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The healing of cracks plays an important role with regard to the air- and water-tightness of concrete
structures and the durability of cement based materials in general. This paper aims at further character-
ization and better comprehension of the healing phenomenon induced by the precipitation of calcite in
localized cracks. The experimental program consisted in generating a localized crack in a cement paste or
concrete specimen and healing the crack created by percolation tests with carbonated water or gas (CO,-
air mixture). For tests with liquid, results show that the healing process depends on physical parameters

gg'zvkords" like crack width, pressure gradient and carbonate content in the percolating fluid. For tests with gas, the
Healing supply of the crack with Ca* ions to form calcite depends on the moisture transport mode on the crack

edges, conditioned by the relative humidity of the percolating gas mixture. A simplified model of the
leakage rate evolution is proposed. It provides indications concerning the effect of each test parameter
on the healing process and allows the experimental results to be reproduced. Application of the model

Carbonation
Decalcification
Percolation

Leakage rate

to other tests from the literature shows its limits and gives guidance for future investigations.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The assessment of concrete structure lifetimes by modeling is
necessary for the design of durable structures. Modeling requires
a comprehension not only of the degradation phenomena but also
of the healing phenomena, which improve the durability of struc-
tures. The healing process plays a very important role with regard
to the sealing properties of storage or containment structures (nu-
clear waste repository structures in deep geologic formations,
tanks, containment vessels of nuclear plants). This paper aims to
characterize the phenomenon and to propose a simplified model
of the leakage rate evolution.

In the presence of water, hydrated or anhydrous cement grains
can react between crack edges and form crystals whose accumula-
tion leads to the sealing of the crack. The main factors involved in
the process include the continuation of the hydration process of
anhydrous cement grains and/or the precipitation of calcium car-
bonates [1,2]. The continuation of the hydration process is signifi-
cant only on a material with a large anhydrous content. This was
not the case in our study materials, in which the water/cement ra-
tio (w/c) and the curing duration ensured sufficient hydration (see
Section 2). Moreover, this mode of crack healing mainly concerns
the sealing of microcracks as the size of the hydration products
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is generally less than 10 pm. Studies on the mechanical effects of
the healing process induced by the continuation of the hydration
process have been published by Granger et al. [3].

This study focuses only on the healing process induced by the
precipitation of calcium carbonate crystals in the crack. This crack
healing mode was highlighted during tests in static conditions by
keeping the fractured specimens in ambient air with a relative
humidity (RH) of 100% [4]. The progression of the healing process
was assessed by measuring gas output flow during percolation
tests on the fractured specimen. Tests performed under dynamic
conditions also allowed a healing phenomenon induced by carbon-
ation [2,5]. The mechanisms of such a process are reported by
Edvardsen [2]. Calcium carbonate, CaCOs, is produced by the chem-
ical reaction between Ca®* ions from the material and CO3~ ions
from the percolating water.

Ca®" +C03™ — CaCO;3 1)

The carbonated water flows through the crack at a pH between
5.5 and 7.5. It may contain Ca®" ions that are undersaturated in
relation to calcium carbonate precipitation. The pH gradient be-
tween the pore solution and the percolating water leads to the dis-
solution of the cement matrix hydrates, providing calcium ions to
the percolating water. The increase in calcium ion concentration
associated with a high pH value and a low velocity of water close
to the crack walls promotes the precipitation of calcite. At the
beginning of the healing process, the formation of calcite crystals
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is controlled by the surface of the crack walls, which supply cal-
cium ions to the crack (surface-controlled). When this calcium
source becomes exhausted, the area adjacent to the crack contin-
ues to supply Ca?* ions by diffusion (diffusion-controlled). In this
case, the healing process becomes slower because the diffusion
kinetics of calcium ions through the material and the calcite layer
already formed are much slower than the precipitation kinetics. If
gaseous CO, flows through the crack, its walls may be subject to
drying. In this case, the removal of calcium ions from the pore solu-
tion to the crack edges is ensured by the convective transport of
water due to the moisture gradient between the pore solution
and the crack. As a consequence of the drying process, the gaseous
CO, penetrates the area inside the crack and dissolves to form CO%’
ions. The next step is then the chemical reaction between Ca®* and
CO3™ ions to form calcium carbonates.

By assuming that the flow through cracks is similar to a laminar
flow between parallel-sided plates, the initial output water and gas
flows often referred to as Poiseuille law and deduced from Navier—
Stokes equations, can be written as (2) and (3):

bw’ (P, — Py)
o1 = 7”/1 —d (2)

bw’ (P2 —F2)
Qog = 24y, T pd 3)

where qo; (m?[s) is the initial output water flow, qo, (m?/s) is initial
output gas flow, P, (Pa) is inlet pressure, Ps (Pa) is outlet pressure, d
(m) is flow path length, b (m) is crack length, w (m) is crack width,
n (Pa s) is dynamic viscosity of liquid, and 7, (Pa s) is the dynamic
viscosity of gas, qo; (i =1 or g) corresponds to the initial flow value
when the healing process is occurring at the same time. This initial
flow value has to be corrected by a reduction factor comprising the
tortuosity and the roughness of crack edges and the local irregular-
ities of crack width. If there is no interaction between the material
and the fluid flowing through the crack, the reduction factor is the-
oretically independent of the nature of the fluid. However, short
range forces acting between water molecules and cement matrix re-
duce the flow rate of liquid water near the crack walls where the
flow takes place. This explains why water permeability and gas per-
meability values are not of the same order of magnitude [6]. There-
fore, two different values of the reduction factor, noted ¢, for liquid
and ¢, for gas, have to be considered. Eqgs. (2) and (3) are therefore
modified as follows:

_bw? (P, —Py)

o) = Cl?”h —d (4)
. bw’ (PP}

Gog = Cngg T Pd (5)

Numerous values of the ¢ and &g are proposed in the literature (see
Table 1). Some authors argue that these coefficients do not have
fixed values but depend on test parameters such as crack width
[7-10].

Table 1

Values of the coefficients ¢ and ¢, proposed in the literature.
él ég
Edvardsen [2] 0.25 Buss [13] 0.08

i 1

Ripphausen [9] om0 MacGregor et al. [14] 0.36
Clear [11] 0.125 Saito et al. [15] 0.249
Mivelaz [12] 0 if w 0.05 mm

0.2 if w/0.25 mm
Linear interpolation between the 2 extreme values

On the basis of her experimental results, Edvardsen [2] has pro-
posed an empirical model of the output water flow evolution ver-
sus time (6):

qq(_otl) — 65W;11.05t(—1.3+4wm) _ -105Wg1.8 (6)

where w,,, (mm) is the mean value of the crack width, q(t) (I/h) is
output water flow at time ¢, and t (h) is the time of exposure to
water.

Relationship (6), based on statistical criteria, takes only the
crack width into account as the physical parameter and does not
restitute the initial output flow value at t = 0.

In accordance with the aims of this paper, a new model of leak-
age rate evolution, based on more physical criteria compared to Eq.
(6), is proposed in the framework of the study. Of course, the devel-
opment of the model also requires determination of the appropri-
ate value of the reduction factor ¢; in order to obtain a correct
prediction of the initial outlet flow of water. For this purpose, per-
colation tests were performed on fractured specimens with car-
bonated water or gas (CO,-air mixture). The experimental
program is described in detail in the next section.

2. Experimental program
2.1. Materials

Tests were carried out on ring-shaped concrete and cement
paste samples (noted C and CP respectively) made with CEMI ce-
ment (CEMI 52.5 PM ES-Val Azergues, Lafarge), the chemical com-
position of which is given in Table 2.

The cement paste was made with a w/c ratio of 0.5. The concrete
was a high-performance concrete (HPC). The samples were stored
in endogenous curing conditions in a temperature controlled room
at 20 °C for over 2 months, in order to reach a pronounced degree of
hydration. On materials of the same type, Baroghel Bouny [16]
measured a degree of hydration close to 1 after three months of
storage in endogenous cure conditions. This implies that the heal-
ing process induced by the continuation of the hydration process
was very limited in our case. The formulation of the materials and
their physical characteristics are recorded in Table 3.

The relative permeabilities to liquid of the study materials are
important with regard to the healing process, especially for gas-
eous CO, percolation. In this case, the removal of calcium ions from
the pore solution to the crack edges is ensured by the convective
transport of water due to the moisture gradient between the pore
solution and the crack. This convective flow is given by the product
of the intrinsic permeability and the relative permeabilities to li-
quid that we calculated by considering the pore network model
developed by Ranaivomanana et al. [17].

The samples were saturated under vacuum before the percola-
tion tests. This saturation was necessary to avoid moisture gradi-
ents within the material, which could have affected the healing
process as, whatever the nature of the percolating fluid, healing
is possible only if the internal humidity value of the material re-
mains very high. This is not the case after the storage in endoge-
nous cure conditions leading to a degree of saturation
corresponding to a RH of 90% for concrete (C) and of 95% for ce-
ment paste (CP).

2.2. Generation of a crack and width measurement

A crack was generated in the ring-shaped sample by using the
“expansive-core” system developed by Gagné et al. [18].

The “expansive-core” system is composed of four main compo-
nents: a steel cone, a clamping base, 6 steel petals and a PVC ring
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Table 2
Chemical composition of the cement used.

