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a b s t r a c t

Engineered Cementitious Composite (ECC) is a family of high performance fiber reinforced cementitious
composites featuring strain-hardening behavior and high tensile ductility (with tensile strain capacity of
3e5%). ECC achieves high ductility by forming multiple microcracks with crack width less than 60 mm
under tension. The tight crack width of ECC naturally lends itself to low permeability even in the cracked
stage. Such properties are of particular interest to hydraulic structure applications. In addition to the
tight crack width, self-healing of microcracks further lowers the permeability of cracked ECC, enhancing
the durability and safety of hydraulic structures. In this paper, the permeability of ECC composites under
the influence of self-healing was experimentally studied. Single crack permeability tests were also
conducted to directly correlate the permeability and self-healing behavior of a single crack with a given
initial crack width. Additionally, an analytical model capable of predicting the permeability of ECC
composites that undergo self-healing process is proposed and verified with experimental data. The
research findings in the present paper can be used to accurately estimate the permeability of ECC and are
expected to provide support for future design and application of ECC for hydraulic structures.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Seepage is considered one of the most critical issues in the life
cycle of hydraulic structures. According to the report published by
Federal Emergency Management Agency (FEMA) in 2009, seepage
induced failure accounts for 20% of all dam failures in the United
States [1]. Severe seepage has negative economic impacts (lowering
hydroelectricity efficiency), and also reduces the stability of hy-
draulic structures and thereby endangers the downstream com-
munities [2e4].

In field conditions, one of the major causes of seepage is the
increase of permeability due to cracking and deterioration of con-
crete materials under combined mechanical and environmental
loadings. The permeability of concrete, both in uncracked and
cracked states, has been extensively investigated by many scholars
in the past decades [5e10]. For uncracked concrete, Powers [5]
pointed out that permeability is primarily determined by the par-
ticle density of the material which heavily depends on the water/
cement ratio. The permeability increases with increase of water/
cement ratio as there are more connected pores in the concrete
allowing water to permeate through. While for cracked concrete,
the crack width replaces the water/cement ratio as the dominant
factor of permeability. Based on previous studies, it is commonly
accepted that water permeability of cracked concrete scales with
the third power of crack width [7,11]. Therefore, tighter crack width
is desirable for hydraulic structures to maintain low permeability.

Engineered Cementitious Composites (ECC), also referred to as
Strain Hardening Cementitious Composites (SHCC), have been
studied by researchers for their potential as structural material or
waterproof protection in hydraulic structures. ECC is a class of high
performance fiber reinforced cementitious composites with
excellent crack width control ability [12e16]. Unlike normal con-
crete, ECC shows strain hardening behavior under tension and
bending [17e21]. The strain capacity of ECC under tension ranges
from 2% to 5%, which are two orders of magnitude higher than that
of normal concrete. More importantly, ECC achieves such high
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Table 1
Mix proportion of ECC (kg/m3).

Cement Sand Fly ash Water HRWRA Fiber

393 457 865 311 5 26 (2% by volume)
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ductility by formingmultiple tight microcracks with self-controlled
crack width typically below 60 mm. The tight crack width allows
ECC to maintain low water permeability even under cracked state
[22]. It is for this reason that ECC has been utilized in the retrofit of
the Mitaka Dam in Japan [23].

In past research, the influence of microcracks on the perme-
ability of ECC has been investigated by the authors [24]. In that
paper, the permeability of ECC under constant tensile load was
experimentally studied and an analytical model based on the crack
pattern (crack width and crack number) and single crack perme-
ability was derived to predict the permeability of ECC composites.
That study directly correlated tensile strain and permeability of
ECC, and provided engineers a fast way of assessing seepage
problems through such correlation. However, in the previous
research, the initial crack width was used for conservativeness and
decrease of crack width over time due to self-healing was not
considered.

