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Abstract

Concrete linings are used for water containment, in particular in reservoirs and canals.
When the soil underlying a concrete lining has a high permeability, seepage into the ground
of water from concrete-lined reservoirs and canals is essentially governed by leakage
of water through the concrete linings. Therefore, it is essential to properly evaluate the
hydraulic conductivity of concrete linings. It is known that cracks generally develop in
concrete linings. This article provides material data and a method for the evaluation of the
hydraulic conductivity of concrete linings, in particular cracked concrete linings, through
two approaches. The first approach consists of a review of selected published values of the
measured hydraulic conductivity of intact and cracked concrete. The second approach con-
sists in developing an original analytical method to determine the hydraulic conductivity of
cracked concrete using the results of an experimental evaluation of the influence, on water
flow, of the tortuosity and rugosity of concrete cracks. The results obtained with the two
approaches are compared and numerical examples are presented. Based on these results,
practical guidance is provided to design engineers for a safe evaluation of the hydraulic
conductivity of concrete linings, cracked or not cracked.

Keywords: water; leakage; permeability; hydraulic conductivity; concrete; crack; lining;
canal; reservoir; containment

1. Introduction

A fraction of the water stored in reservoirs or transported in canals is lost by migration
into the ground, resulting in a waste of water and significant economic consequences.
Concrete linings are extensively used to control water migration. However, concrete linings,
typically 0.1 to 0.2 m thick, are not totally impermeable. A certain amount of water can
migrate through a concrete lining, a mechanism called ‘leakage’. Thus, migration of water
into the ground results from leakage through the concrete lining followed by seepage
through the ground material, typically soil.

If the ground material is significantly more permeable than the lining material, which
is the case with a concrete lining in good condition resting on many types of soils, the rate
of water migration is essentially the rate of leakage through the concrete lining.

The purpose of this article is to provide experimental data on concrete hydraulic
conductivity and an original methodology for the evaluation of the hydraulic conductivity
of cracked concrete. It is known that cracks generally develop in concrete linings after
construction. Therefore, this article addresses not only concrete linings as constructed but
also concrete linings that eventually exhibit cracks. The results are used to provide guidance
to design engineers for a safe evaluation of the hydraulic conductivity of concrete linings.
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2. Materials and Methods
2.1. Overview of Materials and Methods
2.1.1. The Concept of Permeability

Fluid flow through a porous material depends on the viscosity of the fluid and the
structure of the porous material, which is characterized by its intrinsic permeability. The
flow of fluid through a porous material, such as concrete, is governed by the following
equation, which quantifies the volume of fluid that flows under the effect of pressure
through a layer of this material per unit of time:
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where Q is the volumetric flow rate, AV is the volume of fluid flowing through the consid-

ered material layer during time At, K is the intrinsic permeability of the material, y is the
dynamic viscosity of the fluid, A is the material area through which flow takes place, Ap is
the pressure difference between the two faces of the material layer, and /. is the thickness
of the layer of porous material (concrete in this article, hence the subscript). The basic SI
units are: Q (m3/s), V (m?), t (s), K (m?2), u (Pas), A (m?), p (Pa), and A (m).

When the fluid is water and the flow is laminar, the porous material is characterized
by its hydraulic conductivity, k, in accordance with Darcy’s equation:
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Q=" =kAi, @)

where i is the hydraulic gradient (dimensionless) defined by the following equation:
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where hy, is the depth of water (Figure 1), o, is the density of water, and g is the gravitational
acceleration. The basic SI units are: 1y, (m), ke (m), p (Pa), o (kg/m3), and g (m/s?).

Figure 1. Depth of water, /i, and concrete lining thickness, k.
The following relationship is derived from Equations (1)—(3):

k= Kpwg @)

7

Hw

where pi;, is the dynamic viscosity of water. For water at 20 °C, p,, = 1000 kg/m3 and
Hw = 0.001 Pa-s, hence the following relationship:

k ~9.81 x 10° K ~ 107 K with k (m/s) and K (m?). (5)

The intrinsic permeability, K, depends only on the porous material, whereas the
hydraulic conductivity, k, depends on both the porous material and the fluid, water.
Equation (5) makes it possible to derive the hydraulic conductivity from the intrinsic
permeability measured using any fluid.
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2.1.2. Time for Percolation and Saturation

The average water velocity, vs, in a porous material is given by the following

classical equation:
ki
Ogvg = w (6)

where 1 (dimensionless) is the porosity of the porous material.

