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The existing service-life predictionmodels rarely account for the effect of cracks onmass transport and durability
of concrete. To correct this deficiency, transport in fractured porousmedia must be studied. The objective of this
paper is to quantify the water permeability of localized cracks as a function of crack geometry (i.e., width, tortu-
osity, and surface roughness). Plain and fiber-reinforced mortar disk specimens were cracked by splitting ten-
sion; and the crack profile was digitized by image analysis and translated into crack geometric properties.
Crack permeabilitywasmeasured using a Darcian flow-thru cell. The results show that permeability is a function
of crack width square. Crack tortuosity and roughness reduce the permeability by a factor of 4 to 6 belowwhat is
predicted by the theory for smooth parallel plate cracks. Although tortuosity and roughness exhibit fractal behav-
ior, their proper measurement is possible and results in correct estimation of crack permeability.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The permeability of concrete has an important impact on its dura-
bility since permeability controls the rate of penetration of moisture
that may contain aggressive solutes and also controls moisture move-
ment during heating and cooling or freezing and thawing [1].
While permeability of concrete is commonly measured using
uncracked laboratory specimens [2,3], in real structures, the existence
of cracks (induced by restrained shrinkage ormechanical loading) can
significantly increase the penetration of moisture and salts into con-
crete. This can especially be significant for high strength concretes
which are known to have a higher tendency for cracking due to a larg-
er autogenous and thermal shrinkage and a lower capacity for stress
relaxation [4,5,6]. As such, for service-life predictions, it is important
to account for the effect of cracks on accelerating the transport of
moisture and aggressive agents inside concrete. Unfortunately, the
present generation of service-life models largely overlooks the effect
of cracks on durability.

Research on the water permeability of crack-free concrete has
been extensive [7,8,9,10,11,12] and has led to a general understand-
ing that the saturated water permeability of concrete is a function
of its porosity, pore connectivity, and the square of a threshold pore
diameter [10,11,12]. In addition to the classical flow-thru permeabil-
ity measurements [2,3], new methods (e.g., thermal expansion kinet-
ics [13], beam bending [14], and dynamic pressurization [15]) have
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been offered that allow a more rapid and repeatable measurement
of the saturated permeability.

In comparison, research on the permeability of cracked concrete
has been limited. The pioneering works of Kermani [16], Tsukamoto
and Wörner [17], and Gérard et al. [18] explored changes in perme-
ability of concrete caused by the application of compressive or tensile
stress. Wang et al. [19] measured the permeability of concrete disks
fractured using a splitting tensile test, and correlated the crack open-
ing displacement (COD) with the permeability coefficient of a crack.
Their results suggested that for COD smaller than 25 μm, there is no
significant increase in permeability beyond the matrix permeability.
For larger cracks, permeability increases exponentially. It should be
noted that in this study (as well as some future studies [20,21,22]),
crack width was not directly measured; but assumed to be equal to
the lateral displacement of the disk specimen which was measured
using an LVDT setup (Fig. 1). This assumption could result in inaccu-
racies due to crack branching, variability of crack width along its
length, and inelastic deformation of the matrix; as discussed later in
this paper.

For use in service-life prediction models, it is important to estab-
lish a quantitative correlation between crack geometry and its perme-
ability. Using the theory of laminar flow of incompressible Newtonian
fluids inside a smooth parallel-plate gap, Eq. (1), often referred to as
the Poiseuille law, can be derived showing that the water flow
rate through a crack, Q (m3/s), is related to the cube of crack width,
b (m) [23]:

Q ¼ ξ
Lb3

12η
dP
dx

� �
ð1Þ
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Fig. 1. Schematic illustration of the splitting tension setup used to fracture mortar disk specimens.