Si0, Al,O3 Fe,03 Ca0 MgO SO, Na,0 K,0 Loss on ignition
% By mass 20.90 3.20 4.60 65.10 0.60 2.76-3.00 0.10 0.60 1.25
Table 3
Mix design and characteristics of test mixtures. Lo X X .
2.3. Description of the experimental device for percolation tests
©) (CP)
Cement (kg/m>) 400.0 1218.0 For the percolation tests, an experimental device was devel-
Limestone sand (0/4 mm) (kg/m?) s 858.0 - oped. It included two systems that could be used separately: one
ELn;:it;gzti?zv:rl(T(/gl/ilss)mm (kg/m") ?350'0 B for liquid and the other for gas. The percolating fluid was carbon-
Total water (kg/m?) 178.0 609.0 ated water or gas (CO; air-mixture), prepared in a se'aled Plex.iglas
Porosity (%) 12.3 45 cell (Fig. 2) with a CO, sensor connected to a solenoid valve, itself
Dry density (kg/m®) 2349.0 1451.0 connected to a CO, source. The device kept the CO, partial pressure

(Fig. 1). The cone is placed at rest on the petals inside the PVC ring.
By using the clamping base and the nut, the cone is gradually
brought down in order to increase the spacing on the petals. This
action increases the diameter of the PVC ring, which transmits its
deformation to the sample. The sample is then subjected to a ten-
sile stress field which generates the cracking. We ensured that a
single crack was obtained by inserting an incomplete reinforce-
ment (rod diameter = 6 mm) in the sample. The crack appeared
in the area of the sample corresponding to the missing part of
the reinforcement, where the strains were supported by the mate-
rial only. This area had a smaller height (30 mm) than the rest of
the sample (50 mm) because it was topped by a sleeve in which
a transducer was inserted for crack width measurement (Fig. 1).
In order to impose a radial path on the crack, the sleeve edges,
which are singular zones, were oriented along two radii of the sam-
ple. One of them was fitted with a small slot and the other with a
rounded corner in order to locate the crack in the less resistant
zone. These cracking tests were carried out in the percolation cell,
which was topped with a metal lid. This prevented direct measure-
ment of the crack width by videomicroscope (Fig. 2) and is the rea-
son why we developed the transducer mentioned previously. It
consisted of two flexible stainless metal rods to which strain
gauges were bonded. The crack width corresponded to the rod dis-
placements correlated to with the strain values indicated by the
gauges. The accuracy of the transducer was +/—10 pm.

1: Ring shaped specimen 5: PVC ring
2: Reinforcement 6: Steel cone
3: Cracking plane 7: Steel petal
4: Transducer 8: Nut

Fig. 1. Cracking tests on ring-shaped specimen.

value constant at 5% of atmospheric pressure. If the percolating
fluid was gas, the relative humidity of the gas mixture was the
same as in the external environment (60%). As mentioned previ-
ously, this is a limiting factor with regard to the healing process.
The carbonated water was prepared by pouring 301 of deionized
water into the Plexiglas cell. It was then transported via a hydraulic
pump to a membrane cell that controlled the differential pressure
between the inlet and outlet of the crack. In the percolation cell,
the seal at the external surface of the ring-shaped sample was en-
sured with a silicone membrane subjected to confining pressure
with a minimum value equal to 1.5 times the differential pressure,
which did not exceed 1 bar in the framework of this study. The seal
at the internal surface of the sample was ensured by the contact
between the PVC ring and the sample itself. If the output flow value
remained zero until the generation of the crack, the seal was guar-
anteed to be effective. The output water flow was measured by
weighing using a balance connected to a computer to acquire the
data. The outlet gas flow was measured with a flowmeter. An over-
view of the device is provided in Fig. 2.

As mentioned previously, tests of the same type were carried
out by Edvardsen [2]. She used water in equilibrium with atmo-
spheric CO, content as the percolating fluid. Three crack widths
(100, 200 and 300 pm) were tested at different pressure gradients
between 0.625 and 5 bar/m (height of flow equal to 40 cm). The re-
sults obtained by Edvardsen showed a reduction of the leakage rate
over time as a result of the crack healing phenomena. They also
highlighted the fact that a crack could not seal if its width was
greater than a “threshold” value, which depended on the pressure
gradient considered. This “threshold” crack width was between
200 and 300 pm for the pressure gradients 0.625 and 1.25 bar/m.
For pressure gradients greater than 2.5 bar/m, the sealing of a
200 pm-wide crack no longer seemed to be possible. By analyzing
the percolate, Edvardsen still detected the presence of HCO; ions
but especially CO%’ ions, revealing that the CO, partial pressure
was not a limiting factor regarding the healing process. Compared
to the results obtained by Edvardsen [2], we could not impose a
pressure gradient smaller than 2.5 bar/m for our percolation tests
with carbonated water, due to the small height of flow (30 mm).
Thus, the “threshold” crack width value corresponding to our
experimental conditions should not exceed 200 pm. The percola-
tion tests with carbonated water were performed on 2 cement
pastes (CP) and 3 concretes (C). Due to the difficulty in controlling
the initial crack width, we could not impose a definite value for it.
However, the range of crack opening involved in our tests was well
known, varying from 15 to 240 um. The test parameter values
(Ap, b, d,w) and the initial output flow value (g;,;) for each test
are reported in Table 4.

The evolution of the output flow in the case of liquid was re-
corded until it stabilized a minimum duration of 24 h until it had
been stable for at least 24 h.
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1: Plexiglass cell for percolating fluid preparation

2: Strain gauge bridge connected with the transducer inserted in the sample
3: Water flow acquisitions
4: Percolation cell

Fig. 2. Experimental device for percolation tests.

Table 4
Values of the experimental parameters and initial water output flow for each
specimen tested during water percolation tests.

