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Abstract Chloride penetration resistance of con-
crete is one of the key parameters for the durability
design of reinforced concrete structures located in
chloride-bearing environments. In all the current
available durability models, service life is evaluated
considering concrete in uncracked conditions, which
is rarely found in practice. This work investigates
chloride penetration resistance of concrete in
uncracked and micro-cracked configurations, evalu-
ated in terms of chloride migration coefficient through
non-steady state migration test (Rapid Chloride
Migration test). Prismatic specimens were manufac-
tured considering six different concrete types and two
different times of curing. In micro-cracked configura-
tion, cracks were obtained with a specifically devel-
oped loading procedure. Micro-cracks were
characterized at the end of the exposure test, in terms
of crack width at the exposed surface and crack depth.
Results showed that cracks were 570 pm wide and up
to 40 mm deep, always causing an increase in chloride
penetration, that should be evaluated considering both
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crack width and crack depth, with respect to sound
conditions. The effects on the chloride penetration
seemed to be more pronounced on the more impervi-
ous concretes.

Keywords Reinforced concrete durability - Cracked
concrete - Load-induced micro-cracks - Chloride
migration coefficient - Blended cements - Rapid
Chloride Migration

1 Introduction

Chloride-induced corrosion of steel rebar is one of the
main detrimental processes affecting the durability of
reinforced concrete (RC) structures located in chlo-
ride-bearing environments [1]. In recent decades,
significant efforts have been dedicated to deepen the
knowledge of corrosion processes affecting steel
reinforcement, and, as a result, to the development
of numerous models for the durability design with
regard to corrosion prevention. These models, how-
ever, present some critical issues, in particular they do
not consider the effects of cracks in concrete [2]. In
practice it is very common to find cracks in the
concrete cover, and literature agrees that this may
shorten the initial phase of service life, i.e. corrosion
initiation of steel reinforcement [3]. The kinetic of the
process is indeed regulated by the chloride penetration
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front, and in the case a crack is present in the concrete
cover, a local increment of the chloride penetration
front may occur, more or less pronounced according to
the geometrical characteristics of the crack, shortening
the initiation time.

Several studies have been carried out in recent
years concerning the effects of cracks on chloride
penetration and mass transport in concrete and mortars
[4-24]. The studies in literature are characterized by
several different cracking procedures, different meth-
ods to characterize crack geometrical parameters and
different testing procedures. Cracks have been either
simulated with artificial notches [4—7] or induced with
mechanical loading procedures [8-22]. Artificial
notches are controlled (known width and depth) and
repeatable, anyway the smooth and parallel crack
walls are far from reality. On the other hand, load-
induced cracks obtained with Brazilian splitting test
[8—13] or expansive core method [14] generate tensile
cracks in unreinforced concrete specimens of limited
dimensions, but crack depth is not easily controllable
and in most cases the crack crosses the entire
specimen. Another method proposed to generate load
induced cracks is the wedge splitting method, which
allows to recreate cracks on specimens with specific
configuration [15]. As an alternative, cracks can be
produced with the three or four-point bending proce-
dure, typically applied to reinforced specimens
[16-20]. In these cases, however, the presence of the
reinforcement and the dimensions of the specimens
(beam-shaped) do not allow to perform traditional
chloride penetration resistance tests.

To characterize cracks, crack width (w,,) and crack
depth (d.,) are considered as main influencing param-
eters. For load-induced cracks, crack width is mea-
sured either as crack mouth opening displacement
(CMOD) by means of linear variable displacement
transducers [9-12] or with strain gauges [17] during
the cracking process, or at the end of cracking
procedure observing the surface of the specimen with
a microscope [18, 19]. Most studies, concerning either
artificial notches or mechanically-induced cracks,
investigate on cracks widths larger than micro-crack
range (w.; > 0.1 mm). The effects of micro-cracks on
mass transport are investigated in works concerning
drying-induced micro-cracking [22, 23], in which
however an interconnected and randomly oriented
crack pattern is obtained. Crack depth is always
considered in studies with artificial notches, while is

considered in few studies concerning load-induced
cracks, typically measured on the external surface of
reinforced specimens subject to three or four points
bending procedures [17-19].

