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a b s t r a c t

Engineered Cementitious Composites (ECC) forms multiple micro-cracks under tension when loaded to
beyond the elastic stage. Unlike normal concrete, such tight cracks help to maintain low water perme-
ability even in the cracked stage. Therefore ECC shows great potential for application in hydraulic
structures, such as dams and levees for which water seepage control is critical for their performance. In
this paper, the permeability of ECC under constant tensile load was experimentally studied using a
specially designed displacement-control loading device, providing permeability data for ECC under
realistic loading conditions. In addition, an analytical model capable of predicting permeability property
of ECC composite based on tensile strain and crack patterns has been proposed and experimentally
verified on two different ECC mixtures. The findings of this research are expected to support future
design and application of ECC for hydraulic structures.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Seepage in concrete dams poses a great threat to the safety of
the structures. Approximately one third of all dam failures are
caused by seepage problem [1]. Severe seepage results in loss of
water in the reservoir, and is also responsible for water infiltration
into the dam that may lead to freeze-thaw and frost-heaving
damage in cold regions. More importantly, the structure may lose
stability when such damage happens within the dam or dam
foundation [2]. One example for dam failure caused by seepage
problem is the collapse of Idbar Dam in Yugoslavia in 1960. Water
seepage resulted in piping and erosion of the dam foundation,
which then led to the collapse of the dam during its first filling [3].

In addition to dams, seepage control is also critical to other
hydraulic structures such as levees, spillways and sluices. Severe
seepage increases the risk of structural failure by reducing the
effective stresses exerted on the foundation of these structures that
may result in a loss of support stability. Additionally, excessive pore
water within concrete material may also result in piping and
internal erosion, leading to damage of the structure. For example,
the spillway collapse of a reservoir in Qinghai Province, China in
2005 is due to the seepage between the dam and spillway, which
resulted in internal erosion of the foundation [4]. Therefore,
seepage needs to be carefully controlled to ensure the safety and
durability of these hydraulic structures.

Current seepage control methods include applying waterproof
concrete panels/curtain grouting (with low water permeability) on
the upstream side of the hydraulic structure, or installing drain
pipes/drain holes on the downstream side. Among these, water-
proofing concrete panels is considered one of the most effective
and most commonly used methods nowadays [5,6]. However, the
effectiveness of this method depends critically on the performance
of the waterproofing concrete material which tends to form large
cracks under structural and/or environmental loads [7,8]. As an
example, Fig. 1 shows cracks formed on the upstream concrete
surface of the Los Angeles Dam. Such large cracks increase the
water permeability of the concrete panels under hydraulic pressure
and reduce the effectiveness of the seepage control. In order to
ensure desirable dam performance, the cracking of the concrete
panels needs to be carefully controlled.

Extensive studies have been conducted to establish the corre-
lation between the permeability and cracking condition of cement-
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based materials. Picandet et al. [10] reported that the major part of
water flow through a water containing structure is conveyed by
cracks. Wang et al. [11] found that the permeability increases
slowly from uncracked condition up to crack opening of 50 mm,
followed by a sharp increase of the permeability as crack width
increases from 50 mm to 200 mm. Wang et al. and Tsukamoto [12]
pointed out that the water permeability of concrete scales with
the 3rd power of crack width when the crack width is larger than
50 mm. Shah and co-workers [13e15] also observed similar trend
for cracked normal strength concrete (NSC) and high strength
concrete (HSC). Based on these studies, crack width less than
200 mm, and preferably less than 50 mm, is desirable formaintaining
low water permeability in hydraulic concrete structures.

Engineered Cementitious Composites (ECC), a high performance
fiber reinforced cementitious composites (HPFRCC) with controlled
tight crack widths, is a promising alternative to concrete for the
upstream waterproof application in hydraulic structures. Unlike
normal concrete, ECC shows strain-hardening behavior with high
ductility under tension and bending. The tensile strain capacity of
ECC ranges from 2 to 5%, which is about 200e500 times larger than
that of normal concrete or conventional fiber reinforced concrete
(FRC) [16e19]. More importantly, the high tensile ductility of ECC is
achieved by formingmultiple tightmicro-cracks (typically less than
100 mm wide) instead of localized large cracks, allowing the ma-
terial to accommodate large deformation (caused by mechanical,
environmental loads, or uneven settlement) while maintaining low
water permeability at the same time. Therefore, using ECC as up-
streamwaterproofing material for dams seems a plausible solution
to enhance the performance of seepage control [20].