Sample reference Ap (bars) b(m) d(m) wy(um) gin (g/min)

(CP) CP-1 1.0 005 003 15 0.78
cp-2 0.1 135 50.32

© c1 0.1 147 65
2 02 111 56
c3 0.1 240 283

Characterization tests (SEM observations coupled with EDS, vi-
deo microscope observations and XRD analysis) were subsequently
carried out to highlight the phenomena involved in the healing
process. After percolation tests with water, two fragments associ-
ated respectively with each fracture surface are removed by saw-
ing from the specimens tested (cement pastes and concretes).
The first fragment is used for SEM observations. It is first sliced per-
pendicularly to the fracture surface as shown in Fig. 3. After that,
the lower and upper surfaces of each slice obtained are coated with
a thin layer of conducting metal to avoid the deflection of the tra-
jectories of the electrons which results in a grossly distorted image.
For this purpose, gold is chosen instead of carbon since the healing
process is closely related to carbonation phenomenon. During SEM

Gold-coated surface for
SEM observations
Fracture
surface

. 4
- ' Viewing direction

Fragment removed from the
ring-shaped specimen after
percolation tests

Slicing of the fragment

Fig. 3. Preparation of the samples for SEM observations.

Table 5
Values of the experimental parameters for each specimen tested during gas
percolation tests.

Sample reference AP (bars) b(m) d(m) we(um) g (1/h)
(@) c4 0.04 0.05 0.03 190 0.252
c5 0.01 400 0.270
(cP) cp-3 600 0300

observations, two levels of magnification were considered: 200x
and 500x respectively. The second fragment is used for observing
the fracture surface with video microscope. No particular treat-
ment of the sample is required in this case.

Three percolation tests with gas were performed in addition to
the preliminary tests required for the commissioning of the exper-
imental device shown in Fig. 2. The first two were conducted on
concrete (C) (samples C4 and C5) and the third on cement paste
(CP) (sample CP-3). The initial crack widths were 190, 400 and
600 pm. The differential pressure values were 0.04 bar for the first
test and 0.01 bar for the two others. They were weaker for these
tests with gas than for the tests with water, due to a dynamic vis-
cosity of the gas mixture (17, ~ 18.5 x 107 Pa s) lower than that of
water (;,~1073Pas). Of course, the confining pressure values
were lower and this affected the control of the crack width, result-
ing in the creation of wider cracks. The test parameter values and
the initial output gas flow for each sample tested are presented in
Table 5.

3. Experimental results and analysis
3.1. Percolation tests with gas

The initial output flows were quite similar for the three tests de-
spite the difference between the three crack width values. This re-
sult may be explained by the heterogeneity of the crack widths
between the internal and the external surfaces of the samples. This
was probably due to the weakness of the confining pressures. The
crack width values provided by the transducer may be question-
able in this case because their measurement was punctual. It
would have been wiser to use the output flow values g;y; to deter-
mine the crack width values using Eq. (5) validated in numerous
research works. For this purpose, an estimation of the appropriate
value of the coefficient ¢, would have been necessary. However,
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the determination of this coefficient was not treated in the frame-
work of this study due to the limited number of tests.

After 2 h of gas pressure exposure, no evolution of the output
flow was observed on the three samples. This can be explained
by the following:

e Wider open cracks promoting the flows and limiting the inter-
actions between the fluid and the cement matrix. Thus, a small
amount of CO, was fixed on crack walls.

Due to the drying of the crack edges, ensured preferentially by
water vapor diffusion, which prevented the supply of the crack
with Ca?* ions, the healing potential was limited in the case of
percolation tests with gas. Moreover, during the drying of the
crack edges, CO, could penetrate into the material. The carbon-
ation reactions then led to the sealing of the capillary porosity
near the crack walls as pointed out by Bary and Sellier [19]. This
would compromise the removal of calcium ions, resulting in a
lower healing potential.

3.2. Percolation tests with carbonated water

3.2.1. Influence of test parameters

For each sample tested, the evolutions of the output flow of
water versus time are shown in Figs. 4 and 5.

The output flows of water measured during tests were only
attributable to the crack because the rest of the specimen was
considered to be impermeable. This hypothesis was, of course, val-
idated for tests with gas, but also for tests with water because of
the low values of the differential pressures leading to a very long
time to reach the steady state regime in the non-fractured part
of the samples. Evolutions of the output flow highlight physico-
chemical changes inside the crack due to the movement of grains
and/or local chemical imbalances, like the precipitation of calcium
carbonates. Referring to the results obtained by Edvardsen [2] for a
crack width of 100 pm and a pressure gradient of 2.5 bar/m, the
output flow decreased by 50% of its initial value after 50 h of
exposure to carbonated water. However, in the case of cement
paste CP-2 with a crack width equal to 135 pm and subjected to
a pressure gradient of the same order of magnitude, the attenua-
tion of the initial output flow was over 99% for the same duration.
It can be deduced that not only the carbonate content of the perco-
lating solution but also the amount of available calcium help to
accelerate the healing process in its initial phase. The greatest
attenuation of the output flow was observed on the concrete C-1
and on the cement paste CP-2, for which differential pressures
were the lowest (0.1 bar). Video-microscope observations (magni-
fication up to 175x) of concrete C-1 at the end of the test
highlighted the sealing of the crack (Fig. 6).