The Rapid Chloride Migration (RCM) test is one of
the possible procedures for the rapid evaluation of
chloride penetration resistance, and it is also proposed
in the performance-based approaches for the design of
reinforced concrete structures [24]. It relies on the
application of an external voltage to accelerate
chloride penetration, and measurement of the chloride
penetration profile inside the specimen with a colori-
metric test. In applying RCM to cracked concrete, the
advantage lies in the possibility to detect how the
chloride penetration front is locally altered by the
presence of the crack. A limited number of studies,
however, have been addressed in defining the resis-
tance to chloride penetration of cracked concrete
through RCM test. In a study on wide artificial notches
(200-500 pm wide and 5-10 mm deep) Marsavina
et al. [4] reported that the penetration of chlorides was
higher from the tip of the notch than in sound
(uncracked) conditions, and that it increased with
increasing the notch depth, while the influence of
notch width was less pronounced. Also in Li et al. [6]
the chloride penetration front was studied in concrete
specimens with artificial notches 50-200 um wide and
20 mm deep. It was found that the effect of the crack
could be neglected for crack width smaller than
50 um. Audenaert et al. [10] employed the feedback-
controlled Brazilian splitting test on cylindrical spec-
imens to induce cracks 0-200 pm wide. In this study
also micro-cracks (crack width lower than 100 pm)
were considered, and it was found that the chloride
penetration depth in correspondence of the crack
increased linearly with crack opening until w., of
100 pm, where a plateau seemed to be reached, equal
to 10 times the penetration depth in sound conditions.
In Wang et al. [20] concrete cores were extracted from
larger prisms subject to compressive loading (diffuse
cracking). In this case an attempt in quantifying the
effects of cracks in terms of migration coefficient was
carried out. Since specimens presented multiple
cracking, a unique migration coefficient was evaluated
considering measurements of the whole specimen
sections, and the ratio between it and the migration
coefficient in sound conditions was found to increase
linearly with cracks frequency. Nevertheless, the
evaluation of a unique migration coefficient resulted



Materials and Structures (2020)53:143

Page 3 of 14 143

in underestimating the local effect of the crack, in the
case of micro-cracks. Yoon and Schlangen [21],
studied the influence on chloride migration coefficient
of micro-cracks, induced by a tensile load. In this case,
the value of migration coefficient was evaluated in
correspondence of the crack, which resulted to
increase linearly with the increase of crack width.
Moreover, a better correlation was found considering
as crack width the one measured with optical micro-
scope at the end of the exposure test, with respect to
CMOD measurements.

In summary, it is difficult to draw comparisons and
conclusions from the literature on the subject due to a
high inhomogeneity in the procedures adopted to
crack the specimens, to define crack geometrical
parameters and to evaluate chloride penetration resis-
tance. RCM seems to be effective in detecting the
effects of cracks on the resistance to chloride pene-
tration, but few studies were conducted applying RCM
to cracked concrete, in most cases with wide artificial
notches, and, among them, few studies quantified the
effects of cracks in terms of chloride migration
coefficient. This study is part of an extensive research
project currently being carried out to assess the effect
of micro-cracks on chloride penetration resistance
through different test methods. In this work prelimi-
nary results concerning the evaluation of the effects on
micro-cracks in different types of concrete through
RCM test are reported. Chloride penetration resistance
of concrete in sound and micro-cracked configurations
was evaluated, considering three different cement
types, two w/c ratios and two different times of curing.
The micro-cracks were obtained with a specifically
developed cracking procedure, in order to obtain
realistic and bending-induced micro-cracks in unrein-
forced specimens. The results, in terms of chloride
migration coefficients, were then correlated with crack
geometrical parameters, i.e. crack width and crack
depth, measured with a stereoscopic microscope at the
end of the exposure test.

2 Experimental procedure
2.1 Materials and specimens
Six different concrete mixes were investigated,

obtained with three different cement types and two
different w/c ratios. The cement types used were an

Ordinary Portland Cement (OPC), type CEM I 42,5R
(according to EN 197-1), a Portland-Limestone
cement (PLC), type CEM II/A-LL 42,5R, and a
Pozzolanic Cement (PC), CEM IV/A(V) 42,5R-SR,
with an amount of pozzolanic materials (in prevalence
siliceous Fly Ash) between 11 and 35%. Three
concrete mixes had a w/c ratio equal to 0.45, obtained
with 422 kg/m3 of cement, 190 kg/m3 of water and
1731 kg/m® of aggregates, while three other concrete
mixes were manufactured with w/c ratio equal to 0.55,
obtained with 422 kg/m® of cement, 232 kg/m’ of
water and 1619 kg/m® of aggregates. Crushed cal-
careous aggregates were used, subdivided into five
grain size fractions, and characterized by a maximum
diameter of 9 mm. In order to improve workability, an
acrylic-based superplasticizer was added to the mixes
with w/c ratio of 0.45. Details on the mixing propor-
tions and the concrete properties, at fresh and hard-
ened state, are reported in Table 1.

For each concrete mix, two cubic specimens with
100 mm side, and eight prismatic specimens with
dimensions 120 x 90 x 50 mm, were cast in PVC
moulds. Four prismatic specimens out of eight were
provided with a V-shaped notch, around 3 mm deep,
in the longitudinal direction on the casting surface, in
order to promote the formation of a longitudinal crack
during the cracking procedure (described in Sect. 2.2).
Specimens were covered with a plastic film, and about
18 h after casting were demoulded and kept in the
curing chamber, at a temperature of 20 °C and relative
humidity higher than 90%. Cubic specimens were
cured for 28 days and used to perform compressive
strength test according to EN 12390-3 (average results
from the two replicate cubic specimens are reported in
Table 1). For both the w/c ratios considered, OPC was
the concrete type showing highest compressive
strength (76.3 MPa and 53.6 MPa for w/c ratio of
0.45 and 0.55 respectively), followed by PC concrete
(68.5 MPa and 50.5 MPa for w/c ratio of 0.45 and 0.55
respectively) and PLC concrete type (63.3 MPa and
48.6 MPa for w/c ratio of 0.45 and 0.55 respectively).
Increasing the w/c ratio a decrease in compressive
strength of about 30% was observed for all the
concretes obtained with the different cement types.