The time, ts4t, necessary to saturate a concrete specimen of thickness, ki, is equal to the
time necessary for water to percolate through the specimen, #,,.,;, which is given by the
following straightforward equation:

h nh
tsat = tpercol = Uic = ki ()
avg
Combining Equations (3) and (7) gives:
n h?
tsat = tpercol = fl)chgpc (8)

The type of concrete used in reservoirs and canals has a dry density of 2400 kg/m?
and a particle density of 2700 kg/m3, hence a porosity of 0.11 (=1-2400/2700). With a
0.11 porosity, a 50 mm thick concrete specimen, and a water pressure of 10° Pa (i.e., the
pressure applied by 10 m of water), Equation (8) gives a saturation time of 312 days for a
concrete hydraulic conductivity of 10712 m/s and 31 days for 10~!! m/s. This shows that
saturation of a concrete specimen in a laboratory may require a significant amount of time.
More on percolation time can be found in Appendix A.

2.1.3. Extension of the Concept of Permeability to Cracked Concrete

Flow through a porous material takes place in interconnected pores. Cracks, which
are frequently present in concrete, act as conduits for fluid flow, such as interconnected
pores. Therefore, the properties of intrinsic permeability and hydraulic conductivity, which
were defined for porous materials, can be applied to cracked concrete provided that the
crack opening widths are sufficiently small to ensure laminar flow.

Concrete cracking is caused by excessive tensile stresses, which may be due to
concrete shrinkage after setting and/or mechanical actions such as bending. An exam-
ple of a linear stress-strain curve of unreinforced concrete is provided by Charron and
Desmettre [1] (p. 11). Typical tensile characteristics of unreinforced concrete of the type
used in reservoirs and canals are: tensile strength, 3 MPa; tensile strain at rupture, 0.01%;
and tensile modulus, 30,000 MPa.

The concrete coefficient of thermal expansion is of the order of 1 x 107> K~!. Con-
crete setting (which follows concrete mixing) is an exothermic reaction that generates a
temperature difference of the order of 30 to 50 °C (i.e., 30 to 50 K) with respect to the
ambient temperature, hence a concrete expansion of 0.03 to 0.05%. Concrete shrinkage of
the same amount can be expected when the concrete eventually cools down. Since 0.03 to
0.05% shrinkage exceeds the above-mentioned 0.01% strain at rupture, concrete cracking
can be expected if precautions are not taken. These calculated values are consistent with
experimental values of 0.025% concrete shrinkage after 40 days and 0.045% after 150 days
reported by Prévost [2] (p. 11).

With time, there is a tendency of self-healing of cracks (mostly narrow cracks) which
results in reduced water permeability over time due to several mechanisms, as pointed
out by Desmettre and Charron [3] (p. 945): hydration by the flowing water of cement that
was not hydrated during the setting period, deposition of calcite (CaCO3) in the cracks,
deposition of impurities or small concrete particles in the cracks, and deposition of rust par-
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ticles from reinforcing bars, if any. Based on experimental data from Desmettre [4] (p. 177),
self-healing may reduce hydraulic conductivity by a factor of 2 to 5, which is significant
but not sufficient to offset the effect of cracks, which may increase hydraulic conductivity
by several orders of magnitude, as indicated in Section 2.2.3.

2.1.4. Measurement of Hydraulic Conductivity

Hydraulic conductivity can be measured directly in tests where water flows through
a specimen of porous material or can be derived, using Equation (5), from the intrinsic
permeability measured in tests where gas flows through a specimen of porous material.
These two methods are discussed below.

To accurately measure the hydraulic conductivity of concrete using water flow, the
concrete specimen must be saturated with water because the presence of air in the pores of
unsaturated specimens hampers the flow of water. However, it may take time to achieve
complete saturation of a concrete specimen in the case of concrete with low hydraulic
conductivity. For example, Villar et al. [5] (p. 24) report that up to 100 days were necessary
to saturate some specimens (that were previously air-dried). This is consistent with the
calculation presented in Section 2.1.2. In the case of special concrete with very low hy-
draulic conductivity used in nuclear power plants, it is practically impossible to saturate
the specimens, and a method that consists in deriving hydraulic conductivity from unsatu-
rated flow or absorption-drying tests has been developed as indicated in publications by
Coussy et al. [6], Olchitzky [7], Sanhuja and Lion [8], and Schneider et al. [9]. However, this
method (which is referred to as ‘reverse modeling’) is based on assumptions that lead to
very low calculated hydraulic conductivities, which can be considered questionable. This
method is not appropriate in the case of the type of concrete used for water containment in
reservoirs and canals, which is the type of concrete discussed in this article, and it is not
used in this article.

Gases, such as nitrogen, oxygen, argon and methane, are used to measure the intrinsic
permeability of concrete. According to Picandet et al. [10] (p. 2), using gas flow to measure
concrete permeability is faster and easier than using water flow. However, it is difficult to
obtain a reliable value of intrinsic permeability using gas flow for two main reasons, which
are discussed below.