70
+ CP-1(wo=15um, Ap=1b)-exp.

60 —— CP-1(simulation)
= [ ¢P-2 (wy=135um, Ap=0.1b)-exp.
‘€ S0 —— CP-2 (simulation)
) A CA (wg=147pm, Ap=0.1b)-exp.
= 40 e :
2 — C-1 (simulation)
r°_ 304 O C€-2 (Wy=111pm, Ap=0.2b)-exp.
3 ‘ —— C-2 (simulation)
® 20
= |

10 1|

\
0 * * + T T

0 5 10 15 20 25 30 35 40
Duration of exposure to carbonated water (h)
Fig. 4. Evolution of the output water flow on cement pastes CP1 and CP2, and on

concretes C1 and C2: experimental results (symbols) and simulation results (solid
line).

300 +
L [ ]

=t ———g—
250 - ° o

® C-3 (wg=240um, Ap=0.1b)-exp.
—— C-3 (simulation)

200 -

150 +

100

Water flow (g/min)

50 A

0 T T T 1
0.00 0.20 0.40 0.60 0.80

Duration of exposure to carbonated water (h)

Fig. 5. Evolution of the output water flow on concrete C3: experimental results
(symbols) and simulated results (solid line).

These results reveal that the pressure gradient can be a limiting
factor with regard to the sealing of a crack. This is corroborated by
the results obtained on the cement paste CP-1 subjected to a differ-
ential pressure of 1 bar, for which a residual leakage rate could be
measured after more than 100 h of percolation despite the small
crack width value (15 pm). Similar results were obtained on con-
crete C-2 subjected to a differential pressure of 0.2 bar despite
the fact that the crack width value was lower than those of speci-
mens C-1 and CP-2. Concerning the concrete C-3, the leakage rate
could not be recorded beyond one hour of percolation because of a
more open crack (240 pum) resulting in a high output water flow
and a rapid emptying of the membrane cell. Nevertheless, low
attenuation of the output flow could be observed.

3.2.2. Highlighting of the phenomena involved in the healing process

As mentioned previously, characterization tests (SEM observa-
tions coupled with EDS and XRD analysis) were carried out in order
to highlight the phenomena involved in the healing process. These
phenomena are decalcification and carbonation. The first SEM
observations were performed on one of the crack surfaces belong-
ing to the cement paste CP-1. The corresponding pictures showed a
field of calcium carbonate covering the entire surface of the crack
(Fig. 7a). These calcium carbonate crystals were identified by
XRD analysis to be calcite (Fig. 7b). The metastable varieties of
calcium carbonates, vaterite and aragonite, were not detected be-
cause they are formed at low RH [20]. In the framework of this

0 pm100
PP PP PP

Fig. 6. Picture of the sealed crack in concrete C-1 (175x).
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study, the healing process was thus exclusively associated with the
carbonation and not with a possible continuation of the hydration
process because the acidic pH value of the carbonated water pre-
vented the formation of portlandite or C-S-H on the crack surface.

Another sequence of observations was conducted on cement
paste CP-2 and on concrete C1 in order to quantify the thickness
of the calcite layer on the crack surface. However, this quantifica-
tion was very difficult, not to say impossible, to perform because
the fracture surface was not flat but had an irregular slope (see
Fig. 3). This prevented correct estimation of calcium rates. In order
to characterize the decalcification process occurring in the cemen-
titious matrix behind the crack surface, the SEM observations were
coupled with EDS analysis (Fig. 8). A gradual increase in CaO con-
tent immediately adjacent to the crack surface can be observed in
Fig. 8. The area concerned is then subjected to a decalcification pro-
cess, extending to a depth of about 30-60 pm. The horizontal line
on Fig. 8 corresponds to the CaO content of the sound cement ma-
trix, estimated to be 60% using the approach proposed by Adenot
[21]. It is based on the determination of the amount of hydrates
formed, using the chemical composition of the cement, the formu-
lation of the material and the degree of hydration as input.

3.3. Leakage rate modeling

3.3.1. Initial output flow of water

The prediction of the initial output flow of water involved the
determination of the adequate value of the reduction factor ¢
which appears in Eq. (4). The initial output flow values (noted
qo), obtained using Eq. (4) for the different values of & recorded
in Table 1, are presented in Table 6 with respect to the accuracy
of the transducer (+/—10 pm).

From the three values of & used to evaluate the initial leakage
rate, the one proposed by Edvardsen [2] (¢ = 0.25) provides initial
output flow values comparable to those measured experimentally
(qini).- We therefore decided to adopt this value for our study.

3.3.2. Evolution of the leakage rate over time

As mentioned previously, the empirical model proposed by
Edvardsen [2] to predict the evolution of the leakage rate over time
(Eq. (6)) includes only the initial crack width value as a test param-
eter and does not allow the initial output flow at t=0 to be
restituted.