Half of the prismatic specimens (two sound and two
cracked) were cured for 7 days, whilst the other
specimens were cured for 28 days. After curing, the
chloride penetration resistance was evaluated through
the RCM test (described in Sect. 2.3). To refer to the
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Table 1 Mixing
proportions and properties

at fresh and hardened state
for the different concretes

OPC45 PLC45 PC45 OPC55 PLCS5  PC55
Cement (kg/m®) 422 422 422 422 422 422
Water (kg/m®) 190 190 190 232 232 232
Aggregate (kg/m®) 1731 1731 1731 1619 1619 1619
wlc ratio 0.45 0.45 0.45 0.55 0.55 0.55
Superplasticizer (% wt. vs cem)  0.49 0.42 0.42 - - -
Slump (mm) 140 148 55 159 195 165
Density (kg/m?) 2451 2494 2494 2385 2422 2359
Je.cube,28days (MPa) 76.3 63.3 68.5 53.6 48.6 50.5

different types of concrete, descriptive labels will be
used containing information about cement type,
w/c ratio and time of curing (e.g. OPC45-7 for OPC
cement, with w/c ratio of 0.45 and tested after 7 days
of curing).

2.2 Cracking procedure

The prismatic specimens provided with a V-shaped
notch were subjected to a specifically developed
cracking procedure, in order to obtain bending-
induced micro-cracks. The procedure was executed
within 24 h after casting, to take advantage of a lower
mechanical strength and a less brittle behavior of
concrete, obtaining therefore a more controllable
cracking process. As shown in Fig. 1, the specimens
were encased in a steel confinement system and placed
in a universal testing machine, with the V-shaped
notch facing downwards. To reproduce a three-point
bending configuration three strips, obtained with a
1.2 mm thick synthetic elastomer membrane, were
positioned between the specimen and the testing
machine, two in correspondence of the lower side
(supports), parallel to the notch, and one (loading pin)

centered in correspondence of the upper face (dimen-
sions and position of rubber strips as shown in Fig. 1).
The universal testing machine was set in order to
induce a displacement controlled load, at constant
vertical displacement equal to 0.5 mm/min. The
loading procedure was set to continue until it reached
a level of load 20% higher with respect to the load
corresponding to the first appearance of crack on both
sides of the sample. At the end of the procedure the
specimens were unloaded, released from the confine-
ment system and placed in the curing chamber.
Through this loading configuration, a single V-shaped
crack was expected to be obtained, starting in corre-
spondence of the notch. The actual configuration of
cracks, however, was observed at the end of the
exposure test. The preparation of specimens for this
purpose is described in Sect. 2.4.

2.3 Chloride penetration resistance

The resistance to chloride penetration of concrete was
estimated through the RCM test, non-steady state
migration test, in accordance to NT BUILD 492 [25].
At the end of the curing time, all the specimens were
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Fig. 1 Schematic representation of the cracking procedure (dimensions in mm)
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preconditioned by vacuum saturation in a Ca(OH),
solution. With respect to the procedure described in
the method some modifications were introduced in the
preparation of the test, as a result of the different
manufacturing procedure and geometry of the speci-
mens. Preliminary tests were performed to verify that
the modifications did not affect the results and more
details on the validation of the experimental procedure
followed in this study are reported in Russo et al. [26].
Before starting the test, the casting surface of the
specimens was exposed to a catholyte solution, 10%
NaCl, while the upward face was exposed to an
anolyte solution, 0.3 M NaOH. Two specimens per
time were connected in parallel to the same power
supply, setting the voltage and the duration of the test
in accordance to the method prescriptions. In partic-
ular, voltages included in the range 10-25 V were
applied, always for a duration of 24 h. During this
period, the anolyte temperature was also monitored
[25], registering a maximum increase of 1 °C (5% of
the initial anolyte temperature).

At the end of the exposure, a colorimetric test was
performed to evaluate the chloride penetration profile
in concrete specimens. To this purpose, each specimen
was split in two different points along the longitudinal
direction, i.e. perpendicular to the crack plane for
cracked configuration. A 0.1 M silver nitrate solution
was sprayed on freshly split surfaces, and the
measurement of chloride penetration depth was per-
formed. On each split surface, the measurements were
performed in seven different points, i.e. the central one
and at a distance of 10, 20 and 30 mm on each side.
For cracked specimens an additional measurement
was carried out, in correspondence of the maximum
penetration depth. In order to exclude the influence of
the notch, in the cracked specimens the measurements
in correspondence of the central point and the
maximum penetration depth were taken starting from
the tip of the notch. Chloride penetration depth
measurements were then used to evaluate the non-
steady state migration coefficient, Dgrcm (m?/s),
according to the following correlation [27]:

_RT x—ayx <E:UL_2> (1)

where R is the gas constant (8.314 J/K mol), T is the
average value of the temperatures in the anolyte
solution (K), z is the absolute value of ion valence (1

for chloride ions), F is the Faraday constant
(9.648 x 10* J/V mol), x is the average value of the
penetration depth measurements (m), ¢ is the duration
of the test (s), E is the actual potential difference across
the specimen, U the external applied potential between
the two electrodes (V), L is the concrete specimen
thickness (m). The o parameter in (1) is calculated as:

RT 2
o =24/—=erf {1 i (2)
ZFE Co

where erf ™! is the inverse of the error function, ¢, is
the chloride concentration corresponding to the color
change of silver nitrate solution (& 0.07 N) and ¢ is
the chloride concentration in the catholyte solution
(r~ 2 N).