Crack width development, water permeability and durability
characteristics of ECC have been reviewed by van Zijl et al. [21]. The
water permeability of cracked ECC has been first studied by Lepech
and Li [20]. In their study, it was observed that the micro-cracks
formed within ECC specimens under uniaxial tensile load were
approximately 60 mm in width on average. Such tight crack width
allows ECC to maintain low permeability similar to that of un-
cracked concrete or mortar even under high tensile strain. How-
ever, the previous experiments on permeability of ECC were
conducted after unloading the specimen and the crack width used
in that study was residual crack width instead of crack width under
loading. In reality, the crack width of ECC under tension is generally
larger (by about 15% [22]) than the residual crack width. Therefore,
in the previous research, the measured permeability was not
directly correlated to a specific loading condition. In order to make
better correlations between the real service condition and water
Fig. 1. Large cracks formed on the upstream side concrete of the Los Angeles Dam [9].
permeability and to obtain more conservative permeability data, it
is necessary to investigate the permeability of ECC while the ma-
terial is tension loaded.

In addition to measuring the permeability under load, it is also
important to develop a reliable model for predicting and under-
standing the permeability property of ECC. In general, under a given
tensile strain, ECC exhibits multiple cracking of varying crack
widths. Previous studies (e.g. Ref. [20]) typically correlate perme-
ability with the average crack width. However, given the non-linear
relationship between permeability and crackwidth, this correlation
may produce unconservative results. A permeability model that
accounts for crack width distribution of ECC under a given tensile
load or strain is needed.

In the present work, the permeability of ECC under tension was
studied experimentally and analytically. The permeability behavior
of two ECC mixtures under tensile load was experimentally
measured using a specially designed displacement-controlled
loading device. Permeability behavior of a single crack at various
crack widths was also studied. Based on the crack pattern and
single crack permeability behavior, an analytical model capable of
predicting permeability of ECC at a given strain level has been
derived and experimentally verified. The research findings docu-
mented in this paper are expected to support future design and
application of ECC in hydraulic structures.

2. Experimental investigation

2.1. Materials

Two ECC mixtures were used for this experimental investiga-
tion. One is a normal ECC (denoted as N-ECC) as found in previous
research [23], and the other one is a ECC mixture developed
incorporating crumb rubber (CR-ECC). Both ECC mixtures consist of
Type I Portland cement, fine silica sand, class F fly ash, water, high
range water reducing agent (HRWRA), and poly-vinyl-alcohol
(PVA) fibers. In addition to the above ingredients, CR-ECC also
used crumb rubber to replace part of the silica sand. The detailed
mix proportions of the two ECC mixtures are shown in Table 1. The
properties of PVA fiber used in this study are listed in Table 2.
Previous studies [24] suggest that ECC with crumb rubber tends to
show more saturated multiple-cracking behavior with significantly
tighter cracks than normal ECC. Since permeability is very sensitive
to crack pattern, particularly crack width, using these two distinct
ECC mixtures offer the opportunity to study the effect of different
crack patterns on ECC permeability. The experimental results for
these two mixtures can also be used to demonstrate the wide
applicability of the proposed analytical model (Section 3.3).

The preparation of the ECC mixes follows a typical ECC mixing
procedure [25]. After mixing, the fresh mixtures were cast into
dogbone-shaped specimens. 31 and 34 specimens were prepared
using N-ECC and CR-ECC mixtures, respectively. The detailed di-
mensions of the dogbone specimen are shown in Fig. 2. All speci-
mens were covered with a plastic sheet for 24 h until demolding.
Specimens for permeability characterization should be in the
saturated condition, otherwise capillary absorption could signifi-
cantly affect the water flow [26,27]. Therefore all specimens were
immersed in water at a room temperature of 23 ± 3 �C after
demolding until the age of 28 days to guarantee that they were
saturated at the time when permeability tests commenced.