A more appropriate model of the leakage rate evolution based
on physical criteria was therefore developed. For this purpose,
we used Eq. (4) by hypothesizing that the leakage rate evolution
was due only to the evolution of the crack width. We assumed that

14000 -
12000 -
10000 -

8000 -

6000 -

Intensity (cps)

4000 -

2000

1

tortuosity and roughness effects were constant in order to limit the
number of calibration parameters.
Then Eq. (4) takes the form:

biwo — 2e(t)]’ Ap

a0 =4 121, d

(7)
where t (s) is the duration of exposure to carbonated water, q(t)
(m3/s) is output water flow at time t, wo (m) is initial crack width,
e(t) (m) is thickness of the calcite layer formed at time t, and p
(Pa) is the water pressure differential between inlet and outlet of
the crack.

We propose to describe the evolution of the thickness of calcite
formed by the following exponential law:

e(t) = emax (1 —exp <—%)>

T (s) represents the characteristic time with regard to the healing
process. The lower the value of 7, the faster the crack healing.

emax (M) denotes the maximum thickness of calcite which can
potentially be formed. It depends on the solid calcium content of
the material, noted [Cas] (mol/m?), and the equivalent depth, egecal
(m), subjected to decalcification. Note that the source of calcium
ions may be in a different zone of the sample depending on its
geometry. It is possible that the area behind the crack surface is
not the only calcium ion source because calcium can also come
from the upstream side of the sample. Finally, e.x depends on
the molar volume of calcite (Veacite)) Which is 36.9 x 1076 m?/
mol, and the porosity of the calcite layer formed. The solid calcium
concentration [Cas] is calculated using the approach proposed by
Adenot [21]. For cement paste (CP), we have 11605 mol/m> and,
for concrete (C), 3776 mol/m>. A simplified description of the heal-
ing process is proposed in Fig. 9.

The maximum thickness of calcite layer ey,.x which can poten-
tially be formed is then given by the following equation:

(8)

€max = Vealcite X [Cas] X €gecal

9)

The equivalent decalcified depth egeca is assumed to be a calibration
parameter of the model.

We will now propose an expression for the characteristic time .
For this purpose, we first define a characteristic time necessary for
the calcite to be deposited on a crack wall (noted tcacjte) and an-
other characteristic time, in which the carbonated water to flows
through the crack (noted tg¢ration)- If thitration 1S Small compared to
tealcites the calcite cannot be formed and the calcium ions are re-
moved with the water. The crack sealing is then very slow or
impossible. Conversely, if tgation 1S high compared to t e, Calcite

B: Brownmillerite(C,AF)
C: Calcite (CaCO,)

P: Portlandite (Ca(OH),)
Q: Quartz (Si0;)
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Fig. 7. Calcium carbonate field covering the crack edge (a) - identified as calcite by XRD (b).
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Fig. 8. Existence of a decalcified zone in the zone surrounding the crack, characterized by SEM + EDS, profiles corresponding to the line on the left figure. The line starts from

the edge of the crack and penetrates into the matrix perpendicularly to the crack.

Table 6
Validation of the prediction of the initial flow for different values of ¢ proposed in the
literature.

Qini  qo (g/min) o (g/min)  go (g/min)  qo (g/min)
(g/ Edvardsen Ripphausen  Clear [11] Mivelaz [12]
min) [2] (&=025) [9](&=¢ (§=0125) (4=107
(w/d)) (w - 50))
w (im)
CP1 0.8 0-3.2 0-14 0.01-1.6 0
CP2 50 40-51 93-159 20-32 12.8-16.3
C1 65 53-65 130-211 27-40 206-25.2
c2 56 42-73 85-166 21-37 10.25-17.8
C3 283 250-284 672-780 111-127 190-215.8

remains inside the crack and the healing process occurs rapidly. As
a first approximation, we assume that the characteristic time 7 is
proportional to tc,cte and inversely proportional to tgieration-

Lealcite

T=kx (10)

tﬁltration
k (s) is the coefficient of proportionality. It is a fitting parameter
which will be combined with another one below.
The time tgyration Necessary for carbonated water to flow
through the crack depends on the crack length (d) and on the fluid
velocity in the crack

d

”ﬁltrariun

(1)

tﬁltration =

Urltration 1S Obtained from Eq. (4). By combining Egs. (4) and (11), we
have:

12n,d*

&w2Ap (12)

tﬁltration =
In Eq. (12), w evolves with time due to the crack healing. If we are
interested in the initiation of the healing process, we can assimilate
the crack width value w to its initial value wy. The relationship ob-
tained is then realistic at the beginning of the healing process.