2.4 Evaluation of crack geometrical parameters

The observation of the cracks was performed at the
end of the RCM test, in correspondence of the split
surfaces, in order to evaluate the two main crack
geometrical parameters, i.e. crack width and crack
depth. To this purpose, a two-component, low viscos-
ity epoxy resin was mixed with a powdered dye and
poured on the split surfaces of cracked specimens, at
atmospheric pressure and room temperature. This was
done both to highlight crack path, and to avoid crack
modification during cutting (even if this possibility
could not be completely excluded). After 24 h, a thin
slice, 2-3 mm thick and parallel to the split surface,
was cut with a water cooled cutting saw. The cut
surface was then prepared for the observation through
a polishing procedure. A Wild M8 stereo microscope,
equipped with a LED ring source for incident light
observations and a Leica DFC290 RGB digital
camera, was used to measure crack width at the
exposed surface and to identify crack development
and crack apex (images acquired with 1.01 um image
pixel width through Leica Application Suite software,
LAS v4.9). Crack width at the chloride-exposed
surface, w.,, was evaluated as the average of 5-6
measurements (£ 1 pm estimated uncertainty) carried
out in a range of about 1 mm from the bottom of the
notch, while crack depth, d.,, was measured with a
caliper, as the distance between the bottom of the
notch and crack apex (4 0.5 mm estimated uncer-
tainty). To confirm the measurements of the two main
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geometrical parameters, selected slices were also
observed with scanning electron microscope (SEM).

3 Results
3.1 Chloride penetration resistance

The measurements in terms of chloride penetration
depths were firstly carried out. As an example, Fig. 2a
shows as an example the splitting surface of a cracked
OPC45-28 specimen after the spray of the silver
nitrate solution, while the chloride penetration depths
concerning all the four OPC45-28 specimens, in both
cracked and sound configurations, are reported in
Fig. 2b (four splitting surfaces on each of the two

~ ] < Sound OPC45-28
540 4+ Cracked
£ ] T
230 ~
o)
= +
g ] <&
SLELERE
£ 10 - <
A~ _
O T T T T T

-40 -30 -20 -10 O 10 20 30 40
Distance from central axis (mm)

Fig. 2 a Example of colorimetric test result on an OPC45-28
cracked specimen; b chloride depth measurements in all sound
and cracked OPC45-28 specimens (+ symbols in position x = 0
represents maximum penetration depth in correspondence of the
crack)

replicate specimens, for each configuration). It can be
observed that chloride penetration depths in sound
configuration were quite consistent with the measure-
ments carried out in cracked configuration, at distance
equal or higher than 10 mm from the central axis,
while the chloride penetration depths in correspon-
dence of the crack showed a significant increase. As
previously described (Sect. 2.3), the measurements in
this case were carried out excluding the influence of
the notch, therefore the chloride penetration depth
increment was exclusively attributed to the presence
of the crack. The measurements of chloride penetra-
tion depths were used to evaluate Dgcyp. In sound
configuration, Drcy Was evaluated considering the
average chloride penetration depth on the whole split
surface (Ds). In cracked configuration a value of Drcym
in correspondence of the crack was evaluated (D)
considering the maximum chloride penetration depth
(x*max) measured in correspondence of the crack (in red
in Fig. 2b), whereas a value of Dgcy, in the uncracked
part of the specimen, considering measurements at
+ 20 and =+ 30 mm from the central axis was also
evaluated (Dy,e,)-

The results obtained for the different concrete types
and different curing times are reported in Fig. 3, where
error bars represent maximum and minimum values.
After 7 days of moist curing, in sound configuration,
OPC concretes showed diffusion coefficient Drcm
equalto 16 x 10~ "2 m?/s for OPC45, and 24 x 102
m?/s for OPC55. PLC concretes showed Dgrcem equal
to 23 x 107'* m%s for PLC45, and 28 x 10~'* m?/s
for PLCS55 and PC type showed Drcy values equal to
28 x 107" m?/s for PC45 and 30 x 10~'* m%s for
PCS55. The same concrete types tested after 28 days of
curing experienced a general decrease in the chloride
migration coefficient; for instance, Drcym of the OPC
concrete decreased to 10 x 10~'2 m?/s for OPC45,
and 21 x 10~'? m%/s for OPC55. Results obtained on
OPC are comparable with values reported in [24].