The first reason is that the flow of gas is affected by the presence of water in the
concrete, which is quantified by the degree of saturation of the concrete specimen being
tested. The presence of water in the pores of the concrete hampers the flow of gas to a degree
that depends on the degree of saturation of the concrete. As pointed outby Chen [11] (p. 31)
and Desmettre [4] (p. 21), the higher the degree of saturation of the concrete, the lower the
permeability measured using gas flow. This effect has been quantified by Chen [11] (p. 96):
for a 50% degree of saturation, the measured permeability was 10 times lower than the
intrinsic permeability obtained with dry concrete, and, for a 70% degree of saturation,
the measured permeability was 100 times lower than the intrinsic permeability. A similar
result was obtained by Abbas et al. [12]: for a 60% degree of saturation, the measured
permeability was 10 times lower than the intrinsic permeability. In addition, water present
in the pores of the concrete may generate vapor, which hampers the flow of gas and may,
therefore, lead to a measured permeability lower than the intrinsic permeability. Clearly,
for an accurate measure of the intrinsic permeability using gas flow, the concrete should
be dry (i.e., a zero degree of saturation). However, zero degree of saturation is practically
impossible to reach, in particular because the presence of humidity in concrete depends on
the presence of humidity in the atmosphere. For example, Villar et al. [5] (p. 13) mention
that, even after 300 days, it was not possible to completely dry concrete specimens, and
Picandet et al. [10] used several cycles of drying for a total of more than six months. In
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fact, it may not be appropriate to reach a zero degree of saturation, which could alter the
specimen to be tested. Therefore, permeability measurements must be made at different
degrees of saturation, as low as possible, and the intrinsic permeability is obtained by
extrapolation to a zero degree of saturation.

The second reason is that the flow of gas is purely viscous only if the pressure is
infinite. This is known as the Klinkenberg effect [13]: the measured permeability is higher
than the intrinsic permeability, and it is a linear function of the inverse of gas pressure.
Therefore, intrinsic permeability is the extrapolated value of the measured permeabilities
for infinite gas pressure. Thus, if the permeability of concrete specimens is measured with
gas, it should be measured with different gas pressures. The measured permeabilities
plotted as a function of the inverse of gas pressure form a straight line, and the intrinsic
permeability is obtained by extrapolating the measured permeabilities to zero inverse gas
pressure, as indicated by Picandet et al. [10] (p. 8) and Picandet [14] (p. 35).

In conclusion: (1) when the permeability of concrete is measured using gas flow, there
is a risk of overestimating the intrinsic permeability if the inverse gas-pressure extrapolation
described above is not done and a risk of underestimating the intrinsic permeability if the
concrete contains humidity; and (2) when the permeability of concrete is measured using
water flow, there is a risk of underestimation of the hydraulic conductivity if the concrete
is not saturated with water. Clearly, significant errors are possible. Therefore, testing to
evaluate concrete permeability requires great precautions and careful interpretation.

2.1.5. Organization of Section 2

In accordance with the scope of Section 2, Materials and Methods, Section 2.2 is
devoted to materials as it provides data on concrete hydraulic conductivity, whereas
Section 2.3 is devoted to methods as it presents an analysis to quantify the influence of
cracking on concrete hydraulic conductivity.

2.2. Data on Concrete Hydraulic Conductivity
2.2.1. Collection of Data and Limitations

The data on hydraulic conductivity presented in Section 2.2 were selected from an
extensive review of published data on tests performed in accordance with the methods
described in Section 2.1.4. Most of the data reported are related to unreinforced concrete.
However, some results concerning steel-fiber reinforced concrete are presented, but concrete
reinforced with steel bars is not considered. Some results for ‘high-performance concretes’,
such as those used in nuclear power plants, may be mentioned for the sake of comparison,
but they are not relevant to the type of concrete used in reservoirs and canals, as indicated
in Section 2.1.4. The results are presented in Section 2.2.2 for concrete without cracks (or
with cracks that were too thin to be detected) and Section 2.2.3 for concrete with cracks.