Fig. 2. A thru-thickness crack in a mortar disk specimen showing: (a) crack width var-
iability and crack tortuosity, (b) crack wall roughness.
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where Lb (m2) is the crack cross sectional area perpendicular to the direc-
tion of flow, η (Pa·s) is dynamic viscosity of fluid, and dP

dx

� �
(Pa/m) is the

pressure gradient that drives the flow. This equation can be combined
with Darcy's law:

J ¼ Q
Lb

¼ κ
η

dP
dx

� �
ð2Þ

and alternatively presented in terms of the permeability coefficient of a
crack κ (m2), as a function of crack width square [24]:

κ ¼ ξ
b2

12
: ð3Þ

Eqs. (1) and (3) are strictly valid for a smooth, straight, and par-
allel plate crack. Real cracks in concrete never have such characteris-
tics. As shown in Fig. 2, the crack width often varies along the length
of a crack; cracks are tortuous meaning their actual length is larger
than their nominal length; and crack wall surfaces are rough. These
features reduce the permeability of a crack, sometimes significantly.
To account for this reduction in permeability, in Eqs. (1) and (3), an
empirical reduction factor ξ has been included; the values of
ξ=0.001 to 0.1 have been reported for plain and fiber reinforced
concrete [21,25]. Unfortunately, these values are uncertain (vary
several orders of magnitude), purely empirical, and have not been
correlated to the geometric properties of cracks. For implementation
in service-life models, it is important to improve the estimation of
crack permeability (and other transport properties) as a function of
crack geometric parameters; i.e., average or effective width, tortuos-
ity, and roughness. The present paper pursues this objective.

2. Quantifying the geometric properties of cracks

2.1. Effective crack width

In a fractured disk specimen (Fig. 1), the actual crack profile is
highly variable in both parallel and perpendicular dimensions with
respect to the direction of the flow. In other words, the crack widths
are variable both on the surface and through the thickness of the
disk. For example, Fig. 3 shows the cumulative distribution function
of crack widths on the surface of a mortar disk specimen. For compar-
ison, the horizontal permanent displacement (after unloading), mea-
sured by LVDTs (Fig. 1), is also shown. It is clear that the LVDT reading
is not a good measure of the actual crack profile or even the average
crack width.

Using the digitized crack profile, an effective thru crack width,
beff-thru, can be calculated that results in the same permeability coef-
ficient as the actual variable crack. This is done by extension of a
technique originally suggested by Dietrich et al. [26] for fractured
rocks. The crack profile is discretized into a series of local parallel
plates, which are further combined into a global parallel plate
(Fig. 4). In Fig. 4(b), dimensions X, Y, and Z represent respectively
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Fig. 3. Cumulative distribution function showing the variability of crack profile along
the surface of a disk specimen.
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the direction of the flow (e.g., thru thickness), diametric direction
parallel to crack, and diametric direction perpendicular to crack
(also see Fig. 1). If bij represent the crack width for the ith element
in direction X and jth element in direction Y, the first row of elements
can be represented by b1j. To calculate an effective thru crack width,
beff-thru, first, the effective crack for each row of elements is obtained
(b1,eff, b2,eff, etc.). According to Darcy's law, for the first row of ele-
ments, the volumetric discharge rate (Q1,T) is described as:

Q1;T ¼
Xn
j¼1

Q1j ¼
1
η

Xn
j¼1

L1jb1jκ1j
ΔP1j
d1j

ð4Þ

where n is the number of elements in each row, and κ1j ¼ b21j
12 and ΔP1j

represent the permeability and pressure loss for each element. Assuming
that the elements' length and thickness are chosen constant: Lij=L and
dij=d, and that the flow is 1-dimensional (ΔP11=ΔP12=…=ΔP1):

Q1;T ¼ 1
12η

L
d
ΔP1

Xn
j¼1

b31j: ð5Þ
Fig. 4. Method for calculation of the effective crack width ((a) is redr
Combining Eq. (5) and Darcy's law results in:

Q1;T ¼ 1
12η

nL
d
ΔP1b

3
1;eff ð6Þ

b1;ef f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
j¼1

b31j
3

vuut : ð7Þ

Eq. (7) can be used to determine the effective surface crack width
at the top and bottom faces of each disk specimen (shown as beff-surf in
Fig. 6). To determine the effective thru crack width, beff-thru, a similar
summation procedure is performed in the X direction. For a column
of m crack elements with length, width, and thickness nL, bi,eff, and d:

QT ¼ Q1;T ¼ Q2;T ¼ ⋯ ¼ Qi;T ð8Þ

1
12η

nL
md

ΔPb3
eff ¼

1
12η

nL
d
ΔP1b

3
1;eff ¼ ⋯ ¼ 1

12η
nL
d
ΔPib

3
i;eff ð9Þ

where QT is the total discharge rate, ΔP=ΔP1+…+ΔPm is the total
pressure loss across the specimen, and m is the number of rows. Sim-
plification of Eq. (9) results in:

ΔPi ¼ ΔP1
b1;eff

bi;eff

 !3

ð10Þ

ΔP ¼
Xm
i¼1

ΔPi ¼ ΔP1b
3
1;eff

Xm
i¼1

1
b3
i;eff

 !
¼ mΔP1b

3
1;eff

1
b3
eff

 !
ð11Þ

and ultimately:

bef f−thru ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m

∑m
i¼1

1
b3i;eff

� �3

vuuut : ð12Þ

2.2. Crack tortuosity and surface roughness

Fig. 5(a) and (b) show an actual thru-thickness crack profile and a
schematic sketch of a crack to illustrate the methods used to quantify
awn and modified based on the image from Dietrich et al. [26]).
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Fig. 5. (a) Digitized profile of an actual thru crack; (b) schematics of a crack profile to
illustrate methods of quantifying tortuosity and roughness.

Table 1
Mixture proportions for mortar specimens.

Component Proportions (kg/m3)

Plain Fiber-reinforced

Cement 600 600
Sand 1375 1375
Water 270 270
Fiber – 7.5
Stabilizing admixture – 0.9
Water reducing admixture 3.25 3.25
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the tortuosity and roughness of crack. The crack profile is wavy (i.e.,
not straight) resulting in an effective crack length (Le) larger than
the nominal crack length Xmax. The ratio:

τ ¼ Xmax

Le

� �2
ð13Þ

is known as the tortuosity factor. It has been shown [27] that permeabil-
ity is reduced proportionally with (Xmax/Le)2 and not with (Xmax/Le)
since the larger effective length affects both pressure gradient and
fluid velocity. In addition to tortuosity, the crack surfaces are rough
which creates additional friction against the flow. Louis [28,29] sug-
gested the following equation to estimate the permeability of a
parallel-plate crack with rough walls in laminar flow:

κ ¼ b2

12 1þ 8:8R1:5
r

	 
 ð14Þ

where Rr=Ra/2b is the relative surface roughness, and Ra (m) is the ab-
solute roughness defined as the mean height of the surface asperities.
This equation is empirical and valid for steady laminar flowwith Reyn-
olds number Reb2300 and rough crack surfaces with Rr>0.033.

To quantify tortuosity and roughness, surface metrology tech-
niques [30] can be employed. First, the surface profile is digitized
and the x and z coordinates of all pixels on the crack surface are iden-
tified. The profile is then divided into segments of length λ. Within
each segment, a reference �Z line is drawn connecting the beginning
and end points where the segment intersects the crack profile. The
entire nominal length (Xmax) is covered by n segments (note that n
does not have to be integer) and the lengths of the reference �Z
lines are determined. By summation of the �Z lengths, the effective
length (Le) is obtained and used for calculation of tortuosity. Note
that Le depends on the sampling length λ; smaller λ results in a lon-
ger Le (more on this in Section 4.3).