It is worth noting that concrete is a highly
heterogeneous material, and consequently the chloride
penetration is strongly dependent on local features,
such as the presence of aggregates. This is evident also
in the measurements of chloride penetration depth on
the single split surfaces of sound samples (Fig. 2b)
that indicates a high and very variable relative
standard deviation (from 3 to 23%, depending on the
specific analyzed surface). This intrinsically limits the
precision of chloride migration quantification in



Materials and Structures (2020)53:143

Page 7 of 14 143

(a)
60
| Sound-7 - D;
5 m Uncracked-7 = D,,,
50 1q Cracked-7 - D,,
Q
g 40
T
3 30
N’
E 20
=
Q
10
0
OPC45 OPCS55 PLC45 PLCSS PC45 PC55
(b)
60
Sound-28 - D,
5 m Uncracked-28 - D,,.,
50 1w Cracked-28 > D,

FEN
(=]
1

S
1
[ .
—
—
=
=

Dgey (10712 m?/s)
w2
S

—
(=]
1

H

OPC45 OPCSS PLC45 PLCSS PC45 PCSS

Fig. 3 Average value and variability of chloride migration
coefficients evaluated in sound and cracked configurations, for
different concrete types at a 7 days and b 28 days of curing

concrete samples and, specifically, with the described
method. The derived Dgrcp data can be also influ-
enced, for cracked samples, by the high heterogeneity
of geometrical properties of induced cracks (e.g.
width, depth and pattern). Moreover, while the Drcm
values computed for sound samples and the uncracked
part of cracked samples (Ds and Dy, respectively)
can benefit from multiple x value measurements for
each splitting surface, only one x value per surface is
available for measurements of Dgcy in the crack
(D¢,). This is reflected in the higher dispersion of final
D, values with respect to Dg and Dy, results (Fig. 3).

The increase in w/c ratio resulted, as expected, in a
general increase in chloride migration coefficient,
which is the inverse of resistance to chloride penetra-
tion resistance of concrete. For concrete tested after
7 days of curing, this effect resulted more pronounced
for OPC and PLC types, showing an increase in Dgrcvm
of 50% and 24% respectively, and less pronounced for

PC type, with a decrease in Dgrcy of about 4%. For
Dgrcwm evaluated after 28 days of moist curing, OPC
showed an even more marked increase, about 118%,
while PC type still showed a limited increase, about
6%.

As it concerns the cracked specimens, it can be
observed that the chloride penetration resistance
evaluated in the uncracked zone of the specimens,
i.e. at a distance of + 20 mm and £+ 30 mm from the
crack, was comparable to that obtained in sound
conditions. This result suggested that in the case of
cracked specimens no significant redistribution of
current occurred due to the presence of the notch and
the micro-crack. In correspondence of the micro-
crack, a local increase in chloride migration coeffi-
cient with respect to sound configuration occurred, in
all the cases considered. In particular, the increase in
average Drcw in correspondence of the crack resulted
more pronounced for all the concrete types with
w/c ratio of 0.45 and at 7 days of moist curing, equal to
63% for OPC, 70% for PLC and 60% for PC type. The
same concrete types after 28 days of moist curing,
instead, showed an increase in Drcy in the crack equal
to 116%, 8% and 44%, respectively, with respect to
sound conditions. Furthermore, an increase in the
variability of results was clearly detected, when
considering results obtained in correspondence of the
crack. However, it should be taken into account that
cracks in different specimens can be characterized by
different geometrical parameters. For this reason, the
characterization of cracks was performed, at the end of
the exposure test, in order to identify the two main
crack geometrical parameters in correspondence of the
split surfaces, where chloride penetration was previ-
ously evaluated.

3.2 Characterization of cracks

The observation of cracks at the stereomicroscope
highlighted the presence of several different crack
patterns. The main categories of crack opening (CO)
and crack development (CD) are schematically repre-
sented in Fig. 4. Four different categories of CO were
detected, identified through letters:

A. single crack opening, clearly detectable, in corre-
spondence of the bottom of the notch;
B. single crack opening, clearly detectable, com-

pletely outside the notch;
nilem
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A (74%) B (4%) C (13%) D (9%)
7
{
\
1(72%) 2 (6%) 3(3%) 4 (20%)

Fig. 4 Example of crack observed at the stereomicroscope and different categories of crack opening (CO) and crack development
(CD), with their frequency with respect to the total of analyzed samples

C. two distinct crack openings, both in correspon-
dence of the notch or in the immediate vicinity;

D. single crack opening, not clearly visible, due to the
narrow width or due to discontinuities in the crack
path.

With regard to the CD, four categories were
detected and identified with numbers:

1. single crack path, clearly detectable;

2. from an initial single path the crack developed in
two distinct branches, both wider than 10 um:;

3. two distinct crack paths developed from two
distinct crack openings at the exposed surface;

4. single crack development, not clearly visible, due
to the narrow width, smaller than about 5 pm.

In Fig. 4 the respective frequencies of CO and CD
(as percentage with respect to the 90 analyzed
samples) are indicated. Among the different combi-
nations between CO and CD, the crack typology Al
resulted by far the most common one, representing the
63% of all examined cracks, followed by categories
A4 and D4 (both equal to 9%) and C1 (6%). Any other
combination resulted to have a frequency lower than
3% of the total.