2.2.2. Data on the Hydraulic Conductivity of Concrete Without Cracks

Published data on the hydraulic conductivity measured using water flow through
concrete specimens without detected cracks include the following;:

e Picandet [14] (p. 215) gives the following values, for the hydraulic conductivity of
concrete without detected cracks, measured with water flow on specimens with a
diameter of 110 mm: k = 9 x 10~'! m/s for typical concrete; k = 2 x 10~!! m/s
for ‘high performance concrete’ without fibers; and k = 1.5 x 10~!! m/s for ‘high-
performance concrete’ with 1% steel fibers, 30 mm long and 0.38 mm diameter
(1% steel fibers = 79 kg/m?). Porosities indicated by Picandet [14] (p. 77) are 12%
for typical concrete and 10% for ‘high-performance concrete’, with or without fibers.
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Carmichael and Arulraj [15] (p. 135) tested 115 mm diameter specimens of four dif-
ferent grades of concrete, and the hydraulic conductivity measured with water flow
ranged between 3.4 and 8.7 x 101! m/s. Carmichael and Arulraj [15] also tested
concrete containing nano-cement, which is cement with extremely small particles,
of the order of 1 to 100 nanometers (i.e., 100 to 1000 times smaller than typical ce-
ment particles). Nano-cement is currently not used in concrete linings for reservoirs
and canals.

Villar et al. [5] (p. 24) summarize the results of numerous tests using water flow as
follows: range of intrinsic permeability 5 x 107!% to 2 x 1077 m?, with an average
value of 3.6 x 107!8 m? for typical concrete (no fiber included). These values corre-
spond to hydraulic conductivities ranging from 5 x 10712 to 2 x 107° m/s with an
average value of 3.6 x 107! m/s.

Desmettre [4] (p. 163) cites a hydraulic conductivity of 3.5 x 10~ m/s measured on
100 mm diameter specimens of “non-cracked concrete” published by Aldea et al. [16].
Desmettre [4] (p. 179) reports the following results of hydraulic conductivity tests for
unreinforced concrete, fiber-reinforced concrete, and “ultra-high performance’ fiber-
reinforced concrete under zero tensile stress: 2 x 10719 m/s for concrete with no
fiber; 1 x 1071 m/s for concrete with 1% steel fibers (i.e., 79 kg/ m? of fibers); and
8 x 10~ m/s for concrete with 4% steel fibers (i.e., 316 kg/ m?3 of fibers). The effect of
fibers is significant when concrete is under tension because, then, fibers reduce crack
size thereby reducing the hydraulic conductivity of the concrete under tension.

Published data on hydraulic conductivity, derived using Equation (5) from intrinsic

permeability measured using gas flow on concrete specimens without detected cracks,

include the following;:

Chen [11] (p. 96) measured an intrinsic permeability of K= 4.1 x 10~ m? (i.e., a
hydraulic conductivity of 4.1 x 10~!! m/s) for a dry concrete with a porosity of 8.3%.
Abbeas et al. [12], cited by Chen [11] (p. 32), obtained an intrinsic permeability of
2.3 x 10~ m? for dry concrete, which is equivalent to a hydraulic conductivity of
23 %107 m/s.

Villar et al. [5] (p. 14) plotted the results of numerous tests using gas flow as a function
of the water content of the specimen, for water contents between 0.5 and 4.5%, and,
by extrapolation to a zero water content, they obtained an intrinsic permeability
equivalent to a hydraulic conductivity of 3 x 10719 m/s.

In conclusion, the hydraulic conductivities for concrete with no cracks measured with

water flow and gas flow are somewhat consistent. A summary of the above values of

hydraulic conductivities of concrete with no cracks is presented in Section 3.2.

2.2.3. Data on the Hydraulic Conductivity of Cracked Concrete

Published data on the hydraulic conductivity of concrete specimens with cracks are

summarized below. In some cases, the crack opening width is reported and, in other cases,

the concrete strain is reported. It is important to note that the reported strain is only an

apparent strain, as discussed in Section 2.3.3. The relevant published data are:

Picandet et al. [10] used gas flow on concrete specimens with a 110 mm diameter.
The measured permeabilities for five different gas pressures (from 125 to 250 kPa)
were plotted as a function of the inverse of gas pressure, as indicated in Section 2.1.4,
and the intrinsic permeability was obtained by extrapolation to zero inverse gas
pressure [10] (p. 8) and converted into hydraulic conductivity using Equation (5). It
was thus found [10] (p. 12) that, for typical concrete, the hydraulic conductivity
varied slightly (i.e., by a factor 2) between zero strain (5 X 10719 m/s) and 0.16%
strain (1 x 107 m/s), and varied greatly (i.e., by a factor 5) from 1 x 10~% m/s to
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5 x 10~? m/s for strains ranging from 0.16% to 0.2%. In the case of fiber-reinforced
concrete, a similar trend was observed, but the threshold strain, below which the
hydraulic conductivity increase is slight, was 0.27% rather than 0.16%.

o  Gérard [17], cited by Desmettre [4] (p. 35), measured the hydraulic conductivity of
unreinforced concrete subjected to tensile force using 110-mm diameter specimens and
obtained: k = 10712 m/s for 0% strain; k = 10710 m/s for 0.015% strain; k = 10~ m/s
for 0.023% strain; k = 10~8 m/s for 0.041% strain; k = 10~7 m/s for 0.08% strain; and
k=10"%m/s for 0.14% strain.