Roughness is determined in two steps. First the segment x=0 to
x=λ is selected and its roughness is determined by calculating the
average height of surface asperities with respect to its reference �Z
line:

Ra;l ¼
1
λ
∑ ðj�Z xð Þ−Z xð Þj cosαÞ ð15Þ

where Ra,l (m) is the local roughness over this segment, and the quan-
tity in front of Σ is the absolute value of the difference between crack
profile and the reference line in the direction perpendicular to the ref-
erence line. Next, the segment is shifted 1 pixel to the right (x=1 to
x=λ+1) and the local roughness is recalculated. The segment is
swept over the entire assessment length (x=0 to x=Xmax) and the
corresponding Ra,l values calculated. A total of (Xmax−λ) number of
Ra,l values are averaged to determine the global surface roughness:

Ra;g ¼ 1
Xmax−λ

XXmax−λ

i¼1

Ra;l

� �
i
: ð16Þ

In addition, Ra,l values obtained can be used to construct a proba-
bility density function for the surface roughness of the crack. The
roughness can be measured using the top, bottom or both crack sur-
faces. Note that Ra,l and Ra,g will depend on the sampling length λ
(more on this in Section 4.3). In this study, the procedures for mea-
surement of tortuosity and roughness, as described above, were exe-
cuted automatically through a MATLAB programming code.

3. Materials and experiments

3.1. Sample preparation

Disk-shape plain and fiber-reinforced mortar specimens were pre-
pared, diametrically fractured, and tested for permeability. The mortar
mixture proportions are provided in Table 1. Type I/II Portland cement
(per ASTM C150-07), natural glacier sand (meeting the gradation re-
quirements of ASTM C33-07), and polypropylene fibers (8 mm length,
39 μm diameter, vol. fraction 1%) were used. Disks (8.9 cm diameter×
2.5 cm thickness) were cut from 17.8 cm tall mortar cylinders after
28 days of moist curing. The disks were fractured using a deformation
controlled splitting tensile test (Fig. 1). Vertical load was applied using
a Universal Testing Machine by maintaining a constant rate of vertical
deformation at 1 μm/s. The horizontal displacement was continuously
monitored using two LVDTs positioned at the opposite sides of the spec-
imen. As each specimen approached its peak load, a localized vertical
crack formed starting from the middle section of the disk and growing
outwards. After reaching a desired horizontal displacement, each spec-
imen was unloaded at a vertical displacement rate of 5 μm/s. Various
average crack widths in the range 10 to 200 μm were generated using
this procedure. After fracturing, specimens were wrapped in plastic
covers and kept in a moist room until they were due for permeability
test. Each disk was vacuum saturated inside saturated Ca(OH)2 solution
for 24 h prior to the permeability test.
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Fig. 6. Correlation between the effective surface and thru crack widths.
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3.2. Permeability measurement

The saturated permeability was measured using a Darcian flow-
thru cell and according to the procedure of CRD-C48-92. Inside a
stainless steel cell, a disk specimen was securely seated on a retainer
ring bonded to the specimen using a layer of high strength plaster.
The circumferential surface of the specimen was sealed using a
70/30 mixture of paraffin and rosin. A layer of silicone sealant was ap-
plied on the top to seal the steel–wax interface. The silicon was
allowed to cure for 4 h while the top surface of the specimen was
kept wet to prevent drying of the mortar. The permeability test was
performed using a pressure gradient of 68.9 kPa (10 psi). This
resulted in a laminar flow with Reynolds numbers smaller than 118.
The input water was pressurized by air inside a bladder, and this pres-
sure was constantly monitored during the test. The output water was
at atmospheric pressure. The outflow was collected inside a volumet-
ric flask placed on top of a digital balance with accuracy 0.01 g.
Weight measurements were performed automatically by a computer
at 10 s intervals. To prevent evaporation of outflow water, the mouth
of the volumetric flask was sealed with adhesive plastic with a small
puncture to allow pressure equilibrium. Further, the water inside the
flask was covered with a thin layer of oil.