The results obtained in terms of crack width w.. and
crack depth d. for different concrete types and
different curing times are reported in Fig. 5 (in the
case of multiple crack openings, or double crack

50
| aopc
ePLC
_40 { ePC
E A
= 30 A
2 +F o
T2 1 oA A o &
P <& o*a
A
5 0l a (S O A A
& A2 [
}%%
0 T T T T 9 T T T T T T T T T T

0 10 20 30 40 50 60 70 80
Crack width (pm)

Fig. 5 Crack width as a function of crack depth, light and dark
symbols representing w/c ratio of 0.45 and 0.55, respectively,
and empty and filled symbols representing 7 and 28 days cured
specimens, respectively

branches the measurements refer to the main and
bigger one).

Crack widths resulted mainly included in the range
5-70 pum, while crack depth were mainly included in
the range 1-40 mm. Crack width measurements
showed a quite high variability of the width profile
(the average value of relative standard deviation of
width measurements was about 30%). Considering
that each crack width evaluation was obtained as a
mean of 5-6 measurements, and that a normal
distribution of data could not be supposed, a relative
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average uncertainty of the final crack width values of
15% was estimated.

Data seemed to follow an increasing trend, even if it
was not possible to find a clear correlation between w,,
and d.,. The variability of crack parameters resulted
quite high both considering the two replicate speci-
mens, and even considering the measurements carried
out in different points of the same specimen.

The observation of selected specimens carried out
with SEM confirmed that the measurements of crack
opening (w.) were on average characterized by a
precision of about 5 pum, while confirmed the crack
apex detected with stereomicroscope for the measure-
ments of crack depth. The SEM observation also
revealed a further characteristic of cracks, concerning
the inhomogeneity of crack width along crack path.
With the stereoscopic microscope it was previously
observed that in the majority of samples, regardless
the CD category, crack path seemed to be interrupted
in different points. The analyses carried out with SEM
confirmed that in those points a sharp narrowing of the
crack width occurred along crack path, as shown in
Fig. 6, which could however be due to mechanical
actions occurred after the exposure test (splitting and
slicing).

7308,
20 pm
—

'

Fig. 6 Significant reduction of crack width along the crack
path, image obtained with SEM

4 Discussion

4.1 Effects of concrete type and curing time
on DRCM

The results obtained on sound specimens are prelim-
inary discussed to define the effects of cement type,
w/c ratio and curing time on chloride penetration
resistance of concrete evaluated with Rapid Chloride
Migration test. Figure 7 shows the chloride migration
coefficient evaluated in sound specimens, for different
concrete types, as a function of curing time.

As expected, an increase in the w/c ratio corre-
sponded to an increase in chloride migration coeffi-
cient, for all the cement types considered. This is
attributed to the related increase of the concrete
porosity, which negatively impacts on the concrete
resistance to chloride penetration. In particular, for
OPC and PC concrete types, the rise of Drcym With
increasing the w/c ratio resulted more marked when
concretes were tested after 28 days of curing.

Independently from the w/c ratio considered, the
concrete type showing the lower Drcym was the one
obtained with Ordinary Portland Cement, followed by
Portland-Limestone Cement and Pozzolanic Cement.
However, the long-term chloride penetration resis-
tance of PC concrete type, is probably underestimated.
The results of compressive strength test showed that
PLC and PC concrete type were quite similar after
28 days of curing, and this means that the porosity of
the two concretes at that hardening stage were
comparable. The resistance to chloride penetration,

40
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Fig. 7 Chloride migration coefficient evaluated in sound
specimens, for different concrete types, as a function of curing

time
F;EI‘II



143 Page 10 of 14

Materials and Structures (2020)53:143

however, is more affected by pore microstructure, and
concrete made with pozzolanic cements require more
prolonged curing times to develop a more defined
porous microstructure. Pore microstructure refine-
ment, due to the further hydration of the cement, is
considered one of the main controlling parameters of
transport properties in concrete [1]. In a study carried
out by Andrade et al. [28] it is reported that the total
porosity of a concrete containing Fly Ash experienced
a decrease of about 36% when the curing increased
from 28 days to one year, while for OPC concrete no
significant differences were observed at the two
different times of curing, meaning that the process of
pore refinement for this concrete was essentially
concluded within the 28 days of curing. This effect
of further hydration of cement particles, the so called
ageing effect, occurs particularly during the exposure
of concrete to a solution for prolonged exposure times.

With accelerated testing procedures, such as the
RCM test, it is not possible to account for the ageing
effect. Some insight can be obtained however by
testing specimens at different times of curing, allow-
ing the concrete samples to refine the porous
microstructure and therefore develop a higher resis-
tance to chloride penetration. In this study two sets of
specimens were evaluated after 7 and 28 days of moist
curing respectively. In Fig. 7 the decrease of Dgcyy in
time is interpolated through exponential curves,
lighter for concrete types with w/c ratio of 0.45 and
darker for concrete types with w/c ratio of 0.55. The
Pozzolanic concrete type experienced a decrease in
Dgrcm of about 27% at both the w/c ratio, confirming
the effect of the pore refinement for this concrete type
for longer moist curing times. As it concerns Portland
and Portland-limestone concretes, a more variable
decrease in Drcy was found, between 9 and 40%,
depending on the w/c ratio.