e Hubert et al. [18] (pp. 2800-2801) report the following: hydraulic conductiv-
ity lower than 107° m/s for unreinforced and fiber-reinforced concrete with no
cracks; hydraulic conductivity with a maximum crack opening width, wy;,y, of
0.15 mm, k=3.6 x 107® m/s for concrete with no fiber, k = 2.5 x 10~® m/s for
concrete with 0.75% fiber, and k = 1.0 x 10~ m/s for concrete with 1.5% fiber.
Hubert et al. [18] (p. 2802), also noted that the hydraulic conductivity increases as
a function of the third power of crack opening width, in accordance with Poiseuille’s
equation (see Section 2.3.4). In addition, Hubert et al. [18] noted that more
fibers result in more cracks having narrower openings, hence a generally lower
hydraulic conductivity.

e  Tests reported by Prévost [2] (p. 105) are particularly interesting because the specimen
is 630 mm long, which allows for a representative measurement of the permeability
of concrete with several cracks. For concrete with no fiber, no tension, and no visible
crack, the measured hydraulic conductivity was k = 1.2 x 1071% m/s. For increasing
tensile force on the same specimen, the measured hydraulic conductivities (as a
function of the maximum crack opening width in parentheses) were: 4.1 x 1077 m/s
(0.09 mm); 3.4 x 107 m/s (0.19 mm); 6.7 x 10~® m/s (0.25 mm); and 9.7 x 10~® m/s
(0.34 mm). Similar tests on fiber-reinforced concrete (with 59 kg/ m? of steel fibers,
which is equivalent to 0.75% per volume) showed, under the same applied tensile
forces, a maximum crack width 5 times narrower and a hydraulic conductivity 200
to 300 times lower. Fiber reinforcement in concrete results in reduced crack opening
width, reduced spacing between cracks, and reduced hydraulic conductivity.

A summary of the above hydraulic conductivities for cracked concrete is provided in
Section 3.2.

2.3. Analysis of Water Flow Through Cracked Concrete
2.3.1. Theoretical Analysis of Permeability

In the analysis presented hereafter, Poiseuille’s equation is used to quantify the flow
of water in a crack. Similar to Darcy’s equation, Poiseuille’s equation is derived from the
Navier-Stokes equations, which are the partial differential equations that quantify the flow
of viscous fluids that obey Newton’s law of viscosity. The only difference between Darcy’s
equation and Poiseuille’s equation is that they were developed for different boundary
conditions: the tortuous paths that a fluid follows when it flows through a porous medium
for Darcy’s equation and the straight path that a fluid follows when it flows between two
parallel planes. It is, therefore, appropriate in the study presented in this article to use
Darcy’s equation to quantify the flow rate through the interconnected pores of a concrete
lining and to use Poiseuille’s equation to quantify the flow rate through the cracks of a
concrete lining.

It should be noted that Darcy’s equation was historically designated as Darcy’s law
because it was discovered experimentally. Since it has eventually been demonstrated, it
should be designated as Darcy’s equation.
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Both Darcy’s equation and Poiseuille’s equation were developed with the assumption
that the flow is laminar. Therefore, in the case of a concrete lining area sufficiently large
to include a large number of cracks sufficiently narrow to ensure laminar flow, using
Poiseuille’s equation for every crack is equivalent to using Darcy’s equation all at once for
the entire concrete lining. In other words, a cracked concrete lining can be characterized by
an equivalent hydraulic conductivity, simply called ‘hydraulic conductivity’.

2.3.2. Considered Pattern of Cracks

The typical pattern of parallel cracks defined in Figures 2 and 3 is considered. All
cracks are assumed to have the same opening width, w, and the same length, L. The cracks
are assumed to be equally spaced, with a center-to-center spacing, d.

d

—>

Figure 2. Plan view of the considered pattern of parallel cracks.

Crack width

v

w

d

Figure 3. Cross-section of the considered concrete lining having a thickness /.

2.3.3. Geometrical Relationships

The length of cracks per unit area of lining is given by the following equation:

L, ©)

A 4’
where A is the considered area of the concrete layer.

The development of cracks in a concrete specimen results in an increase in the length
of the specimen. Hence the concept of apparent strain, e, which is the ratio of the increase in
length of a specimen due to cracking and the length of the specimen. The apparent strain of
a specimen of cracked concrete is expressed by the following equation since it is assumed
in the model that all cracks have the same opening width and are equally spaced:

e:%. (10)
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For example, the apparent strain is 0.0001 (i.e., 0.01%) in the case of 0.05 mm wide
cracks located every 0.5 m. This is a small apparent strain. However, the resulting increase
in flow rate can be significant, as shown in subsequent sections of this article.