Past research has shown that due to a self-healing phenomenon,
permeability of cracks continuously decreases during the test
[31,32,33]. The crack healing during the permeability test has been at-
tributed to carbonation of concrete and formation of calcite (CaCO3),
renewed hydration of cement, and/or dissolution and re-deposition
of portlandite (Ca(OH)2). The results of the current study show up
to 85% reduction in crack permeability during the first 24 h of the ex-
periment, with narrower cracks showing a higher reduction than
wider cracks. To maintain consistency, it was decided to use the out-
flow rate at 15 min to determine the permeability of cracks. The 15-
min water flux inside cracks of various widths was measured as 3 to
53 cm/s. Considering the specimens thickness (2.5 cm), the measured
flux values suggest that cracks are fully saturated within the first few
seconds of the test. It should be noted that the matrix permeability is
several orders of magnitude smaller than crack permeability (see
Fig. 8), and as such, the exact degree of saturation of the matrix has
little effect on the crack permeability measurements. Nevertheless,
to maintain the specimen as close as possible to full saturation, each
specimen had been vacuum saturated for 24 h in Ca(OH)2 solution
before the permeability test was initiated.

It should be further noted that due to self-healing, crack geometry
(i.e., width, tortuosity, and roughness) is constantly changing during
the test, and its effect is reflected as a reduction in permeability. The
purpose of this study is to find a quantitative correlation between
crack geometry and its permeability. As such, it was decided to termi-
nate the test immediately after the measurement of permeability
(15 min), to be able to capture the crack geometry that corresponds
with the value of measured permeability.

3.3. Measuring crack dimensions

Immediately after permeability measurement, the specimen was
taken out of the cell, cleaned and air dried for 24 h (23 °C, 50% RH).
It should be noted that some changes in the crack width may be inev-
itable due to drying shrinkage. The crack dimensions were measured
using digital image analysis. To reach higher contrast between the
crack and the matrix, specimens were vacuum impregnated with a
low viscosity black epoxy for 15 min. After epoxy hardened, the spe-
cimen's top and bottom faces were polished to remove the surface
layer of epoxy and obtain flat surfaces. Next, the crack profile on the
top and bottom faces was scanned using a digital scanner with reso-
lution 9600 dpi (i.e., pixel size≈2.65 μm). This results in a crack de-
tection limit of approximately 5.3 μm (i.e., 2 pixels wide). The
surface crack width was measured every 200 μm along the diametric
crack, and the results were used to obtain the effective surface crack
width beff-surf (Eq. (7)).

In addition to crack width measurements along the top and bot-
tom surfaces of each disk, three plain and five fiber-reinforced speci-
mens were vertically sectioned at the mid-point along a diameter
perpendicular to the surface crack and the crack profile through the
specimen's thickness was scanned (Fig. 6). The thru crack widths
were measured every 50 μm, and the results were used to obtain
the effective thru crack width beff-thru using Eq. (12). To be able to cal-
culate the effective thru crack width for the entire specimen, the pos-
sibility of establishing a correlation between the effective surface and
the effective thru crack widths was explored. For the eight specimens
vertically sectioned, the effective thru crack width was calculated
along each section. Also, the effective surface crack width correspond-
ing to each section was calculated. The portion of surface crack be-
tween 0.375 and 0.625 points was assumed to correspond with the
middle thru section (Fig. 6). Fig. 6 shows a linear correlation between
the effective surface and thru crack widths obtained for both plain
and fiber-reinforced specimens. It should be noted that this correla-
tion is not universal and may be different for other materials or cracks
developed by other loading conditions. Strictly speaking, it should
only be applied to the mortar specimens tested in this work; for
other materials, verification is needed. Here this correlation is used
only to translate the effective surface crack width (calculated by scan-
ning the crack at top and bottom surfaces of specimen) into an effec-
tive thru crack width for specimens tested in this study. It should
be noted that alternatively, 3D tomography techniques (e.g., X-ray
CAT) can be used to obtain the three dimensional crack profile [34].
However, the resolution of such measurements can be a limiting fac-
tor. For commonly available X-ray tomography instruments, the reso-
lution is on the order of 1/1000 of the sample dimension (e.g., 89 μm
for 89 mm diameter specimens).
4. Results and discussion

4.1. Comparison between average, effective, and LVDT crackmeasurements

A total of 20 plain and fiber-reinforced disk specimens were frac-
tured and tested in this study. Fig. 7 shows comparisons among the
average and effective crack widths and LVDT measurements. The av-
erage and effective crack widths are closely correlated with the effec-
tive thru crack widths approximately 13% larger than the average
surface crack widths. This may suggest that when the average crack
width is properly determined from the specimens' surfaces, the effec-
tive crack width can be estimated with a reasonable accuracy without
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Fig. 7. Correlation between (a) average and effective crack widths, (b) average crack
width and LVDT readings.