2.2. Experimental procedures

2.2.1. Composite tensile characterization
Uniaxial tensile tests were conducted on a set of 4 dogbone

specimens (for eachmixture) to characterize the tensile behavior of



Table 1
Mix proportions of N-ECC and CR-ECC (kg/m3).

Material Cement Sand Fly ash Crumb rubber Water HRWRA Fibera

N-ECC 393 457 865 0 311 5 26
CR-ECC 393 343 865 53 311 5 26

a PVA fiber content is 2% by volume.

Table 2
Properties of PVA fiber.

Length (mm) Diameter (mm) Elongation (%) Density (kg/m3) Young’s modulus (GPa) Nominal strength (MPa)

12 39 6 1300 42.8 1600
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the ECC mixtures. The tensile tests were conducted under a
displacement control at 0.5 mm/min as recommended by the Japan
Society of Civil Engineers (JSCE) for direct tension testing of high
performance fiber reinforced cementitious composite [28]. Two
linear variable displacement transducers (LVDTs) were attached
diametrically opposite to each other on each dogbone specimen
(with gage length of approximately 80 mm) to measure the spec-
imen extension. The measured tensile property was used to
determine the loading conditions for permeability determination
in Section 2.2.2.
2.2.2. Permeability of ECC composite under tension
To investigate the permeability behavior of ECC under realistic

loading conditions, dogbone specimens were uniaxially tensioned
and kept at prescribed tensile strain levels for permeability test.
Depending on their tensile strain capacity, N-ECC specimens were
strained to and tested for permeability at tensile strains of 0%, 0.5%,
1.0%, 1.5%, 1.8%, and 2.0%; CR-ECC specimens were loaded to and
tested at strains of 0%, 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%.Three speci-
mens of each mixture were tested for each prescribed strain level.

A specially designed displacement-controlled loading device
was used to tension the dogbone specimens to ensure that the
prescribed strain can be kept constant during later permeability
test. The loading device is mainly composed of two wedges and
screws, as shown in Fig. 3. The two wedges are almost identical
except for the screw holes. In Fig. 3, the screw holes in the left
wedge are smooth holes with diameters slightly larger than that of
the screws. These holes have no restraint on the movement of the
screws in the longitudinal direction. In contrast, the right wedge
has threaded screw holes, fixing the screws on the right end. In
addition, there are two nuts distributed on each side to retain the
screws.

The above-mentioned loading device was firstly connected to a
tensile testing frame with fixed-free end grip configuration to
tension the specimens, in accordance with the recommendation by
60

330

85 8040

12
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Fig. 2. Dimensions of the dogbone specimen for uniaxial tension test and permeability
testing (unit: mm).
van Zijl et al. [29]. As shown in Fig. 4, the wedge with smooth holes
was connected to the top crosshead of the testing frame, which
moved upwards at a displacement rate of 0.5 mm/min during the
test, while the other wedge with threaded holes was fixed to the
bottom grip of the machine and did not move during the test. Two
LVDTs were mounted on each side of the specimen to measure the
average displacement. This part of the test procedure is the same as
the regular uniaxial tensile test procedure described in 2.2.1. When
the strain of the specimen (monitored using the LVDTs) reached the
designated value, the two nuts adjacent to the top wedge were
immediately fastened against the edge of the wedge to restrain the
specimen from relaxing and the test frame loading was aborted.
Then, the wedge-loading device and the specimen were taken off
the loading frame and the crack pattern (crack number and crack
widths) of the specimen was observed using a microscope with a
resolution of 10 mm. Such resolution is required for crack width
measurements based on previous studies [29]. By following such a
loading procedure, the specimens were kept at the designated
strain level without unloading or closing of the cracks during
permeability testing.

