand. The number of
sand particles in unit volume mortar N is firstly calculated with

N =
M−1

∑
i=1

WCi
4
3 π((di + di+1)/2)3ρ

(9)

where W is the mass of sand in unit volume mortar (kg) and ρ is the density of sand
(kg/m3), Ci is the mass fraction of sand with diameter between di (mesh size of the ith sieve)
and di+1 and M is the number of sieves. The average radius of sand particles can then be
obtained with

rs = (
3W/ρ

4πN
)

1/3
(10)

With known ti (thickness of ITZ) and rs (average radius of sand), ε can be easily
determined, and the permeability of ECC matrix can then be calculated with Equation (6).

The influences of PVA fiber on permeability are complicated and not fully understood
yet. Basically, fibers can be regarded as a special aggregate and have similar effects with
aggregates on transport property of cement-based materials. On the other hand, fiber
can effectively inhibit the initiation and propagation of microcracks in the matrix, which
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could result in lower permeability. Overall, the addition of PVA fiber slightly reduces the
permeability of mortar, and its influence can be expressed with

κECC = κm(1−V f ) (11)

where Vf is the volume fraction of PVA fiber.

3. Experimental Program
3.1. Materials and Mix Proportions

Mixture proportions of the tested ECC and its matrix mortar are given in Table 1. The
proportions for ECC were adopted from preliminary work [9]. The volume fraction of
polyvinyl alcohol (PVA) fibers for ECC was 2%, which was a typical dosage of fiber for
preparing ECC to satisfy the condition of pseudo strain-hardening and exhibiting high
strain capacity after first cracking [2]. The PVA fibers were purchased from KuraRay
Company, Japan. According to the supplier, the PVA fibers had a density of 13 kg/m3,
with a length of 8 mm and a diameter of 40 µm. The tensile strength of PVA fibers was
1560 MPa, and the elastic modulus was 40 GPa. Natural sand with a maximum grain size
of 1.19 mm and a density of 2650 kg/m3 was used as fine aggregate. The sieve analysis
results of sand are shown in Table 2.

Table 1. Mixture proportions of ECC and mortar (kg/m3).

Ingredient ECC Mortar

Cement, ASTM Type I 385 385
Fly ash, Class C 770 770

Silica fume 77 77
Natural sand, maximum size of 1.19

mm 462 462

Water 333 333
Superplasticizer 2 1.7

PVA fiber 26 0

Table 2. Sieve analysis result of sand.

Mesh Size (mm) 1.18 0.6 0.3 0.15

Percentage of sieve residue (%) - 43.73 48.18 7.89

Three specimens were tested for uniaxial tensile performance. The shape and size of
the specimens were shown in Figure 2. A closed-loop controlled Instron testing system
(Instron, Norwood, MA, USA) was used in displacement-controlled mode to conduct the
tensile test at a loading rate of 0.002 mm/s. ECC specimens in this study exhibited an elasto-
plastic behavior with minor strain-hardening and a tensile strength of 4.43 MPa at 28 days,
while the mortar specimens depicted a brittle response with a low tensile strength of about
1.83 MPa. After the first cracking in ECC, the load continued to increase concurrently with
multiple cracking, which contributed to the inelastic strain capacity as high as 3.89%. The
crack opening measured after unloading was between 40–80 µm, and the crack spacing
was about 2 mm.
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Figure 2. Illustration of specimen for uniaxial tensile test.

3.2. Water Permeability Test Method

The water permeability test setups were adapted from Bhargava and Banthia [39],
which were originally developed at University of British Columbia, Vancouver, Cananda.
Cylindrical specimens (102 mm in diameter and 204 mm long) were cast with a hollow
cylindrical core which was 73 mm in diameter. A schematic representation of the apparatus
designed for carrying out water permeability tests is shown in Figure 3. The water perme-
ability coefficients of specimens at three different ages (7 d, 28 d and 90 d) were determined.
The specimens were cured in tap water at 20 ◦C until 24 h before the permeability test.
After being taken out from water, the specimens were dried in the lab for approximately 8 h
and then glued with O-rings to both ends to avoid water leakage during the permeability
test. In order to measure the permeability under a steady state, the specimens needed
to achieve a water saturated state before any data were recorded. The preconditioning
methods could influence the saturation degree of the specimens [40], and the time needed
to achieve steady-state water flow varies consequently. Typically, it took approximately
1 h after the start of the test to achieve the condition of full flow equilibrium. More details
about the preparation work can be found in [39]. After some preliminary tests, a constant
inflow water pressure of 50 psi (0.35 MPa) was adopted for permeability tests in this study.
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The mass of the water permeated through the cell was collected in collection reservoir
and was measured as a function of time. The water permeability coefficient KW was then
calculated with an equation [41] derived from Darcy’s law:

KW =
Q · ln(r2/r1)

2πh · ∆H
(12)

where Q equals the rate of water flow (m3/s); r1 and r2 are the inner radius and outer radius
of the specimen (m); h equals the height of the specimen (m); and ∆H is the difference in
hydraulic head between the inner and the outer sides of the specimen (m). Three specimens
were tested to get an averaged water permeability coefficient.

4. Results and Discussion
4.1. Calculation of κp

The microstructures of ECC paste at three different ages (7 d, 28 d and 90 d) were
simulated with the HYMOSTRUC model, the information needed for determining κh, κl
and the calculated permeability of paste are shown in Table 3. As the volume of C-S-H gel
increases with curing age, the porosity and pore size of the paste decreases, resulting in a
much lower permeability.