Self-healing of cementitiousmaterial, also known as autogenous
healing, is a complex physical and chemical process that gradually
closes the cracks. Mechanisms including the continuous hydration
of unreacted cement, expansion of C-S-H, formation of calcium
carbonate, closing of cracks by impurities in the water and closing
of cracks resulting from crack spalling all contribute to the healing
of cracks [25]. Self-healing of cracks prevents water and aggressive
ions from getting into the inside of concrete material, and therefore
improves the long-term durability of concrete structures, such as
concrete dams. According to previous studies [26e28], the rate and
completeness of self-healing is inversely related to crack width. As
a result, satisfactory self-healing performance is rarely achieved for
normal concrete with large localized cracks. However, this is not
the case for ECC with self-controlled tight cracks [27,29e31].

The self-healing behavior of ECC, especially the influence of self-
healing on the permeability of ECC has been studied by many
scholars [27,29,31e35]. Lepech et al. [22] and Ma et al. [33] found
that the water permeability of cracked ECC specimens drops dras-
tically over time due to self-healing inwater. In addition, Yang et al.
[29] investigated the relationship between self-healing behavior
and crack width. They pointed out that the crack width must be
controlled to below 150 mm, preferably below 50 mm, to engage
noticeable self-healing behavior under wet-dry cycles.

Based on these studies, it is clear that self-healing of microcracks
could remarkably reduce the permeability of cracked ECC. There-
fore, to better understand the in-situ permeability of ECC in field
condition, self-healing phenomenon should be taken into consid-
eration. While qualitative investigations [22,29,33] are helpful in
establishing the existence of the self-healing/permeability phe-
nomenon, it will be of great value to develop a reliable analytical
model that could predict the permeability change of ECC over time.

The present work is an extension of our previous research on the
influence of micro-cracking on the permeability of ECC [24]. In the
present paper, the self-healing of microcracks in ECC and its in-
fluence on permeability are fully considered. Specifically, the
permeability of ECC under tensile load as a function of self-healing
time was experimentally investigated. By the very nature of
permeability test, pre-cracked ECC specimen is continuously
exposed to a water environment. In addition, the change of water
permeability of a single crack with different crack width over time
was also studied, and a correlation between permeability recovery
rate and crack width was proposed. Based on the crack pattern and
single crack permeability behavior, an analytical model of the time-
dependent permeability of ECC with dispersed multiple cracks was
derived and experimentally verified. This analytical model can be
used as a guideline for engineers to monitor the permeability and
estimate the seepage risk of ECC hydraulic structures.
2. Experimental investigations

2.1. Material

Following the previous study [24], a standard ECC mixture was
prepared using Type I ordinary Portland cement, fine silica sand,
Class-F fly ash, water, polyvinyl alcohol (PVA) fiber, and a high-
range water reducing admixture (HRWRA). The mix proportion of
this ECC mixture is provided in Table 1. The properties of the PVA
fiber used are shown in Table 2.

Preparation of the ECC mixture follows a typical ECC mixing
procedure as detailed in Ref. [36]. After mixing, the fresh ECC was
cast into dumbbell shaped specimens and covered with plastic
sheet. The geometry of dumbbell specimen is shown in Fig. 1. All
specimens were removed from the molds after 24 h and cured in
water for 28 days at a room temperature of 23 ± 3 �C to ensure
complete saturation from the start of the permeability test.
2.2. Experimental procedures

2.2.1. Composite tensile test
The uniaxial tensile test was conducted at a displacement rate of

0.5 mm/min following the recommendation by the Japan Society of
Civil Engineers (JSCE) for direct tension testing of high performance
fiber reinforced cementitious composite [37]. Fixed-free end grip
configuration was used based on the recommendation by van Zijl
et al. [38]. Two linear variable displacement transducers (LVDTs)
were mounted onto each side of the dumbbell specimen with a
gauge length of approximately 80 mm to measure the tensile
deformation. A set of three specimens was tested to characterize
the tensile behavior of ECC.
2.2.2. Permeability of ECC composite under tension
A set of three dumbbell specimens was tensioned to 1% strain

level and continuouslymonitored for their permeability over a time
period up to 26 days. This strain level in the ECC strain-hardening
range was arbitrarily chosen for validation of the analytic model
to be described in Section 3.3. Once verified, the model could be
used to predict permeability for any given strain level.