A falling head permeability setup adopted from the literature
[13] was then added to the above assemblage, allowing testing the
permeability of the specimen while it is still loaded. The perme-
ability test setup is shown in Fig. 5. The dogbone specimen
(together with the loading wedges) was placed horizontally and
two plexiglas water tanks were placed above and under the spec-
imen. Rubber seals were inserted between the plexiglas water
tanks and the specimen, and four thread bars were used to clamp
them in place and ensure the water-tightness. Meanwhile, the
lateral sides of the specimens were coated with epoxy to enforce a
one-dimensional water flow. To eliminate any leakage, all joints
were sealed with plumber’s putty. A standpipewasmounted on the
top water tank, which was used to fill the water tanks before the
test and monitor the water head drop during the permeability test.

The permeability coefficient k of the ECC specimens can be
determined by Darcy’s law using the recorded water head data and
Equation (1):

k ¼ a$L
A$tf

ln

 
h0
hf

!
(1)

where k denotes the permeability coefficient in m/s, a is the cross-
Wedges 

Screws 

Threaded 
holes

Nuts 

Specimen 

Smooth holes 

Fig. 3. Displacement-controlled loading device.



Fig. 4. Uniaxial tensile test setup.
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sectional area of the standpipe (69.4 mm2); L is the thickness of the
specimen (12.7 mm); h0 and hf are the initial and final water head
in meters, respectively; A is the cross-sectional area of the spec-
imen subjected to water flow (2400 mm2); and tf is the test
duration in seconds.

For this test, the water head was monitored and recorded
starting at 2 h after filling the water tank. There are two consid-
erations for choosing this measurement start time. The first one is
associated with the self-healing phenomenon of ECC material.
Extensive researches [30e35] have shown that ECC is able to heal
the cracks by forming cement hydration products within the cracks
in the presence of water. According to the references, self-healing
could occur within 24 h, which significantly reduces the perme-
ability of cracked ECC. However, in the present study, the effect of
self-healing is deliberately excluded so that the permeability can be
directly and distinctly correlated to the tensile strain via the
measured crack pattern. To minimize the effect of self-healing, the
permeability test should be conducted as soon as the specimen
makes contact with water. However, in order for the Darcy’s Law to
be valid and to obtain meaningful result, a steady-state water flow
needs to be achieved when taking the measurements. Trial
Fig. 5. Falling head permeability test setup.
permeability tests using ethanol (to suppress the self-healing
phenomenon) indicate that the flow reached steady state after
about 1e1.5 h. Therefore, all the permeability measurements were
taken at 2 h after first filling the water tank to obtain steady-state
water permeability data and to minimize the influence of self-
healing.

2.2.3. Permeability test on specimen with single crack
To more directly correlate the permeability and crack width, the

permeability test was also conducted on single crack specimens.
The dogbone specimens were pre-notched (Fig. 6) in the middle to
suppress the multiple cracking behavior and allow only one crack
to form under tension, following the procedure suggested by Paegle
and Fischer [36]. The notches are 0.5 mmwide and 5 mm deep on
both sides of the specimen. In order to better control the crack
width, a single crack was formed by twisting nuts on both side
simultaneously instead of using the closed loop test system. Based
on the maximum crack width observed during the uniaxial tensile
test, these notched specimens were deformed to yield different
single-crack widths ranging from 30 mm up to 100 mm for N-ECC
and up to 70 mm for CR-ECC. The single crack formed on the surface
in the notch region is shown in Fig. 6. It should be noted that
although only a single crack was observed here, it is typically
virtually impossible to cause a single crack for strain-hardening
cement-based materials (such as ECC) and more than a single
crack may be formed in the interior of the specimen. Three single
crack specimens were tested for each crack width and each
mixture.

3. Experimental results and discussion

3.1. Composite behavior

3.1.1. Tensile behavior
The measured stress-strain relationships of N-ECC and CR-ECC

at 28 day are shown in Fig. 7. It is obvious that both materials
achieve strain-hardening behavior with significant multiple
cracking under uniaxial tensile test. N-ECC exhibits an average
tensile strain capacity around 2%, and CR-ECC exhibits higher ten-
sile strain capacity with an average of 3.5%. The tensile strength of
the N-ECC and the CR-ECC is 5.3 MPa and 4.1 MPa, respectively.
Such mechanical performance is considered adequate for applica-
tion in hydraulic structures.

