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Abstract

Predictive computation of fluid flows through concrete structures subjected to mechanical and/or thermal loading requires de-
tailed description of cracks. A series of experiments were performed to obtain statistical data on the crack profile. For that purpose,
concrete specimens were cracked using bending tests. Three concrete mixtures with the same aggregate were used to illustrate the
difference between normal and high-performance concrete. Three-point and four-point bending tests were conducted so that the role
of the stress gradient on the roughness was assessed. The obtained cracks were scanned and their geometry was digitized and
statistically studied. A probabilistic crack-generation model based on previous results allowed to generate crack patterns at the
microscale level according to the given field of damage at the macroscale level. The obtained computed crack pattern was used for
flow computation. It was shown that the probabilistic model produced statistically representative results for the flow computation.
The influence of parameters like crack opening, pressure, and roughness were then evaluated. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

In civil engineering, many structures act as tight
barriers that can impede, or, at least slow down, the
mass transport process between two media. One can
mention, for example: containers and structures for
waste storage, pipes, nuclear containment, and dams.

Today, it is possible to obtain some satisfactory
predictions for the mechanical behavior of such struc-
tures subjected to mechanical and/or thermal loading,
from a global point of view (displacement at specific
points, actions of support, etc...) and equally from a
local point of view (state of cracking — cracks position
and openings, stress, etc. ..). However, when predictions
must relate to a leakage rate, it is necessary to extrap-
olate the mechanical results and then to use a specific
model of fluid flow. Because the internal scales linked to
damage propagation and to fluid flow are completely
different, it is not possible to use directly the mechanical
result for performing the fluid flow computation. The
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geometrical description of a crack obtained from the
first computation must be enhanced.

In the presence of macrocracks, most of the flow leaks
through these cracks. Models currently available in the
literature for flow through macrocracks are based on a
Poiseuille’s law corrected by a coefficient of tortuosity,
whose value is difficult to determine. If these kinds of
models are nowadays correctly established in the case of
microcracks or low differential pressure, in the case
of wide openings and high differential pressure, they are
not able to predict the flow rate with a correct accuracy.

Our process consists of modeling the flow with the
same level of sophistication as in mechanics, i.e., to di-
rectly discretize the Navier—Stokes equations [1].

The major problem lies in the transition from solid
mechanics to fluid mechanics. Scales of modeling are
completely different and mechanical results for cracking
obtained from non-linear finite element computations
cannot be used directly for the flow calculation. When
performing non-linear computation of concrete struc-
ture, the heterogeneity of the material and strain soft-
ening leads to strain localization and must be modeled
with a regularization method. Localization and regu-
larization methods for strain-softening models are the
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subject of a lot of papers. Discrete approaches [2,3] or
continuum modeling [4-6] illustrates an internal length
scale which is about five times the size of the coarsest
aggregate. This is the correct scale for the non-linear
mechanical computations using damage mechanics [7-9,
among others] or smeared crack approach [10]. This
scale is called the macroscale in what follows. It is then
possible to consider the material as homogeneous and
continuous.

The correct scale for the flow computation is called
the microscale. The characteristic dimension for a cor-
rect description of the tortuosity and the roughness of
the crack is about one-tenth of the crack opening, i.e.
0.01 mm at the most. Smaller scales are present in the
crack geometry, which could be considered a fractal
property [11], but they would not affect transfer, so they
are not essential for the flow computation.

2. Experimental procedure to determine the crack geom-
etry

To construct a realistic crack profile for the leakage
computation, it was proposed to compose it of straight
line segments. Each segment represented the part of the
crack growing through or avoiding a granulate. A series
of bending tests to obtain a cracked specimen were
performed to study crack geometry. Statistical data of
crack geometry experiments were analyzed in terms of
deviation angles and segment lengths (Fig. 1).

2.1. Mechanical test

Three concrete mixtures (see Table 1 for composition)
with the same aggregate (Dp.x = 16 mm), and approxi-
mately the same paste content were tested to investigate
the difference between normal and high-performance
concrete. 100 x 100 x 500 mm® plain concrete prisms
were cured for at least 28 days at 100% R. H. and 20°C
until the day of testing.