2.3.4. Water Flow in a Crack

The water flow rate per unit length of crack can be expressed using the classical
Poiseuille’s equation for laminar flow, which can be written as follows:

Qcrack _ ¢pwg w’ (hw + he)

L 12 piy he ’ (11)

where Qcrack is the flow rate in one crack, ¢ is a factor that quantifies the effect on flow
of the tortuosity and rugosity of the crack, py, is the density of water, g is the gravitational
acceleration, /i is the thickness of the concrete lining, and p, is the dynamic viscosity of
water. The basic SI units are: Qcrack (m3/s), L (m), oy (kg/m3), g (m/s?), w (m), hy (m), he
(m), and iy (Pas); ¢ is dimensionless

Combining Equations (9) and (11) gives the rate of leakage per unit area of lining due
to cracks, g, as follows:

_ Qcrack _ (Qcrack\ (LY _ Epwgw® (huw+he
ec = = = , (12)
A L A 12.d pyp he

This leakage rate due to cracks can be expressed as follows by combining
Equations (10) and (12):
Cngw2€> (hzu+hc>
= _ 13
Gcc ( 12 11z he (13)

It should be noted that, for leakage calculations, the cracks must be characterized by

three parameters: the crack tortuosity and rugosity factor, ¢; the crack opening width, w;
and a parameter that represents the amount of cracking, either the distance between cracks,
d, or the apparent strain, .

2.3.5. Hydraulic Conductivity of Cracked Concrete

Assuming that Darcy’s equation is applicable, as discussed above in Section 2.3.1, the
hydraulic conductivity of cracked concrete is given by the following equation:

kCC - %/ (14)

where the hydraulic gradient, i, is given by Equation (3).
Combining Equations (3) and (12)—(14) gives the following hydraulic conductivity for
cracked concrete:

EED- GG e

With py, = 1000 kg/m3, o =1 X 10~3 Pa-s, and g=981 m/s?, Equation (15) becomes:

3
kee = 817,500 C(i) = 817,500 ¢ ¢ w? withkinm/s, and w and d inm . (16)

2.3.6. Tortuosity and Rugosity Factor

A thorough experimental study of concrete cracks has been performed by Rastiello in
2013 [19] and published by Rastiello et al. in 2014 [20]. However, the published values of
the dimensionless factor for tortuosity and rugosity of the cracks, ¢, were questioned by

https://doi.org/10.3390/ constrmater6030025


https://doi.org/10.3390/constrmater6030025

Constr. Mater. 2026, 6, 25

10 of 15

the author of this article in 2017. The following revised values of the factor for tortuosity
and rugosity of the cracks were published in 2018 by Rastiello et al. [21]:

&= (1/3) x 10° w''” with w(m), for the case w < 0.158 mm, (17)

¢ =1 for the case w > 0.158 mm . (18)

A few numerical values of the dimensionless factor for tortuosity and rugosity of the
cracks, ¢, as a function of the opening width of the cracks, w, calculated using Equation (17)
are: ¢ = 0.037 for w = 0.01 mm; 0.111 for w = 0.025 mm; 0.254 for w = 0.05 mm; 0.579 for
w = 0.1 mm; and 1.000 for w = 0.158 mm. These numerical values show that, for cracks
narrower than 0.158 mm, the calculated hydraulic conductivity of cracked concrete, k., is
significantly reduced if tortuosity and rugosity are taken into account.

3. Results
3.1. Overview of the Results of the Study

This study provides two types of information in Section 2 on materials and methods:
information on materials in the form of experimental values of concrete hydraulic con-
ductivity in Section 2.2 and information on methods in the form of original equations for
evaluating the hydraulic conductivity of cracked concrete in Section 2.3. In this Section 3
on results, data on concrete hydraulic conductivity are summarized in Section 3.2, practical
equations, derived from the theoretical analysis developed in Section 2.3, are presented in
Section 3.3 and used in Section 3.4 where calculated and experimental values of hydraulic
conductivity of cracked concrete are compared.

3.2. Summary of Data on Concrete Hydraulic Conductivity

The data on the hydraulic conductivity of concrete typically used in water containment
structures such as reservoirs and canals, reviewed in Section 2.2, are summarized below.

The measured hydraulic conductivities for concrete typically used in reservoirs and
canals with no cracks are generally between 5 x 10712 and 5 x 107!% m /s, mostly be-
tween1 x 1071 and 1 x 10719 m/s. In simple terms, it is possible to consider that the
concrete typically used in reservoirs and canals has a hydraulic conductivity of the order of
10~ m/s if it is used in correctly constructed linings and has no cracks. It should be noted
that concrete reported as non-cracked may have microcracks, not visible at the naked eye,
that may increase its hydraulic conductivity.