Fig. 8. Theoretical and experimental values of crack permeability as a function of effec-
tive crack width.
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the need to slice the specimens or perform calculations described by
Eqs. (7) and (12).

In comparison, the LVDT measurements show a significant scatter
while they are consistently over-estimating the crack widths, approx-
imately by a factor 2.5. This again suggests that horizontal LVDT mea-
surements must not be used to estimate crack widths in a splitting
tensile test.

4.2. Saturated permeability as a function of crack width

The results of experimental measurements of crack permeability for
plain andfiber-reinforcedmortars are presented in Fig. 8. For comparison,
the values predicted by the parallel plate theory (κ=b2/12) are also in-
cluded. The curves present the best fit of Eq. (3) to the experimental
and theoretical data. For the experimental data, the best ξ corresponding
to the least error was determined. Several important observations can be
made. (1) The permeability of cracks is more than 6 orders of magnitude
larger than the matrix permeability. (2) The experimental results agree
with the trend predicted by the theory. In otherwords, crack permeability
is a function of crack with square. (3) However, the experimental values
of permeability are smaller than the theory by a factor of 4 to 6. The
best fit for the plain specimens results in ξ=0.229 and for the fiber-
reinforced specimens ξ=0.163. This could be due to crack tortuosity,
and the friction caused by crack's surface roughness and presence of fi-
bers. (4) The experimental results exhibit a considerable scatter. While
a coefficient of variation of 65% has been reported for single-operator
permeability measurement of uncracked concrete [35], the existence of
cracks can further contribute to scattering of results due to crack branch-
ing and variability of crack profile in three dimensions. Future research
can explore the precision in permeability measurement of less variable
cracks (e.g., manufactured gaps with certain thickness and surface
roughness).

4.3. Crack tortuosity and surface roughness

It is known that fracture surfaces exhibit fractal behavior [36]. This
means that crack profile looks similarly tortuous and jagged at different
scales of magnification (a property called self-similarity). Examples of
fractal functions are numerous in nature including mountains, coast-
lines, clouds, plants, and natural and manufactured surfaces. The fractal
nature of cracks in concretematerials has been recognized by earlier re-
searchers [37,38,39,40] who attempted to link the surface area and
roughness of cracks to the fracture toughness of the material. A similar
approach can be adopted to relate the tortuosity and roughness of
cracks to their transport properties.

Fig. 9(a) shows the effective length (Le) of a thru-thickness crack,
in a fiber-reinforced specimen, measured using significantly different
values of sampling length scale (λ) as per Section 2.2. The crack had a
nominal length Xmax=20.66 mm. It is observed that the measured
values of Le depend strongly on λ and increase from 22.40 mm at
λ=12,755 μm to 49.19 mm at λ=3.8 μm. This represents a change
in the tortuosity factor from τ=0.85 to 0.18 (i.e., becoming consider-
ably more tortuous at smaller λs). Despite its significant dependence
on λ, Le can be considered a statistically self-similar fractal only if it
follows the power function [36]:

Le ¼ Fλ1−D ð17Þ

where D (−) is the fractal dimension and F (m) is a constant. This
power function shows as a straight line on a log–log scale which fits
well to the data reported in Fig. 9(a), and results in a fractal dimen-
sion D=1.095. A comparison between the measured Le values from
two cracks in a plain and a fiber-reinforced specimen is provided in
Fig. 9(b). The plain crack shows similar or slightly smaller Le values
(i.e., less tortuous crack) depending on the measurement's length
scale (λ). The fractal dimension of the plain crack was determined
as D=1.096. Similar results were obtained by analyzing other thru-
thickness cracks in plain and fiber-reinforced specimens.