In addition, it was interesting to know if the stress
gradient at the crack tip influences the geometry of the
crack.

Three-point and four-point bending tests were per-
formed for each mixture to underline the role of the
stress gradient and the paste characteristics on the
roughness of the crack (see Table 2).

Fig. 1. Example of a crack geometry constituted from linear segments
with various lengths and orientation angles.

Table 1
Compositions and principal characteristics of tested concrete

Ordinary HPC HPC
concrete C30 C60 C80
Cement (kg/m?) 350 400 450
Aggregate with 1900 1900 1860
Sand (kg/m*)? 760 741 725
Grit and gravel (kg/m?) 1140 1159 1135
Total amount of water 208.7 176 148
(1/m?)
Plasticizer resin GT (%) - 1 4
wi/C 0.59 0.44 0.33
Vol. of paste® (1/m?) 320 300 290
Vol. of matrix® (I/m?) 365 330 330
Density 2.44 2.49 2.54
Slump (mm) 90 >250 200
fcpg (MPa) 33.9 59.3 80.0

#Sand is a mix of four sands. It varies little from one concrete to an-
other and contains between 10% and 16.5% of fines (d < 100 pm).
®Paste = cement + water + additive.

¢ Matrix = cement + water + additive + fines from sand (d < 100 pm).

Table 2
Number of performed tests

C30 C60 C80
3-point bending 4 3 3
4-point bending 1 1 0

The mechanical tests were performed until the
breaking of the specimen, and only the final crack was
observed. These experiments were performed under load
control, so that it is difficult to give the value of the
crack-propagation celerity. This parameter can affect the
roughness of the crack and must, on evidence, be eval-
uated on further experiments.

The fracture surface of each part of the broken
specimen was molded with cement paste containing a
red pigment (white cement and 1.5% by mass of Ferro
oxide). This red pigment offered the best contrast be-
tween the molding part and matrix, and between the
molding part and aggregate.

The central part of the specimens were cut in four
slices 15 mm thick, so that eight fracture profiles were
observed for each half of the specimen among its 100
mm width. As the required geometry resolution for this
study was only 40 um and the surface irregularities
produced by the saw were much smaller, no other
preparation (grinding or polishing) of the concrete sec-
tions was necessary.

2.2. Data acquisition and picture binarization

The color images were scanned with an optical reso-
lution of 600 dpi. The size of each pixel was 40 pm. This
simple method for image acquisition was proved to be a
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Fig. 2. Freeman notation.

good compromise considering the optical materials
available at the laboratory, the computing capacity for
image analysis, and the required resolution. Each sam-
ple being 100 m high, the whole fracture could be stored
in only one (2500 x n) pixels image (with n variable in
function of profile).

This digitized color image was first binarized with the
software VISILOGS and then the binarized image was
analyzed to extract the fracture profile with an image
analysis program previously developed at LMDC (and
used for example in [12]), and based on mathematical
morphology [13,14].

The color image was automatically filtered in an HLS
image (hue, luminescence, saturation), then transformed
in three images H, L and S. An automatic thresholding
on canal S gave a binary image (in some cases, big errors
of thresholding were noted, so a half-automatic thres-
holding was made on the HLS image giving an interest
zone in the red cement paste). A first operation of holes
filling on the two parts of the image (the concrete in
black and the red cement paste in white) was then per-
formed before the new binary image was analyzed to
extract the fracture profile.

The binary image was in square grid with eight con-
nexity. Extraction involved a series of erosion, building,
closure and thinning operations until the fracture profile
appeared as a line one pixel wide. The line obtained was
then described as a series of pixels and was coded using
the Freeman notation: the Freeman code gives the rel-
ative position of a pixel towards its predecessor with a
number from 1 to 8, as in Fig. 2. As a result, the whole
profile was stored as a list of numbers from 1 to 8.