The characteristic time tcacite iS assumed to be inversely propor-
tional to the rate of formation of the calcite. By adopting first-order
kinetics with regard to the CO, partial pressure noted as Pco, (Pa)
and to the calcium ion concentration [Ca] (mol/m?) of the pore
solution as proposed by various authors [19,22], we obtain rela-
tionship (13). This is a simplified approach because the calcium
ion concentration [Ca] in the area adjacent to the crack is not equal
to the value corresponding to the sound matrix but decreases pro-
gressively, resulting in a gradient as shown on Fig. 9. This gradient
will decrease with time and the diffusion of calcium ions

from the area adjacent to the crack will also depend on the rate
of saturation of the material. As the supply of the crack with Ca**
ions is conditioned by the relative permeability to liquid, this
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Fig. 9. Illustration of the crack healing process.

parameter can also be considered in the definition of characteristic
time. Its value is, of course, equal to 1 for percolation tests with
water, but may drop significantly for tests with gas, thus explain-
ing the difficulty of crack healing in non-saturated conditions. A
value of [Ca] equal to 22 mol/m? is adopted, corresponding to the
theoretical equilibrium of portlandite with low alkaline water at
20°C [19].

K

_ 13
Pco, x kn x [Ca] (13)

Leatcite =
K is a proportionality coefficient (m3Pa~'s1).
By combining Eqs. 10, 12, 13, we obtain:

E XK x W x Ap

T=k . (14)
121 X Peo, x kn x [Ca] x d

Grouping all constant terms into a single term, denoted A, gives:

2
oA WA (15)
Dco, X kn x [Ca] x d

The present model, which concerns the healing process initia-
tion, requires two calibration parameters: A (mol s m>3) and egecal
(m). Although relationship (15) is based on assumptions limiting
its application to the beginning of the healing process, it allows
the effect of each physical parameter on the process to be under-
stood. We can observe that the characteristic time 7 is proportional
to the square of the crack width and to the differential pressure,
but is inversely proportional to the CO, partial pressure, to the cal-
cium ion concentration of the pore solution and to the square of
the flow height. An increase in the relative permeability helps to
reduce the value of the characteristic time 7. The reliability of rela-
tionship (15) depends on its ability to reproduce various experi-
mental results with a single set of parameters, which were
obtained by minimizing the quadratic error between experimental
and simulation results: A=7.33 x 10° mol s m~3 and egecal = 4.07 -
x 10~*m. This parameter set is unique for all tests performed in
the framework of the present study. Note that the equivalent

decalcified thickness egeca is greater than that measured by SEM
observations (~50 um). This result is to be expected considering
the explanations provided previously (calcium ion source may also
be upstream of the crack, cf. Fig. 1). Moreover, the calcite layer
thickness calculated by the model includes neither the tortuosity
of the crack walls nor the crack width irregularities. These effects
may cause local sealing that prevents the flows and limits the
decalcification process in the area adjacent to the crack. The model
also neglects the porosity of the calcite layer formed, which neces-
sarily reduces the value of egeca. These are the reasons why we
have chosen to define the equivalent decalcified thickness egecal
as a calibration parameter. Despite this point, which deserves
further study, the model correctly reproduces the output flow evo-
lution during the initiation of the healing process (Figs. 4 and 5).
The model results tend towards a total sealing of the crack. In
reality, a low residual output flow may be observed. This is not sur-
prising with regard to the simplifying assumptions discussed
above, on which the model is based. It is important to note that
the calibration of the model was performed by using our experi-
mental results for crack width values ranging from 15 to 150 pm
and differential pressure values between 0.1 and 1 bar.

We then sought to determine the values of calibration parame-
ters corresponding to other experimental results from the studies
by Schiessl and Reuter [23] (reported by Edvardsen [2]) and Rein-
hardt and Jooss [5]. This approach aimed to test the sensitivity of
the calibration parameters corresponding to other test parameter
values. These test parameter values and the experimental and the-
oretical values of the initial output flow are reported in Table 7.

The theoretical values of initial output flow qq calculated from
Eq. (4) are for crack width values different from the experimental
values gin;. This is due to uncertainties on the crack width values.
The crack width values reported in Table 7 are values that are cov-
ered but are not averaged values. To overcome these uncertainties,
we prefer to use crack width values corresponding to the experi-
mental output flow values (noted wyg), by using Eq. (4) (see
Table 8).

The percolation tests performed by Reinhardt and Jooss [5]
were conducted on CEMII- based concretes with fly ash and silica
fume additions. By using the approach proposed by [17] in order
to take account of the pozzolanic reactions, the solid calcium
content [Cas] of these materials is estimated to be equal to
2280 mol/m>3. However, for concretes tested by Schliessl and
Reuter [23], we assume a solid calcium content [Cas] equal to
that calculated for our materials (3778 mol/m?) because the exact
formulations of these concretes were not supplied by the author
but, from their description, it can reasonably be assumed that the
cement content and type were close to our material. Finally, the
percolating fluid is assumed to be in equilibrium with the atmo-
spheric CO, partial pressure (~0.3% of atmospheric pressure). The
calibration parameter values corresponding to the previous test
parameter values are presented in Table 9. The theoretical and
experimental evolutions of the output water flow are shown in
Figs. 10 and 11.