4.2 Effects of crack width and depth on chloride
penetration

The local increase in Dy in correspondence of the
crack was evaluated as the ratio between the migration
coefficient in correspondence of the crack (D.,) and in
sound conditions (D). For the evaluation of D, in this
analysis, only samples containing one single crack
starting in correspondence of the notch were consid-
ered (typologies Al, A4 and D4). Figure 8 shows
results obtained, as a function of crack width and crack
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Fig. 8 Local increase in Drcyy, evaluated as the ratio between
D., and D, in correspondence of the crack, as a function of
a crack width and b crack depth; light and dark symbols
representing w/c ratio of 0.45 and 0.55, respectively, and empty
and filled symbols representing 7 and 28 days cured specimens,
respectively

depth, for the different concrete types considered, after
7 days of curing and after 28 days of curing. Consid-
ering the results for concretes with w/c ratio of 0.45
after 7 days of curing (empty symbols in Fig. 8a, b) it
can be observed that independently from the concrete
type the migration coefficient in the crack resulted, in
most cases, from 1.5 to 2 times higher the value in
sound conditions, for crack widths up to 70 pm and
crack depths up to 37 mm. For comparable crack
geometrical parameters, the effect of the crack in
concretes with w/c ratio of 0.55 resulted less pro-
nounced, with values of D./Ds mostly around 1.
Considering results after 28 days of curing (filled
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symbols in Fig. 8a, b) the D. /D, values resulted
around 1 for Portland-Limestone concretes at both the
w/c ratios. This is however consistent with the crack
geometrical parameters, since all these specimens
were characterized by narrow and shallow cracks. For
Portland and Pozzolanic concretes D./D, resulted
slightly higher, mostly around 1.5, but showed a
markedly higher increase in the case of OPC samples
with w/c ratio of 0.45, with values higher than 2. For
these concretes, indeed, even if values of crack width
were comparable, the crack depths were more pro-
nounced, with respect to the PC samples. Furthermore,
no clear effects of different concrete types were
detected, except that the value of D /D, was partic-
ularly higher for OPC45-28, which was the more
impervious concrete considered. This was probably
due to a combination of reasons, including that OPC45
was the concrete with highest mechanical strength
(highest elastic modulus, more brittle) and therefore
developed deepest cracks (Fig. 5) and that OPC was
characterized by very low permeability in sound
configuration.

From the results of this study it was observed that
load-induced micro-cracks, 5-70 pm wide, were able
to affect the chloride penetration—and therefore the
chloride migration coefficient—in the crack, con-
versely to what was obtained in literature on speci-
mens with artificial notches [6]. However, a clear
correlation between D./D, and crack width alone
could not be defined, possibly because of the rela-
tively narrow range of studied crack widths and the
high data scatter. This latter was due to several factors
that added up, including the intrinsic heterogeneity of
concrete structure that limited the Dgcy measurement
accuracy (Sect. 3.1), the high variability of developed
crack pattern within the same specimen and the local
feature of the crack (including the sharp narrowing
observed with the SEM). Nevertheless, even if most of
the studies in literature concerning load-induced
cracks consider only crack width in correspondence
of the exposed surface, the results obtained in this
study suggested that both parameters should be
considered. Moreover, instead of considering the two
parameters independently, a useful investigation could
be carried out on the combined effect crack width-
crack depth in evaluating the increase in chloride
penetration with respect to sound conditions. In order
to draw preliminary considerations on the combined
effect of crack width and crack depth, Fig. 9 shows
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Fig. 9 Local increase in Drcy, evaluated as the ratio between
D, and Dy, in correspondence of the crack, as a function of crack
depth and for different ranges of crack width; light and dark
symbols and areas representing w/c ratio of 0.45 and 0.55,
respectively

results in terms of D.,/Ds, where data were grouped for
different ranges of crack width, neglecting the cement
type and curing time. It can be observed, despite the
high scatter of data, that for cracks characterized by
comparable widths at the exposed surface, the increase
in chloride migration coefficient in the crack is not
constant but increases with the increase in crack depth.
Also in this case a clear correlation could not be found,
but the trend of data suggested that the ratio D./Dj
increased with increasing crack depth, and that the
increment was higher for concretes with lower
wlc ratio with respect to higher ones (lighter and
darker areas in Fig. 9, respectively) and was indepen-
dent from the crack width at the exposed surface.