2.3. Vectorization

As the required description of the fracture profile was
not in terms of unitary segment and angle, the form of
the line was analyzed further with an iterative method to
find the best series of straight segments fitting the line.

As an example, let us consider the two segments
shown in Fig. 3(a), of which the digitized picture is
displayed in Fig. 3(b). The corresponding freeman series
is: 766766766766766676676676676667667688887888888
888788888888878.

In order to use the original picture 3(a), we cannot
consider that there is a series of 60 unit segments but of
2 segments.

A

(a) original picture (o) digitized picture

Fig. 3. Example of vectorization.

Knowing a characteristic point A, one must find the
next point B. The criterion used was that the distance
between any pixel flanked by A and B and the line AB
had to be smaller than a given value 0.

Using the first pixel as a characteristic point, this
process is repeated until the end of the line.

For this analysis, 6° = 1.54> was used, where & was
the size of the pixel 2 = 40 pm).

Fig. 4 gives an example of image analysis operations.

3. Statistical analysis of the crack geometry

The 73 crack profiles obtained from the experiments
were statistically analyzed to build a probabilistic gen-
eration model for crack geometry. These results were
used for studying the role of the stress gradient and the
concrete composition on crack geometry, and therefore
on the crack generation model.

The crack geometry was described by means of a
series of linear segments as shown in Fig. 1. The length
and the angle deviation of these segments were the two
statistical variables studied in what follows.

Firstly, frequencies of these variables were computed
for each profile, and then histogram curves were plotted
and studied.

3.1. Angle distribution

Due to the bell shape of the angle distribution curve
(Fig. 5), one can expect a normal distribution function.
A continuous normal distribution is characterized by the
values of the skewness y;, =3 and discrepancy 7y, = 0,
where

)
Vil _;7

where y; = E[(X —m)’], and m is the average.
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10 cm

Real color image acquired with a scanner at the
resolution of 600 dpi
The size of the image is 2500 x 566 pixels.

1 =2 at this scale

ZOOM

Binarized image after image analysis with
VISILOGS.

1 : Fracture profile after image analysis with
morphological operations such as erosion, building
and thinning

2 : New fracture profile with segments of straight
line with length | and direction a.

Fig. 4. Image analysis operations.
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Fig. 5. Typical angle distribution for a C60.
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where y, = E[(X —m)], and ¢ is the SD.

For a discrete distribution, the statistical tables [15]
give the critical values of these coefficients for various
sample sizes (between 60 and 100 samples depending on
the distribution). The confident interval, larger than 98%
for most distributions proved that a normal law was well
suited.

The nature of these distributions was also tested by
means of the Henry’s line method. When observations x;
come from a normal law of average m and SD o, the
values u; = (x; — m)/a constitute a distribution of a non-
dimensional normal-centered variable (NDNCYV).

For each cumulated frequency F; of x;, we have
associated u' = ¢~'(F;)) where ¢ is the distribution

Henry's line
y=1,7461x+ 0,2311
—  R®=09618 27

o
»w N P

Fig. 6. Typical Henry’s line for a C60 angle distribution.

function of the NDNCV. For a normal distribution, a
linear relationship between u; and x; should be obtained
and the regression factor R gives the availability of such
distribution (Fig. 6).

The mean regression factor R> for Henry’s lines for all
specimens was 0.94 and confirmed the normality of the
angle distribution.

The mean value of the angle distribution is specific
for a global rotation of the crack, so only the SD was
studied (Fig. 7).

3.2. Length distribution

The shape of the histogram curves of the lengths’
distributions were strongly asymmetric (Fig. 8) and
suggested the use of a log-normal law.
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Fig. 9. Typical Henry’s line for a C60 length distribution.

The variable change X = In L was carried out, where
L was the segment’s length. The above-described
method was used to establish the normality of X, and

Table 3
Statistical data for cracks

consequently the log-normality of the length distribu-
tion (Fig. 9).

The results are summarized in Table 3. According to
Table 2, 12 specimens were tested and 73 crack profiles
analyzed.