The data on concrete hydraulic conductivity for concrete with cracks can be summa-
rized as follows:

e Concrete with 0.1 mm cracks: 1 x 1077 to 1 x 10~ ® m/s.
e Concrete with 0.2 mm cracks: 1 x 107 to 1 x 107> m/s.
e Concrete with 0.3 mm cracks: 1 x 107° m/s.

In addition, it is important to note that hydraulic conductivities of cracked concrete
reported as a function of strain are potentially misleading because the same strain can cor-
respond to different crack opening widths and, therefore, significantly different hydraulic
conductivities, as discussed hereafter in Section 3.4.

3.3. Practical Equations for the Hydraulic Conductivity of Cracked Concrete

Combining Equations (16)—(18) gives the following equations for the hydraulic con-
ductivity of cracked concrete, k.., in m/s:

w*19
) with w and d in m if w < 0.158 mm. (19)

kee = 2.725 x 1010( 7
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w3

d
Combining Equations (10), (19), and (20) gives the following equations for the hy-

kee = 817, 500( ) with w and d in m if w > 0.158 mm . (20)

draulic conductivity of cracked concrete, k.., in m/s:
kee = 2.725 x 10" ¢ w31°  with w in m if w < 0.158 mm. (21)

kee = 817,500 ¢ w? with win m if w > 0.158 mm . (22)

As it may be convenient to use mm rather than m, the preceding equations for the
hydraulic conductivity of cracked concrete, k., in m/s become:

4.19
kee = 7.3345 <wd> with w and d in mm if w < 0.158 mm. (23)
w3
kee = 0.8175 (d) with w and d in mm if w > 0.158 mm . (24)
kee = 7.3345 ¢ w1 with w in mm if w < 0.158 mm . (25)
kee = 0.8175 ¢ w* with win mm if w > 0.158 mm . (26)

3.4. Comparison of Calculated and Measured Concrete Hydraulic Conductivities

Values of hydraulic conductivity of cracked concrete as a function of crack opening
width, calculated with Equation (23) for w < 0.158 mm and Equation (24) for w > 0.158 mm,
are presented in Figure 4. The curves of Figure 4a quantify the influence of crack spacing
and the curves of Figure 4b quantify the influence of the apparent strain defined by
Equation (10) as the ratio of crack opening width and crack spacing.

1x10° 1% 1073

Crack spacing, d (mm) / %107 /
) 10

50000
0.001

%
5
1

3
Hydraulic conductivity, k.. (m/s)
C b
_ =
2
\

x
5
7

500
2000

X x
I 2

1x107% Apparent strain, & (%)
1x107

10710

1x 107

Hydraulic conductivity, k.. (m/s)

1101 1101
0 005 01 015 02 025 03 0 005 01 015 02 025 03
Crack opening width, w (mm) Crack opening width, w (mm)

(a) (b)

Figure 4. Hydraulic conductivity of cracked concrete, k.. (m/s), calculated using Equation (23) for

w < 0.158 mm and Equation (24) for w > 0.158 mm as a function of the crack opening width, w: (a) for
different crack spacings; (b) for different apparent strains.

The calculated values presented in Figure 4 are in agreement with the measured values
summarized in Section 3.2 for cracked concrete.

In Figure 4a, it can be seen that the hydraulic conductivity values for crack opening
widths of 0.1, 0.2 and 0.3 mm mentioned in Section 3.2 correspond to the curve for a crack
spacing of 2000 mm. This may be explained by the fact that the measured values were
obtained on relatively small specimens with possibly only one crack.

Figure 4b shows that, for a given apparent strain, the hydraulic conductivity of a
cracked concrete may vary by several orders of magnitude depending on the crack opening
width. Clearly, tests that provide the hydraulic conductivity of cracked concrete, without
providing a measure of crack opening width, give incomplete information. Figure 4b also
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shows that strains of 0.03 to 0.05%, which may be caused by cooling after setting of concrete
(as indicated in Section 2.1.3), may increase the concrete hydraulic conductivity to 1077 m/s
for crack opening widths as low as 0.01 mm (i.e., 10 pm).

4. Discussion

The agreement between experimental and calculated values of concrete hydraulic
conductivity shows that the equations presented in this article are reliable. Furthermore, the
use of equations is efficient. In comparison, measurements are time-consuming and require
specialized equipment. Equations make it possible to easily evaluate the effect of the two
main parameters, the crack opening width and the crack spacing. This is particularly true
for the effect of crack spacing because the size of specimens often used (approximately
100 mm diameter) is not sufficient to evaluate this important parameter.