3.1.2. Crack pattern
The crack pattern of the specimens was determined based on

cracks that cross a central horizontal line drawn on the specimen
(Fig. 8). Crack width in multiples of 10 mm was measured using a
portable microscope. The observed crack patterns, including crack
number and average crack width, of N-ECC and CR-ECC at various
tensile strains are shown in Table 3. As can be seen, for N-ECC and
CR-ECC, both the crack width and crack number increase at the
initial loading stage up to 1% strain. After this, the crack widths
show little increase and the increasing strain is mainly derived from
the increase in crack number. Themultiple cracking behavior of ECC
material with self-controlled crack width is very different from that
of normal concrete, which forms only one localized crack under
tension and the crack width increases indefinitely unless restrained
by steel reinforcement. Formation of multiple fine cracks instead of
localized large crack is expected to help ECC maintain low
permeability even in the cracked stage.

It is also observed that the average crack width of CR-ECC is only
about half of that of N-ECC. Since the tensile strain can be roughly
estimated as the product of average crack width and crack number,
larger crack number is therefore observed in CR-ECC specimens



Fig. 6. Specimen for single crack permeability testing.
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Fig. 7. Tensile stress-strain curves of (a) N-ECC and (b) CR-ECC.
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than in N-ECC specimens under the same strain level. The two
distinct crack patterns will also lead to different permeability be-
haviors of N-ECC and CR-ECC, which will be further discussed in
Section 3.1.3.

As mentioned above, the product of average crack width and
crack number can be used to roughly estimate the imposed strain.
Based on experimental observation, the imposed strain was 20%e
30% larger than the calculated values for both materials. By
observing the crack pattern and the distance between the two
loading-wedges before and after taking them from the testing
frame, the specially designated loading devicewas demonstrated to
effectively maintain the tensile strain in the specimen. With the
possibility of strain release eliminated, the following reasons may
contribute to the above-mentioned discrepancy.

First of all, the precision of crack detection is limited by the
resolution of the portable microscope with a resolution of 10 mm.
Cracks with width below 10 mm therefore cannot be observed
accurately. The limitation of the microscope resolution may
contribute to the smaller strain values calculated from the observed
crack patterns, especially for that of CR-ECC whose crack width is
mainly distributed below 20 mm. In order to obtain more accurate
result, high resolution cameras and standard commercial digital
image software recommended in the references [29,37] may be
used in future studies. Even though the tight cracks with width
below 10 mm cannot be captured in this study, the permeability
results of ECC composites are not expected to be significantly
affected by those cracks. The permeability of cracked ECC com-
posites is mainly dominated by larger cracks (>30 mm).

Another reason that might have contributed to the discrepancy
between measured and calculated imposed strain might be asso-
ciated with the crack width variation along the cracks. The
assumption of a constant width along the crack is only an
approximation at best. Recording only the crack width crossing the
horizontal lines drawn on the specimen surface may not accurately
reflect the actual crack pattern. This can be improved to some
extent with more measurement points along the cracks. In addi-
tion, only surface crack was monitored in this research. The crack
Fig. 8. Crack patterns of an N-ECC specimen at 1% strain.



Table 3
Crack pattern of N-ECC and CR-ECC under various imposed strains.

Strain (%) Avg. crack width (mm) Avg. no. of cracks

N-ECC
0 0 0
0.5 33 8
1.0 48 13
1.5 53 18
1.8 54 20
2.0 55 24
CR-ECC
0 0 0
0.5 25 11
1.0 28 22
1.5 29 32
2.0 33 36
2.5 32 48
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patterns in the interior of the specimen may be different from that
on the surface. X-ray computed microtomography (mCT) [38] may
be used in the future for better observations.