In addition, the global roughness of the plain and fiber-reinforced
thru cracks was measured based on the procedure of Section 2.2. The
results are presented in Fig. 10. Unlike the effective length (Le), which
increases for smaller λs, the crack roughness decreases monotonically
as λ decreases. This is anticipated since at smaller sampling length
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Fig. 9. Effective crack length as a function of sampling length scale: (a)fiber-reinforced crack
fitted by a fractal power function; (b) comparison betweenplain andfiber-reinforced cracks.

Table 2
Average tortuosity and roughness measured using different values of λ.

λ (μm) τ (−) Ra,g (μm)

1000 0.51 637
100 0.27 70
10 0.21 8.9
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scales, crack shows smaller surface features. Except for very large
values of λ, the crack roughness shows a strong self-similar fractal be-
havior that can be represented by the power function [41]:

Ra;g ¼ Fλ2−D
: ð18Þ
Fig. 10. Crack surface roughness as a function of sampling length scale.
The fractal dimensions of D=1.085 and D=1.052 were obtained
for the plain and fiber-reinforced cracks. Further, the presence of fi-
bers does not show a measurable impact on the roughness of cracks.

4.4. Effect of tortuosity and roughness on crack permeability

Table 2 shows the average values (between plain and fiber-reinforced
specimens) of crack tortuosity factor and surface roughness measured
using different valuesλ. These values canbe used, alongwith the effective
or average crack width, to estimate crack permeability using Louis
Eq. (14) that has been modified by adding the tortuosity factor:

κ ¼ τb2

12 1þ 8:8R1:5
r

	 
 : ð19Þ

The results are presented in Fig. 11 which compares the estimated
permeability from Eq. (19) with values measured by experiment.
Among the three estimate curves, the one corresponding to λ=10 μm
(τ=0.21, Ra,g=8.9 μm) matches the best to experimental data. This
underlines the significance of choosing a proper sampling length for es-
timation of crack tortuosity and roughness. The observations from
Fig. 11 suggest that the sampling length must be several times smaller
than the width of the examined crack. Further, Eq. (19) can provide a
good quantitative estimate of crack permeability, at least for the effec-
tive crack widths in the range 35 to 100 μm. Future research should ex-
amine the applicability of this equation for cracks of different size and in
concrete materials other than the specific mortars studied in this work.

5. Conclusions

Based on the results of this research, the following conclusions can
be drawn:

• Using a digitized crack profile, an effective crack width can be calcu-
lated that results in the same permeability as the actual crack whose
width is variable along its length. The effective crack width shows a
reasonably good correlation with the arithmetic average of crack
widths. On the other hand, horizontal displacement of disk specimen
during the splitting tensile test (i.e., LVDT reading) does not correlate
Fig. 11. Estimation of crack permeability based on Eq. (19); data points show experi-
mental results.
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well with average or effective crack width and should not be used to
estimate crack dimensions.

• Experimental measurements show that crack permeability coeffi-
cient is a function of crack width square. While this trend agrees
with the theory of laminar flow in smooth parallel plat gaps, the
measured permeability values are smaller than the theory by a fac-
tor 4 to 6 due to tortuosity and surface roughness of cracks.

• Tortuosity and surface roughness of cracks exhibit fractal behavior. In
other words, the numerical values of these parameters depend signif-
icantly on the magnification of length scale. In this work, plain and
fiber-reinforced cracks were examined at several different length
scales from μm to mm. Both tortuosity and roughness show a statisti-
cally self-similar fractal behavior across these length scales, with frac-
tal dimensions measured in the range 1.052 to 1.096.

• Towards the main objective of this work, a modification of the Louis
equation by adding a tortuosity factorwas found to be capable of quan-
tifying crack permeability as a function of crack geometry (i.e., width,
tortuosity, and surface roughness). Tortuosity and roughness of crack
must be measured using a sampling length scale that is several times
smaller than crack width.
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