A specially designed displacement-controlled loading device
was used in this study tomaintain the imposed tensile strain during
the permeability test. The device mainly consists of two loading
wedges connected through two threaded rods as shown in Fig. 2.
One end of the rods was screwed into one of the loading wedges.
The second wedge has two smooth holes with diameters slightly
larger than the rods and the other end of the two rods was loosely
inserted into these holes. Two nuts were distributed on each rod to
retain the screws. More details about the wedge-loading device can
be found in Liu et al. [24].

Prior to the permeability test, uniaxial tensile tests were per-
formed on dumbbell specimens to introduce cracks. The above-
mentioned loading device was firstly connected to a tensile
testing frame with a fixed-free end grip configuration. The uniaxial
tensile test setup is shown in Fig. 2. As can be seen, the wedge with
rods threaded in was fixed to the bottom grip, which did not move
during the test. While the top wedge with smooth holes moved
upward at a displacement rate of 0.5 mm/min. The smooth holes



Table 2
Properties of PVA fiber.

Length (mm) Diameter (mm) Elongation (%) Density (kg/m3) Young's Modulus (GPa) Nominal strength (MPa) Surface oil coating (%, by weight)

12 39 6 1300 42.8 1600 1.2

60

330

85 8040

12
,7 Gage length

Fig. 1. Dimensions of the dumbbell specimen for uniaxial tension test and perme-
ability testing (unit: mm).

Fig. 2. Uniaxial tensile test setup.
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allow the rods to move freely without causing additional friction.
Two LVDTs were attached to each side of the specimen to measure
the tensile strain. When the designated strain level (1%) was
reached, the test was aborted. However, the tensile strain in the
specimen was maintained by tightening the nuts against the
wedge. Then the wedge loading device together with the specimen
were taken off the loading frame for crack pattern observation and
permeability tests. By using this specially designed loading device,
the tension strain on the dumbbell specimens was maintained
during later permeability test, which simulates the actual field
condition.

The crack pattern (crack number and crack widths) of the pre-
cracked specimen was observed using a portable microscope with
a resolution of 10 mm. Such resolution is required for crack width
measurements based on previous studies [38]. A horizontal line as
shown in Fig. 3 was used to facilitate the observation. All the cracks
crossing the line were recorded and the crack widths were
measured at the location of the line. In order to better characterize
the crack pattern of ECC, at least three lines or high resolution
cameras combined with digital image analysis could be used in
future studies.

A falling head permeability test with tap water was used in this
study following a similar procedure to our previous research [24].
The test setup is shown in Fig. 4. In the current study, the water
head drop was measured and recorded at a regular interval over a
period of time up to 26 days until the water flow reached a steady
state condition. By continuously exposing the pre-cracked spec-
imen to water, self-healing could take place during the perme-
ability test. By monitoring the decrease in permeability over time,
this study attempts to capture the impact of self-healing on the
permeability of cracked ECC.

With the measured water head drop, the coefficient of perme-
ability k of specimens can be determined as a function of self-
healing time using Equation (1):

k ¼ a$Lt
A$tf

ln

 
h0
hf

!
(1)

where k denotes the permeability coefficient in m/s; a is the cross-
sectional area of the standpipe (69.4 mm2); Lt is the specimen
thickness in the direction of flow (12.7mm); A is the cross-sectional
area subject to water flow (2400 mm2); tf is the test duration in
seconds, h0 and hf are the initial and final water head in meters,
respectively.

2.2.3. Single crack permeability test on notched specimens
Single crack specimens were also prepared and tested in this

study to directly correlate the initial crack width with permeability
development. In order to suppress the multiple cracking behavior
of ECC and allow only one crack to occur, notches with a width of
0.5 mm and a depth of 5 mm were cut on both sides of the spec-
imen as shown in Fig. 5. Such specimen preparation follows the
procedure suggested by Paegle and Fischer [39]. To match the
maximum crack width observed during the uniaxial tensile test of
ECC composite, single-crack specimens with crack width ranging
from 30 mm to 100 mmwere prepared by positioning the specimens
in the wedge loading device and twisting nuts on both sides
simultaneously. Although a notch was introduced, it is typically
impossible for ECC to form only one crack due to its intrinsic strain-
hardening nature, and more than one crack were likely to be
formed inside the specimen. A set of three single crack specimens
was tested for each crack width.