Even though experimental data are essential, it should be remembered that testing
errors are possible, in particular with the use of gas flow to determine intrinsic permeability,
as discussed in Section 2.1.4. In addition, users of the experimental data and equations
provided in this article should remember that self-healing of cracks may decrease leakage
rates through cracked concrete, as discussed in Section 2.1.3.

This article has also pointed out that very low values of hydraulic conductivity re-
ported for ‘high-performance concrete’ typically used in nuclear power plants are not
relevant to the type of concrete used in water containment structures such as reservoirs
and canals because such ‘high-performance concrete’ is not used in reservoirs and canals
and because the reverse modeling analysis used to generate these very low hydraulic
conductivity values is based on assumptions that lead to hydraulic conductivities that can
be considered questionable, as pointed out in Section 2.1.4.

This article provides the following orders of magnitude of hydraulic conductivities
that can be used by engineers designing concrete linings for reservoirs and canals:

e  Concrete with no cracks: 10~ m/s.
e  Concrete with invisible cracks due to uncontrolled cooling after setting: 10~ m/s.
e  Concrete with cracks due to typical mechanical stresses: 10~ to 107> m/s.

The hydraulic conductivity of concrete, with the cracks often present in the field,
even shortly after construction, is significantly higher than the low hydraulic conductivity
usually considered.

Soils having a hydraulic conductivity of the order of 107 m/s are erodible. Therefore,
there is a risk of progressive deterioration of the soil supporting a concrete lining if crack
opening widths exceed approximately 0.2 mm, based on Figure 4a, which shows a hydraulic
conductivity higher than 1x107® m/s for a crack opening width of 0.2mm. Thus, in
concrete-lined irrigation canals constructed with inadequate quality control due to low
budget, water leakage through concrete cracks has led to extensive erosion of the supporting
soil and, consequently, deformation of the concrete lining causing more cracking and
progressive disintegration of the lining, resulting in considerable water and economic losses.
Clearly, it is important to understand and quantify the mechanism of concrete cracking.
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Appendix A. Water Percolation Time in a Crack

The velocity of water in a crack, vcrack, is expressed by the flow rate in a crack,
Qcrack, divided by the cross-sectional area of the crack, wL (Figure 2). Hence, from
Equation (11):

Qcrack _ § pw 8 W,
= = . Al
UCRACK o L 2y (A1)

With the hydraulic gradient, i, from Equation (3), Equation (A1) becomes:

) £
UCRACK 21y \pwght 120 \ T (A2)

The percolation time in a crack, fye,c, is the time needed by water to flow in the crack
from the top to the bottom of a cracked concrete lining or a laboratory specimen, hence:

he 12y (he)?
Fpercol = UcRACK G Ap (w) ' (A3)

With the dynamic viscosity of water, yi;, = 1073 Pa-s, and the tortuosity and rugosity
factor, ¢, for cracks narrower than 0.158 mm given by Equation (17), Equation (A3) gives
the percolation time as follows:

3.6 x 1077 12

tpercol = TP Ay with tpercor (s), w(m), he(m) and Ap(Pa). (A4)

For a pressure Ap = 100 kPa applied to a 50 mm thick laboratory concrete specimen,
Equation (A4) becomes:

9x10°15

tpercol = Wwith tpercor (8) and w(m). (A5)

For example, a percolation time of 80 s is calculated using Equation (A5) in the case
of a 50 mm thick laboratory concrete specimen with 10 um wide cracks subjected to a
water pressure of 100 kPa. This percolation time is four orders of magnitude lower than the
31 days calculated in Section 2.1.2 for a 50 mm thick laboratory concrete specimen without
cracks and a typical hydraulic conductivity of 10~ m/s.

Equation (A4) can be written as follows to derive the opening width of a crack from
a measurement of water percolation time, a derivation that complements direct measure-
ments of opening widths of cracks, which may be difficult:

1/3.19

h2

w=955 —— with w(mm), ke (m), tpercor (s) and Ap(Pa). (A6)
tpercolAp

For example, if a 100 mm thick concrete lining is exposed to 1 m of water, that is a
pressure of 10 kPa, and if percolation is observed on the other face of the lining after 30 min
(1800 s), the above equation gives a crack opening width of 0.012 mm (12 pum). This crack is
not visible to the naked eye and would, therefore, be difficult to measure. Other cracks in
the same lining, with higher percolation times, would be narrower.

Numerical values calculated using Equation (A6) are presented in Figure Al.
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Figure Al. Crack opening width, w (mm) as a function of percolation time, ty¢,c, (s) for different
water pressures, Ap (kPa), calculated using Equation (A6): (a) for a 50 mm thick laboratory concrete
specimen; (b) for a 100 mm thick concrete lining.
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