3.3. Influence of the concrete mixture

Since the three concrete mixtures use the same ag-
gregate, one could expect that the number of trans-
granular crack segments would increase with the matrix
strength. This would imply a decrease of the angle SD.

This fact was confirmed when comparing C60 with
C30 and C80 with C30. With the concrete mixtures used,
cracks were already transgranular with a C60 and then
the angle deviation remained nearly constant between
C60 and C80.

The effect of the concrete mixture on the segment
length was not obvious.

3.4. Influence of the stress gradient

Based on structural considerations, the tortuosity of
the crack, and consequently the SD of the angle, should
decrease a priori with the stress gradient. This effect is
not obvious on the shown results in Table 3, especially
for the C30.

There is no visible effect of the stress gradient on the
length segment.

In conclusion, the role of the stress gradient is not
emphasized in the present results. It seems reasonable to
neglect its effects on the roughness of the crack. Other-
wise, the strength of the matrix affects the SD of the
angle until cracks are transgranular. More experiments
must be done on additional concrete mixtures in order
to refine these results.

4. Numerical crack pattern

As we intended to perform a complete computation
of any structure, from the virgin structure subjected to

Concrete Number of Number of Angle (degrees) Length (mm)

mixture bending analysed
points cracks Mean SD Mean SD

C30 3 11 -22 —4.6 29.4 28.3 0.58 0.57 0.31 0.30
4 5 -10.9 25.3 0.54 0.28

C60 3 19 -4.2 -39 20.0 21.0 0.67 0.68 0.36 0.37
4 8 -33 23.1 0.71 0.40

C80 3 30 -6.3 -6.3 19.6 19.6 0.64 0.64 0.39 0.39
4 - - - - _
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mechanical and thermal loading to the flow of a gas or a
liquid through the cracks, the number, the position and
the opening of cracks were predicted at the structural
level. Then, the fluid flow was simulated at a microscale
level.

The structural level was modeled by way of a finite
element calculation using non-linear continuum me-
chanics (damage, smeared crack, microplanes,. . .etc). It
was assumed at this level that the disorder of the ma-
terial was correctly represented by the material behavior
model and the regularization method. The results ob-
tained were fields of internal variables that must be en-
riched to obtain a crack geometry which was
representative of the fluid flow. Statistical results pre-
sented previously were used to bring a probabilistic
enrichment.

Thus, the final computed crack profile used for the
fluid computation was the result of two embedded
models:
¢ the mechanical model that gave the mean line and the

opening of the crack;

o the probabilistic model based on the previous statisti-
cal study that gave a more realistic profile of the
crack lips.

4.1. Enrichment method designed for fluid flow analysis

Different physical scales must be taken into account
for the mechanical computation of a structure and for
the leak rate computation into a crack pattern. For the
computed crack pattern to be representative of the real
pattern towards the flow, it is necessary to enrich the
mechanical results. The deviations of a real crack pat-
tern compared to the theoretical pattern obtained with
the hypothesis of a homogeneous material are due to the
heterogeneity of the material. Even with the significant
progress of computers, structural computations that
include the modeling of heterogeneity still cannot be
used effectively. Nevertheless, heterogeneity can be
taken into account through a post-treatment of a ho-
mogeneous computation.

Results of the mechanical computation give contin-
uous fields of a variable that represents the damage of
material. A first step, i.e. transition from continuum to
the discrete description, must be achieved in order to get

some average lines for cracks (those called theoretical
cracks) and the crack openings (Fig. 10).

Then, a more realistic crack pattern can be obtained
as a deviation of the theoretical one. Furthermore, as
cracking is a discontinuity into an originally continuous
medium, the two crack lips are supposed to have the
same profile (disregarding the crack opening).

The crack profile is built with segments of a straight
line. The length of each segment, and the angle between
each segment and the theoretical pattern, are distributed
according to the previous study and are randomly and
independently drawn. For mechanical reasons, the angle
cannot be greater than 90°.

Fig. 11 shows a sample obtained from the theoretical
crack pattern (the crack opening is scaled by 100 in this
figure).