The value of the parameter A obtained corresponding to the re-
sults obtained by Reinhardt and Jooss [5] is of the same order of
magnitude as that corresponding to our own results. This seems

Table 7
Values of the experimental parameters corresponding to percolation tests performed by Schliessl and Reuter [23] and Reinhardt and Jooss [5].
Ap (bars) b (m) d (m) Wo (pm) Gini (g/min) qo (g/min)
Schiessl and Reuter [23] Sample 1 0.25 0.2 0.4 100 40.73 15.63
Sample 2 200 100.00 125.02
Reinhardt and Jooss [5] Sample 1 0.5 0.15 0.05 50 25.00 2344
Sample 2 100 55.00 187.50
Sample 3 150 275.00 421.88
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Table 8
Crack width values corresponding to the initial output flow measured by Schliessl and
Reuter [23] and Reinhardt and Jooss [5] respectively.

Wo (Um) wp (pm)
Schiessl and Reuter [23] Samplel 100 135
Sample 2 200 190
Reinhardt and Jooss [5] Sample 1 50 52
Sample 2 100 70
Sample 3 150 115

Table 9
Values of the calibration parameters for percolation tests performed by Schliessl and
Reuter [23] and Reinhardt and Jooss [5].

A (109 mol s m73) €decal (Hm)
Schiessl and Reuter [23] 234 424
Reinhardt and Jooss [5] 8.2 279
120 -I # Wo=135um, Ap/d =0.625b/m- exp.
100 \ —— Wy =135pm (simulation)
A
. \\ A wy=190pm, Ap/d =0.625b/m- exp.
€ g8 J\ — wy,=190pm (simulation)
5 |\
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Fig. 10. Evolution of the output water flow during percolation tests performed by
Schliessl and Reuter [23]: experimental results (symbols) and simulated results
(solid line).

300 ® w,y=52pm, Ap/d =10b/m- exp.
— Wy'=52pm (simulation)
. 250 A A wy=T70pm, Ap/d =10b/m- exp.
E —— W= T70um (simulation)
A0 wo=115um, Ap/d =10b/m- exp.
T _ —— Wo=115pm (simulation)
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Fig. 11. Evolution of the output water flow during percolation tests performed by
Reinhardt and Jooss [5]: experimental results (symbols) and simulated results (solid
line).

reasonable because the flow heights are relatively close. For
Schiessl and Reuter [23], who performed their tests on samples
of greater height (400 mm), the value of the parameter A is larger.
The dependence of parameter A on the height of the sample indi-
cates that the consideration of this parameter in the gradient term
and in the characteristic time tgation Would be insufficient. It
would be desirable to incorporate probabilistic information con-
cerning the constrictivity of the crack as, the higher the sample,
the greater the probability of sealing by constrictivity. This aspect

of transport in a fractured medium is certainly a perspective for
our study. According to the equivalent decalcified thickness egecal,
the calcium ions which precipitate into calcite inside the crack
do not come only from the area adjacent to the crack but probably
also from the other zones of the tested samples and even from the
percolating solution itself. This fact has been observed previously
and it is not surprising to find it again here.

4. Conclusions

In order to characterize the crack healing process induced by
carbonation, percolation tests were performed on fractured speci-
mens. For this purpose, an experimental device was developed. It
includes the “expansive core” system for creating a crack in ring-
shaped specimen, a transducer for measuring the crack width
and a percolation setup with two systems which can be used
separately for liquid (carbonated water) or for gas (gaseous CO, +
humid air).

In the case of tests with gas, it has been highlighted that the
crack healing process depends strongly on the relative humidity
of the gas mixture. Indeed, relative humidity defines the transport
mode of moisture during the drying of the crack edges and hence
the supply of calcium ions to the crack to form calcite.

In the case of tests with carbonated water, the results obtained
revealed that the pressure gradient is a limiting factor with regard
to the sealing of the crack. This seems to confirm the existence of a
“threshold” crack width value associated with the pressure gradi-
ent value, as observed in a previous study [2]. If the initial crack
width value is greater than this “threshold” value, the crack cannot
seal. The carbonate content of the percolating fluid contributes to
the acceleration of the healing process only in its initial phase
when Ca?" ions are still available on the crack surfaces. The precip-
itation of calcite on the crack surfaces was verified, as was the
decalcification process which occurred in the area adjacent to the
crack. In the framework of the present study, we have validated
some of the approaches proposed in the literature which aim to
predict the initial leakage rate.

We have subsequently proposed a simplified model of the evo-
lution of the leakage rate (tests with carbonated water) versus
time. The originality of the model developed lies in its simplicity
(2 calibration parameters) and in the consideration of the physical
parameters (crack width, pressure gradient, carbonate content, so-
lid calcium content of the material, calcium ion concentration of
the pore solution) and the phenomena involved in the healing pro-
cess (carbonation and decalcification). The simulation results show
that the decalcified area behind the crack surface is not the only
zone responsible for the crack healing. It is also necessary to take
an external source of calcium into account. Moreover, variations
of the tortuosity and the constrictivity effects and the porosity of
the calcite layer formed inside the crack have to be considered in
order to establish a realistic model which is less dependent on
experimental conditions.
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