The typical observed crack width distribution for each material
at their highest investigated strain level and corresponding best-
fitting lognormal distribution curves are plotted in Fig. 9. By us-
ing the best-fitting curves, the crack patterns can be mathemati-
cally expressed using the probability density function (PDF) of the
fitted lognormal distribution curve. This PDF will be used in later
analytical analysis in Section 3.3. Since the crack widths were
observed using a microscope with a resolution of 10 mm, it is only
meaningful when the crack widths are in multiples of 10 mm.
However, the PDF used in this study is a continuous function of
crack width for simplicity of the analytical investigation. Similarly,
the best-fitting lognormal distribution curves of crack width at
other strain levels are summarized and plotted in Fig. 10. From
Figs. 9 and 10, it is apparent that the crack patterns are very
different between these two materials. As mentioned above, the
crack widths of N-ECC are greater than that of CR-ECC at all strain
levels while the crack numbers show an opposite trend. The log-
normal distribution of crack width in ECC has also been observed
by Wang et al. [39] and Ranade et al. [37].

The PDF of the fitted lognormal distribution can be expressed as:

pðd; εÞ ¼ 1
ds

ffiffiffiffiffiffi
2p

p e
�ðlnd�mÞ2

2s2 (2)

m ¼ ln
m2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s2 þm2
p ; s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln
�
s2

m2 þ 1
�s

(3)

where p (d,ε) is the probability of crack width d at given tensile
strain ε. s and m are two parameters in the PDF, and can be calcu-
lated using Equation (3). m and s are the mean and standard de-
viation of the crack width (based on the fitted PDF), which are also
functions of tensile strain ε.

Them and s for N-ECC and CR-ECC are plotted against the tensile
strain in Fig. 11. These two lognormal distribution parameters can
be represented by 3rd power polynomial functions of the tensile
strain (ε) (Equation (4)).

m ¼ A3ε
3 þ A2ε

2 þ A1εþ A0; s ¼ B3ε
3 þ B2ε

2 þ B1εþ B0 (4)

where Ai and Bi (i¼ 0,1,2,3) are constant coefficients determined by
3rd-power polynomial regression analysis. The regression equa-
tions are also presented in Fig. 11. Using Equations (2)e(4), the
crack pattern for each ECCmaterial is uniquely described for a given
imposed strain.
3.1.3. Permeability behavior
The measured composite permeability coefficients of the two

mixtures are plotted in Fig. 12 against the tensile strain. There is a
clear trend of increasing permeability with increasing tensile strain
for both mixtures. The permeability coefficient of N-ECC rises from
1.25 � 10�10 m/s (at 0% strain) to 2.10 � 10�7 m/s (at 2% strain).
With regard to CR-ECC, the permeability coefficient increases from
2.08 � 10�10 m/s (at 0% strain) to 1.11 � 10�7 m/s (at 2.5% strain).
The permeability of CR-ECC increases at a notably slower rate than
that of N-ECC. In addition to the lower increasing rate, CR-ECC also
shows lower average permeability compared to regular ECC at all
strain levels.

The permeability performance of N-ECC and CR-ECC is closely
associated with their crack patterns and especially, crack widths. In
theory, the permeability of cracked material increases cubically
with increasing crack width and linearly with increasing crack
number [12,40,41]. Therefore, even though the crack number of CR-
ECC is much higher than N-ECC, the permeability of CR-ECC is still
kept lower due to its much tighter crack width. It should also be
noted that despite a relatively stable average crack width under
high strain levels, the standard deviations increase notably for both



Fig. 10. Representative lognormal crack width distributions for (a) N-ECC and (b) CR-
ECC, at different imposed strain values.
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materials, resulting in a greater variation in the permeability
properties at higher strain levels.
3.2. Single-crack behavior

To better correlate the permeability of cracked ECC with crack
width, the permeability test was also conducted on notched dog-
bone specimens with only one crack. Based on previously observed
maximum crack width, the notched N-ECC specimens were
deformed to yield single cracks of 30 mm, 60 mm, 80 mm, and 100 mm
wide; and notched CR-ECC specimens were tensioned to form
single cracks of 30 mm, 50 mm, and 70 mm wide.