4.2. From the continuum to the discrete

The use of a regularization method is a necessary way
to obtain predictive results of computation until the
structure breaks. Whatever the method used, an internal
length appears in the computation. This internal length
makes it possible to pass from the continuum to a dis-
cretized material.

The method used was derived from Hillerborg’s work
and it used an energy equivalence [2,3]. This method is
efficient when the crack is localized across a band of
elements but is not suitable to predict the crack pattern
for distributed cracks.

The inelastic strains can be calculated as follows:

8;? =& — S?jk] Okl
where S, is the elastic flexibility matrix of the material.

The total crack opening along a direction given by the

unit vector n can be calculated as follows:

_ in
Op = / &, nin;dx,,
element

with x, the abscissa along the vector n.

The position of the crack in the element can be con-
sidered as the pressure center. This supposition gives a
continuous crack pattern through the elements.

Fig. 10. Crack obtained from a structural computation using continuum damage mechanics.

W

Fig. 11. Realistic crack.
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Given the moment M,

in
M1 = / Xn gij n; nj dxm
element

the position X, of the crack into the considered element
is given by,
Y M,

c — 5" N

The total crack opening splits into macrocracks
which contribute to the flow design, and microcracks
that constitute the fracture process zone [11].

As a first approximation, according to the study of
Mivelaz [16], half of the inelastic strains are shared into
microcracks and the other half into macrocracks.

The obtained crack profile as shown on Fig. 11 was
used for the mesh generation of the fluid flow compu-
tation and for the leakage.

5. Fluid flow analysis

As a first result, only bidimensional results and con-
stant crack openings are discussed here, even if tridi-
mensional computations are available [1]. The goal of
the present studies is only to determine if the model is
statistically stable, and to observe the physical phe-
nomena that governs the flow. We can notice that in
case of non-constant opening, the variation of opening
is generally slow enough to consider it as piecewise
constant.

Assuming an incompressible, steady, constant fluid
and two-dimensional flow, the governing differential
equations for the present flow are the conservation of
mass and the Navier—Stokes equations

a_U+a_V—0
X oY ’
oW LT (TY 20
ox ey pax ax2 "or? )

Ut Ve = -+

oV oV 1 oP* L L /4
ax " TayT por \axxTarz )

where p is the density of the fluid, v the kinematic vis-
cosity, P* the dynamic pressure, and U and V are the
velocity components.

The computation of the Navier—Stokes equations was
accomplished by Finite Element method.

The crack in concrete was meshed with §-node iso-
parametric quadrilateral elements, and the crack lips
were generated using the previously presented probabi-
listic model.

To capture correctly the higher velocity gradients in
the crack, a high mesh density was used across the width
(20 elements). Since the velocity gradient was higher

near the boundaries, the mesh was more refined around
the crack lips than in the middle of the crack cross-
section.

The length of the crack in our example was 50-200
times greater than the opening, it was necessary to use
an element whose size was lower than 0.1 mm along the
crack to avoid flat elements. Fig. 12 shows a typical
distribution of grid points for a small part of a crack
with a length of 5 mm.

The complete Finite Element model encompassed
38 907 nodes and 37 696 elements.

A zero value for the normal and tangential velocity
was imposed on the crack lips and uniform values of
pressure were imposed on the inlet and outlet sections.

As a first example, the computation of the leak rate
was performed for three crack profiles obtained by the
crack probabilistic generation model for the same pa-
rameters.

If the model is representative of crack geometry re-
garding the fluid flow, we should obtain similar results
for the three computations.

The three crack patterns are presented in Fig. 13.

The following parameters were taken for the fluid,
here, air, (used for the leak tests of containment walls of
nuclear reactors), as an example:

density of the fluid (kg/m?) 1.23

kinematic viscosity (m?/s) 1.18 x 1073

pressure gradient (Pa/m) 2 x 10%, 2 x 104,
5% 10%, 2 x 105,
5x10°, 8 x 10°

The flow rates obtained for the three random samples
shown in Fig. 13, with a crack opening of 0.1 mm, were
compared for the six different values of the pressure
gradient (Fig. 14). The variations in the results obtained
were less than 10%, so the model could be considered as
statistically valid and representative of crack geometry
concerning fluid flow.