Table 3. Calculated permeability of ECC paste.

Age (d) ϕp (%) rpeak (nm) VC-S-H (%) κp (m2)

7 28.7 140 31.2 1.80 × 10−18

28 21.1 77 40.7 4.85 × 10−20

90 15.8 42 61.0 7.83 × 10−22

4.2. Calculation of κECC

The permeability of the ECC matrix κm was calculated with a general self-consistent
scheme. The volume fraction of sand Vs = 17.57% was determined based on the mixture
proportions. According to Equation (6), the parameter to be determined to calculate κm
was ε, which was the ratio of the thickness of ITZ ti (20 µm) to the average radius of sand
particles rs. rs was calculated with Equations (9) and (10) using sieve analysis result of sand
shown in Table 2 and the result of rs = 0.43 mm was obtained.

The permeability of ITZ κi was calculated with Equation (8). Substituting the results
of κp, κi and ε into Equation (6), the permeability of ECC matrix κm can be determined, and
then used to calculate the permeability of ECC κECC with Equation (11). The calculated
results of κECC at three different ages are shown in Table 4.

Table 4. Calculated permeability of ECC.

Age (d) ϕi/ϕp ϕi (%) ri (nm) κi (m2) κm (m2) κECC (m2)

7 1.53 43.8 214 2.44 × 10−16 2.68 × 10−18 2.63 × 10−18

28 1.61 33.8 123 8.15 × 10−17 7.88 × 10−20 7.72 × 10−20

90 1.76 27.9 74 2.91 × 10−17 1.28 × 10−21 1.26 × 10−21

4.3. Results of Water Permeability Tests

With determined permeability, the water permeability coefficient of ECC can be
calculated with Equation (2). Water permeability tests of ECC and its matrix mortar were
performed to verify the accuracy of the calculated permeability and the results are shown
in Table 5. The experimental results showed that the water permeability coefficients of
both the matrix mortar and ECC decreased over time, especially at an early age. This
was because permeability was highly sensitive to the microstructure of the material [42].
Factors that influence the microstructure would show certain impact on the measured
permeability [43,44]. In this study, it was mostly the continuous hydration of the matrix
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that caused the decrease of permeability over time. Besides, the water permeability of ECC
was slightly lower than the matrix mortar, but the difference was negligible. This was in
accordance with the results from earlier study [45].

Table 5. Water permeability coefficients of ECC and its matrix mortar.

Age (d)
Matrix ECC

Km (m/s) Ktest
m (m/s) 1 Deviation (%) KECC (m/s) Ktest

ECC (m/s) 2 Deviation (%)

7 2.62 × 10−11 2.15 × 10−11 21.9 2.57 × 10−11 2.03 × 10−11 26.6
28 7.72 × 10−13 8.78 × 10−13 12.7 7.56 × 10−13 8.39 × 10−13 9.8
90 1.26 × 10−14 1.72 × 10−14 27.1 1.23 × 10−14 1.48 × 10−14 16.9
1 Ktest

m is the measured water permeability coefficient of matrix mortar. 2 Ktest
ECC is the measured water permeability coefficient of ECC.

The deviation between the calculated and measured water permeability coefficients
are up to 27.1%. It is generally agreed that a deviation of up to 30% is acceptable for
cementitious materials [46]. Therefore, the proposed model for permeability of ECC is
basically reliable.

The influences of fibers on permeability of concrete are complicated. It depends on the
fiber types, fiber content, constituents of concrete matrix and their resulting microstructure,
and more importantly, service conditions of the concrete. It is generally agreed that fibers
would greatly improve the permeability of loaded concrete due to their superior ability
of inhibiting cracking. For unloaded specimens, the ITZ between fibers and cement paste
could accelerate the water transport, and the effect depends on the microstructure of the
matrix. On the other hand, fiber can effectively inhibit the initiation and propagation of
microcracks in the matrix, which could result in lower permeability. Moreover, the presence
of fibers reduces the volume fraction of cement paste, which results in lower permeability
as well. The apparent influence of fiber on permeability is the integrated results of the
factors mentioned above. Overall, based on the results from the literature [5,47], fiber
reinforced concrete has similar or slightly lower permeability compared with plain concrete
for unloaded specimens. Therefore, the effect of fibers on permeability was simplified with
a parameter of (1−Vf). The influences of fibers on permeability of concrete need further
study and the proposed model will be improved in future work.

5. Conclusions

A simple model for the prediction of permeability of ECC was proposed and discussed
in this paper. The microstructure of ECC paste was simulated with the HYMOSTRUC
model, and then used to determine the permeability of ECC paste with GEM theory. The
permeability of the ECC matrix was then calculated with the GSCS method. The porosity
and permeability of ITZ were first determined, and other parameters in the scheme were
calculated based on the information of mix proportions. The permeability of ECC was
calculated and the influence of PVA fibers was considered with its volume fraction.

Water permeability tests were performed to verify the reliability of the proposed model.
The test results demonstrated that the addition of PVA fibers could slightly decrease the
water permeability coefficient of ECC. The deviation between the calculated and measured
water permeability coefficients was up to 27.1%, which is reasonable for cement-based
materials. Overall, the proposed model can be used for predicting permeability of ECC
and provide reliable results.
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