3. Experimental results and discussion

3.1. Composite behavior

3.1.1. Tensile behavior
The measured tensile stress-strain curves of ECC composites are

plotted in Fig. 6 that clearly shows the strain-hardening behavior.
The average tensile strength and strain capacity at 28-day age are
6.40 MPa and 2.40% respectively. Compared to normal concrete,



Fig. 3. Crack pattern of dumbbell specimen of ECC at 1% strain level.

Fig. 4. Falling head permeability test setup [24].

Fig. 5. Specimens for single crack permeability test.

Fig. 6. Tensile stress-strain curves of ECC.
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ECC remarkably improves the tensile deformation capacity of
cement-based material, which is considered desirable for hydraulic
structures.
3.1.2. Crack pattern
Table 3 summarizes the observed crack pattern of ECC at 1%

strain level. Since specimens used in this study were prepared us-
ing the same mix proportion and following the same mixing and
curing procedure as in the previous study [24], the crack pattern is
consistent with that reported in Ref. [24], as expected. The average
crack number and crack width are 14 and 47 mm respectively.

To better represent the crack pattern, the typical observed crack
width distribution at 1% strain level and the corresponding best-
fitting truncated lognormal distribution curve are plotted in
Fig. 7. The probability density function (PDF) of the fitted trun-
cated lognormal distribution curve was used to mathematically
express the crack pattern in Section 3.3. It should be noted that the
crack widths are only meaningful when they are in multiples of
10 mm since the crack width were observed using a microscope
with a resolution of 10 mm. However, for simplicity, the PDF used in
the analytical investigation detailed below assumes a continuous
function of crack width.

In our previous study [19], the crack patternwas assumed to be a
lognormal distribution with crack width ranging from 0 to ∞.
However, based on the experimental observation, the crack widths
are all less than 100 mm. Although the probability of having large
cracks is low, the analytical model prediction will overestimate the
permeability coefficient by including the nonexistent large cracks
[24]. Therefore, a truncated lognormal distributionwith range from
0 to the maximum crack width observed (dmax) during the uniaxial
test is preferred and is utilized in the present study. The PDF of the
truncated lognormal distribution can be expressed as:



Table 3
Crack pattern of ECC specimen under 1% strain level.

Specimen No. Avg. no. of cracks Avg. crack width (mm) Max. crack width (mm)

1 14 44 100
2 13 48 110
3 14 49 100
Average 14 47 103

Fig. 7. Observed and best-fitting truncated lognormal distributions for crack width
distribution of ECC, ε ¼ 1%.

Fig. 8. Mean and standard deviation of crack width versus tensile strain.

Fig. 9. Measured permeability of cracked ECC composites, showing data sets from all
three specimens.
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where pðd; εÞ is the probability of crack width d at given tensile
strain ε; dmax is the maximum crack width observed in the test; FðdÞ
is the cumulative distribution function of lognormal distribution,

which equals to F

�
ln d�m

s

�
(F is the cumulative distribution func-

tion of the standard normal distribution); s and m are two param-
eters in the PDF, and can be calculated using Equation (3). m and s
are the mean and standard deviation of the crack width (based on
the fitted PDF), which are also functions of tensile strain ε.