The measured single crack permeability coefficients for N-ECC
and CR-ECC as functions of crack width are plotted in Fig. 13. For
both mixtures, the permeability increases slowly when the crack
width is less than 50 mm and then increases rapidly when cracks
become wider. The two sets of measured data are fitted to a single
cubic function via regression analysis. The fitted curve (solid line)
and corresponding equation are also presented in Fig. 13. Theo-
retically, the constant term of the 3rd order polynomial should be
the permeability coefficient of uncracked ECC (k0). However, the
value (2.35 � 10�10 m/s) presented here was obtained via
regression analysis based on the measured data for the two ma-
terials, which is quite comparable with the measured data for un-
cracked N-ECC and CR-ECC as mentioned above. Using this
regression equation, the additional permeability induced by a sin-
gle crack with given crack width can be calculated asDkðdÞ ¼ kðdÞ �
k0 (where k0 is the permeability coefficient of uncracked ECC),
which will be used later in Section 3.3 for predicting composite
level permeability behavior. While the data in Fig. 13 were derived
from two different ECCs, the resulting k(d) is considered to be in-
dependent of the type of ECC. It captures essentially a channel flow
phenomenon within the crack walls of ECC.
3.3. Analytical investigation

Now that the crack patterns (p(d,ε)) and single crack perme-
ability behaviors (Dk (d)) of ECC are fully understood, it is possible
to derive an analytical model to predict the composite permeability
response for any ECC material with a given crack width
distribution.

According to the principle of equivalent seepage resistance [41],
the permeability of ECC k(ε) at a given strain ε is equal to the sum of
permeability of uncracked ECC (k0) and the changes in permeability
caused by cracking (Dk(ε)):

kðεÞ ¼ k0 þ DkcðεcÞ (5)

The crack-induced permeability changes are further expressed
as the sum of changes due to individual cracks. Suppose there are a
total of n(ε) cracks formed at a given tensile strain ε and the number
of cracks with crack width di is ni(ε). Equation (5) then becomes:
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Fig. 12. Measured coefficient of permeability for (a) N-ECC and (b) CR-ECC at various
strain levels.
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kðεÞ ¼ k0 þ
X
i

niðεÞDkiðdiÞ (6)
Considering the total number of cracks at a given strain ε is n(ε),
then piðεÞ ¼ niðεÞ

nðεÞ represents the probability of a random crack with a
crack width of di. If a continuous PDF for crack width distribution
(Equation (2)) is used, then piðεÞ ¼ pðdi; εÞdd and the sum becomes
an integral, which means:

X
i

niðεÞDkðdiÞ ¼ nðεÞ
Z∞
0

pðd; εÞDkðdÞdd (7)

Then the permeability of the composite can be expressed as
follow:

kðεÞ ¼ k0 þ nðεÞ
Z∞
0

pðd; εÞDkðdÞdd (8)

In Equation (8), the total crack number n(ε) at a given strain ε can
be estimated using the cracking-induced tensile displacement
(caused by cracking strain ε) divided by the expected average crack
width. The cracking-induced tensile displacement equals εcL ,
where L is the gage length. Note that the total tensile strain ε equals
the sum of elastic strain εe and cracking strain ε, i.e. ε¼ εeþ εc. Since
εe is much smaller than εc, therefore εczε. In addition, the expected
average crack width is given by davg ¼ R∞0 pðd; εÞddd . Hence, the
total crack number n(ε) is estimated to be:

nðεÞ ¼ εLZ ∞

0
pðd; εÞddd

(9)

Then Equation (8) can be re-formulated as:

kðεÞ ¼ k0 þ εL

Z ∞

0
pðd; εÞDkðdÞddZ ∞

0
pðd; εÞddd

(10)

Equation (10) can be used to predict the permeability coefficient
of ECC composite at any tensile strain ε, given that the PDF of crack
width distribution is known. The above formulation of composite
permeability in terms of crack distribution pattern and single crack
permeability parallels that of the formulation of composite elec-
trical resistivity in terms of crack distribution pattern and single
crack electrical resistivity [37].