Then, the following parameters were used for the
crack geometry.

Fig. 12. Crack mesh.

TN

TR e

Fig. 13. Generation of three random crack patterns (crack length: 50
mm; SD of the angle: 30°; mean of the length segments: 0.5 mm; SD of
the length segments: 0.25).
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Fig. 14. Flow rates for the three random cracks shown in Fig. 13.

crack length 50 (mm)

constant crack opening 0.05-1 (mm)

SD of the angle 15°, 22.5°, 30°, 37.5°,
45°

mean of the segment
length
SD of the segment length

0.05-0.75 (mm)

0.5 x mean value

In contrast to experiments, local flow parameters were
available and provided a better understanding of the
physical parameters that govern the flow. For example,
we could compare the velocity fields obtained for dif-
ferent pressure gradients for the same crack.

For a low value of the pressure gradient, and then for
a low value of the Reynolds number, the velocity field
was typical of a laminar steady state flow and showed a
parabolic distribution in the crack cross-section
(Fig. 15(a)), the flow was not modified by the roughness
of the crack. At a higher pressure gradient (Fig. 15(b)),
some areas of recirculating secondary flows appeared
even if the main flow stayed laminar, and the role of the
crack profile became relevant.

(b) Grad P = 8x10’ Pa/m

A W A 4 W [a A S b L
a
X Bl CALI pa “ *30°
K Khdd m45
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'S L A 37,5°
£ * f 22,5°
X
gle N * N IS bW lk N >
] 'S a
g N
g L
8 L N
E A . A4
h SN 4 n ’
NN 3 X y!
(N i
A N E
A RE B
i ™ . b T a
y i
[ ] ﬁ [ ] [ ] ] *% ”
’ ] A X M
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i i Loy 1] k[

0,1 1 10 100 1000 10000 100000

Fig. 16. Influence of the SD of the angle on the flow coefficient for
different Reynolds numbers.

The role of different parameters of the model have
been evaluated, and as an example, Fig. 16 shows the
influence of the SD of the angle on the flow coefficient
for different values of the Reynolds number.

6. Conclusion

A probabilistic model based on experiments enables
to switch from the macroscale to the microscale level.
e On one hand, a mechanical model gives the mean line

and the opening of cracks.

e On the other hand, the crack probabilistic generation
model gives a more realistic profile of these cracks:
cracks are constituted from linear segments. Their
lengths and orientation angles are statistically distrib-
uted according to experimental results and randomly
drawn.

The probabilistic model is representative of crack ge-

ometry as regards fluid flow.

Standard deviation of the angle : 30 °©
Mean length of segment : 0.5 mm
Standard deviation of the length : 0.25 mm
Constant crack opening : 0.25 mm

Fig. 15. Flow configurations for two different pressure gradients.
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The method used for leakage computation through
cracks shows that the flow is of a very complex structure
even at low Reynolds numbers and it is demonstrated
that the roughness of the crack lips is a very important
parameter which cannot be easily modeled by the way of
a simple scalar parameter.

Thus, the developed method is useful for a better
understanding of the flow through cracks, for a direct
use on leakage computation or for building simplified
models.

As a first direct application, the model was used for
the predictive computation of the leakage of a large-
scale model of a reinforced and prestressed concrete wall
containment subjected to a thermo-mechanical loading
[17]. The macrocrack position and openings were pre-
dicted with the use of a thermomechanical non-linear
computation, then the cracks’ geometry was generated
with the previously presented model and fluid flow
computations were performed. Our results agree with
the experiments and give better predictions compared to
the results of other competitors of the corresponding
benchmark [18].

From a more general point of view, the principle of
two embedded models can be employed for coupling
between cracking and phenomena that have a lower
internal length scale like diffusion, chemical reaction
etc., ...
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