Based on observed crack width distribution, the m and s were
expressed as 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 (i ¼ 0; 1; 2; 3) are constant coefficients deter-
mined by 3rd-power polynomial regression analysis. Using Equa-
tions (2)e(4), the crack pattern of ECC is uniquely described for a
given imposed strain. These regression equations have already
been obtained in the former study [24], therefore, the same equa-
tions (as shown in Fig. 8) will be used in this study.
3.1.3. Permeability behavior
The measured coefficient of permeability of cracked ECC com-

posite as a function of time is presented in Fig. 9. As can be seen,
due to the self-healing of microcracks, the permeability experi-
enced a dramatic descending trend, on average, from
6.71� 10�8 m/s to 1.22� 10�10 m/s, over the twenty-six day period
of this study. Since self-healing is highly sensitive to crack pattern,
the decreasing rate of permeability varies from one specimen to
another. However, the descending trend is similar. The perme-
ability of cracked ECC dropped rapidly at the initial stage (0e5 days)
and gradually stabilized after 7e10 days. The final coefficient of
permeability after extended period of self-healing is measured to
be 1.22 � 10�10 m/s, which is comparable to uncracked concrete or
mortar.
3.2. Single-crack behavior

The measured permeability coefficients of single microcracks



Fig. 12. Index coefficient versus crack width for single crack permeability.
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crack width with maximum at around 60 mm. The index coefficient
at 30 mm is roughly at the same level as that of 100 mm. However,
this does notmean that the self-healing rates of a 30 mmcrack and a
100 mm crack are the same, since the permeability decreasing rate
(dk=dt) depends on both SðdÞ and kiðdÞ. dk=dt , which is the deriva-
tive of coefficient of permeability (k) with respect to time (t).

As shown in Fig. 12, the index coefficient can be written as the
following piecewise function (Equation (6)), which will then be
used in the analysis in section 3.3.

SðdÞ¼
�
1:76�10�6d3�5:77�10�4d2þ0:04698d; 0�d�150mm
0; d>150mm

(6)

The coefficients presented here were obtained by curve fitting
the experimental data.

As seen in Equation (6), for crack width less than 150 mm, the
index coefficient can be represented by a 3rd-power polynomial
function of crack width. While for crack width larger than 150 mm,
the function becomes a constant (zero) as discussed above. Equa-
tion (6) is also plotted in Fig. 12 as the solid line. Using the kiðdÞ
relationship obtained from Fig. 11, Equations (5) and (6), the addi-
tional permeability induced by a single crack with given crack
width at any time can be calculated as Dkðd; tÞ ¼ kðd; tÞ � k0. This
equation will be used in Section 3.3 for predicting the permeability
of ECC at composite level.
3.3. Analytical investigation

Based on the crack patterns (pðd; εÞ) and single crack perme-
ability behaviors (Dkðd; tÞ) obtained above, an analytical model
capable of predicting the composite permeability of ECC is then
derived. According to the principle of equivalent seepage resistance
[40], the permeability of ECC composite kðε; tÞ at a given strain ε and
a given time t is equal to the sum of permeability of uncracked ECC
(k0) and the change of permeability due to cracking at time t
(Dkcðεc; tÞ):

kðε; tÞ ¼ k0 þ Dkcðεc; tÞ (7)

The change of permeability due to cracking is further expressed
as the sum of changes of permeability caused by all individual
cracks Dkðd; tÞ. It is assumed that the total number of cracks formed
at a given tensile strain ε is nðεÞ and the number of cracks with crack
width dj is njðεÞ. Substituting Equation (5) into Equation (7), we
have:

kðε; tÞ ¼ k0 þ
X
j

njðεÞDk
�
dj; t
�

¼ k0 þ
X
j

njðεÞ
�
ki
�
dj
�� k0

�
e�SðdjÞt (8)

Considering there are nðεÞ number of cracks at strain ε, then the

probability of a random crack with a crack width of dj is pjðεÞ ¼ njðεÞ
nðεÞ .

If a continuous PDF for crack width distribution (Equation (2)) is
used, then pjðεÞ ¼ pðdj; εÞdd and the second part of Equation (8)
becomes an integral:

X
j

njðεÞ
�
ki
�
dj
�� k0

�
e�SðdjÞt ¼ nðεÞ

Zdmax

0

pðd; εÞðkiðdÞ

� k0Þe�SðdÞtdd (9)

Then the permeability of the composite at time t can be
expressed as:

kðε; tÞ ¼ k0 þ nðεÞ
Zdmax

0

pðd; εÞðkiðdÞ � k0Þe�SðdÞtdd (10)

Since the total crack number n(ε) can be estimated as [24]:

nðεÞ ¼ εLZ dmax

0
pðd; εÞddd

(11)

Then Equation (11) can be re-formulated as follows:

kðε; tÞ ¼ k0 þ εL

Z dmax

0
pðd; εÞðkiðdÞ � k0Þe�SðdÞtddZ dmax

0
pðd; εÞddd

(12)

Depending on a known crack width distribution (known pðd; εÞ)
of ECC composite, Equation (12) can be used to predict its perme-
ability coefficient at any tensile strain ε and any time t.