In order to verify this analytical model, the model predicted
permeability coefficients of N-ECC and CR-ECC at various tensile
strains are plotted together with the experimental data in Fig. 14. It
can be seen that the model predictions generally agree well with
the experimental data, especially at lower tensile strains (<1%
strain). At higher strain levels, the analytical model predicts higher
permeability than the actual experimental observation. However,
the predicted permeability is on the conservative side, which is
desirable for safety considerations.

Several possible reasons may cause the deviation between the
model prediction and the experimental data. First of all, in the
model, a continuous lognormal distribution of crack width from
0 to ∞ is assumed. However, in reality, the cracks are all less than
70e100 mm. By including the nonexistent large cracks, despite the
low probability, the analytical model prediction falls to the higher
side than the true value. In future study, to better capture this
phenomenon, a truncated lognormal distribution might be used.
Another reason might be associated with the errors of the observed
crack pattern as mentioned in Section 3.1.2. The failure to capture
cracks below 10 mmwill shift the pðd; εÞ relationship towards higher
crack width space in Fig. 10. Moreover, since permeability is very
sensitive to crack width, ignoring crack width variation along the
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individual crack will lead to errors in DkðdÞ relationship when
deriving the single crack permeability behavior. Such error can be
eliminated to some extent with more careful observation of the
crack pattern. Finally, in spite of careful cutting of the notch to
produce the “single crack”, it is plausible that more than a single
crack is formed in the interior of the specimen due to the intrinsic
strain-hardening nature of ECC, which would lead to a higher
measure Dk (d) and a computed k(ε). Despite all this, the model
predictions capture the data trends and err on the conservative
side.

Based on both experimental observations and the analytical
model, the permeability of ECC material can be estimated as a
quadratic function of the tensile strain. The regression equations of
the experimental data are shown in Fig. 14. For normal concrete
with localized cracks, the tensile strain of cracked concrete is
mainly attributed to widening of the cracks. Therefore, the
permeability of cracked concrete is a cubic function of the strain
(crack width control). Unlike normal concrete, ECC develops mul-
tiple micro-cracks when subjected to tensile loading. The tensile
strain increase is associated with both crack number increase and
crack width increase. Therefore the relationship between the
permeability of cracked ECC and tensile strain should be bounded
between a linear relationship (controlled by crack number) and a
cubic relationship (controlled by crack width). According to the
research findings in this paper, a quadratic function can be used to
estimate the permeability-tensile strain relationship of ECC with
acceptable accuracy. This also explains the reason that ECC shows
much lower permeability under tensile load compared to normal
concrete.
4. Conclusions

The influences of micro-cracks on the composite permeability
response of ECC under tension were experimentally explored and
an analytical model for predicting the permeability of ECC com-
posite was proposed and verified in this paper. Based on the
research findings, the following conclusions can be drawn:

1. The specially designed loading device described in this paper is
effective in measuring the permeability of cracked ECC while
under load, providing more accurate and realistic permeability
data.

2. The permeability of cracked ECC is closely associated with crack
pattern in general and crack width in particular. CR-ECC with
tighter crack width exhibits significantly lower permeability
Fig. 14. Modeled and observed permeability behavior of N-ECC and CR-ECC.
than N-ECC under the same imposed tensile strain, despite a
higher permeability value in the uncracked state. This speaks to
the importance of self-control of crack width.

3. An analytical model for predicting the permeability of ECC
composite based on crack width distribution and single crack
permeability behavior has been proposed and experimentally
verified. The model prediction is acceptably accurate and on the
conservative side.

4. Unlike normal concrete, the permeability of cracked ECC can be
estimated as a quadratic function of the tensile strain, which
explains the lower permeability of ECC under cracked stage
compared to normal concrete, the permeability of which scales
with the third power of the localized crack width.

The experimental data and derived analytical model presented
in this paper can be used to study the behavior of cracked ECC in the
strain-hardening stage and provide guidelines for future applica-
tion of ECC in hydraulic structure. Specifically, the permeability of
hydraulic infrastructure can be predicted once the distributed
strain is known (e.g. via finite element calculation), and if the crack
pattern for the ECC used is characterized experimentally. In future
study, to more accurately simulate the real service condition,
consideration of self-healing phenomenon of ECC can also be
incorporated into the model.
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