In order to verify this analytical model, kðε; tÞ in Equation (12)
was numerically computed with the expression for kiðdÞ deter-
mined in Ref. [24] and the above obtained pðd; εÞ and SðdÞ functions.
The model predicted permeability k was then compared with the
observed permeability response of ECC composite at 1% strain level
in Fig. 13. Based on the maximum crack width observed in this
study, dmax was defined as 150 mmhere for conservative reasons. As
can be seen, the modeled curve (solid line) closely matches the
measured permeability data. Although the predicted permeability
coefficients at initial state (t ¼ 0) and steady state are slightly
higher than the actual experimental observations, the analytical
model captures the time-dependent ECC permeability behavior
fairly accurately within the entire time period.

The measured data of ECC specimens at 1% strain level shown in
Fig. 13 validate this analytical model. It should be highlighted that
the analytical model was derived based on the time-dependent
(duration in water) single crack permeability test and on the
crack pattern obtained from the previous study [24]. These repre-
sent independent experiments; the model can be generalized to
any strain level.

Fig. 14 presents the permeability coefficient of ECC as a function
of duration and strains (at tensile strains of 0.5%, 1%, 1.5% and 2%
respectively). The crack pattern obtained in the previous study for
each of these strain levels is utilized in this calculation. This



Fig. 13. Modeled versus measured permeability of ECC.

Fig. 14. Calculated time-dependent permeability with different strains.
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illustrates that in practice, the time and spatial dependent perme-
ability coefficient of ECC can be predicted based on the analytical
model once the spatially distributed strain is known (e.g. via finite
element calculation or strain gages in hydraulic structures), which
should be useful to managing seepage risks of ECC hydraulic
structures.

In formulating the above analytical model, it is assumed that the
observed time dependency of permeability is a result of self-
healing which gradually closes the cracks. Crack healing in ECC
microcracks subjected to permeation has been documented by
Lepech and Li [22] using optical and SEMmicroscopy. However, it is
plausible that material creep may occur simultaneously under the
given imposed constant strain condition of the specimen. Even so,
the contribution to crack closure due to stress relaxation should be
relatively small since the elastic strain is much smaller than the
inelastic strain associated with microcracks. Further, the time-scale
of stress relaxation is likely much longer than the 26 days study
permeability change that took place in this study. A separate
research about the effect of stress relaxation on ECC crack width
could be quantitatively studied in the future.

Finally, it should be noted that the current study was conducted
with tap water. Water hardness, contaminants in water, and chlo-
ride content may affect the actual self-healing performance and
consequently the permeability of ECC. As a result, the analytical
model proposedmay need to be calibrated for the specific exposure
environment.

4. Conclusions

This study experimentally investigated the permeability
response of ECC under the influence of self-healing of microcracks
and proposed an analytical model to predict the permeability of
ECC composites under different tensile strains at any time. Based on
the research findings, the following conclusions can be drawn.

1. Both the composite and single crack permeability of ECC
decrease drastically with time due to the self-healing phe-
nomenon. Decrease of permeability is found to be more prom-
inent for tighter cracks as they tend to heal faster and more
completely. However, the permeability of ECC composite is
mainly governed by large cracks.

2. Exponential functions could be used to describe the change of
single crack permeability of ECC due to self-healing. The index
coefficient SðdÞ that is approximately a 3rd-power polynomial
function of the initial crack width partially reflects the rate and
extent of self-healing.

3. An analytical model for predicting the permeability change of
ECC due to self-healing based on the crack pattern and single
crack permeability behavior has been proposed and verified
against experimental data.
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