It is worth to notice, however, that in correspon-
dence of the crack a unique value of D, was evaluated,
not considering that chloride penetration may vary
inside the crack and after crack apex. A further
analysis was then carried out, in order to correlate the
additional penetration depth from the tip of the crack
and the penetration depth in the uncracked part of the
specimen (Ax, and x,,., in Fig. 2a, respectively) with
the geometrical parameters of the crack (Fig. 10).
When considering the difference Ax., — xuner (Te-
ported on y axis) three cases can occur:

l. Axe— Xuner = 0 Same chloride penetration depth
in the uncracked part of the specimen than from
the apex of the crack. In this case the crack may
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Fig. 10 Difference between the additional penetration depth in
the crack and the penetration depth in uncracked conditions
(Axer — Xuner) as a function of a crack width and b crack depth;
filled and empty symbols representing 7 and 28 days cured
specimens, respectively; light and dark symbols representing
w/c ratio of 0.45 and 0.55, respectively

not have offered any resistance to chloride
penetration.

2. Axi— Xune> 0 Chlorides penetrated more from
crack apex than in the uncracked part (probably
due to a higher concentration of current in
correspondence of the crack or due to variability
of results).

3. Axe— Xyner<< 0 Chloride penetration from crack
apex was less pronounced than in the uncracked
part of the specimen. In this case the crack may
have contributed to chloride penetration
resistance.

From Fig. 10 it can be observed that most of the
measurements related to the latter case. Ax.,— Xuner

seemed to be not correlated with crack width, while it
decreased constantly with increasing crack depth. This
suggested that the crack offered a resistance to
chloride penetration which was directly proportional
to crack depth, and therefore that in correspondence of
the crack two different chloride migration coefficients
should be considered, one until crack apex, and the
migration coefficient in the sound concrete from the
apex of the crack. However, the colorimetric method
does not easily allow to evaluate the two different
migration coefficients.

Moreover, it seemed that until crack apex the
migration coefficient was not affected by the cement
type and concrete curing time, while it may have been
affected by w/c ratio. In Fig. 10b, in fact, it seems that
for same crack depth concretes made with w/c of 0.45
(light symbols) showed less negative values of
AXe— Xuner, meaning that the effect of chloride
penetration resistance in the crack was less pro-
nounced than in concretes made with w/c ratio of 0.55.
This result may further confirm what was previously
stated, i.e. it seemed that the presence of a micro-crack
had more pronounced effects in more impervious
concretes, in agreement with other experimental [15]
and numerical [29] studies.

The RCM test, however, is an accelerated testing
procedure based on the imposition of an electrical
voltage, which may not be representative of chloride
transport in real RC structures, and whose results may
be affected by the distribution of the electrical current
in the specimen, especially in presence of cracks. At
this regard, an experimental plan has been developed
[30] to evaluate the effects of micro-cracks in concrete
specimens subject to pure diffusion under long-term
testing, which will also allow to account for possible
self-healing effects in the crack. In addition, further
investigations will be carried out in order to decouple
the chloride penetration resistance in the crack and
beyond crack apex.

5 Conclusions

In this work the effects of micro-cracks on chloride
penetration resistance of different concrete types have
been evaluated, considering an Ordinary Portland, a
Portland-Limestone and a Pozzolanic cement, two
different w/c ratios and two curing times. On the basis
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of the experimental results, the following conclusions
can be outlined.

1. The mechanical loading procedure developed for
the study was able to induce natural micro-cracks
in prismatic specimens, characterized by a crack
width included in the range 5-70 pm and crack
depth between 1 and 40 mm. The two geometrical
parameters, crack width and crack depth, resulted
characterized by a high variability, even within the
same specimen. The observation of selected
samples with SEM revealed that cracks were
often characterized by sharp narrowing of the
crack width along crack path.

2. From results on sound specimens, independently
from the w/c ratio considered, the concrete type
showing higher chloride penetration resistance
was the one obtained with Ordinary Portland
cement, followed by Portland-Limestone cement
and Pozzolanic cement. The unexpected results
obtained on Pozzolanic concrete suggested that
probably the RCM, performed after 7 and 28 days
of curing, underestimates the PC long-term per-
formances, since for this concrete type an increase
in pore microstructure definition occurs also at
prolonged curing times. A decrease, depending on
the type of cement, of Drcy was observed
increasing the curing time.

3. The presence of a micro-crack resulted in a local
increase in the migration coefficient, estimated as
the ratio between the migration coefficient in the
crack and in sound conditions (D./Dy). After
7 days of curing, in most cases D./Ds was
included in the range 1.5-2 for concretes made
with w/c ratio of 0.45, independently from crack
geometrical parameters and concrete type. For
comparable crack parameters, and considering
more permeable concretes (w/c ratio of 0.55), the
effect resulted less pronounced, with D./Ds
mostly around 1. For concretes tested after
28 days of curing, D.,/D; resulted negligible for
Portland-Limestone concrete at both the w/c ratios
considered, but this was however consistent with
the features of cracks, characterized by narrow
width (5-20 pm) and shallow depths (1-15 mm).
For Pozzolanic concrete D.,/D; resulted slightly
higher, mostly around 1.5 for cracks 10-30 pm
wide and 5-30 mm deep. The most impermeable
concrete (Ordinary Portland with w/c ratio of 0.45)

showed values of D./D; included in the range
2-2.5 for crack widths comparable to those of
Pozzolanic concrete type (20-35 pm), but more
pronounced crack depths (25-30 mm).

4. For the narrow ranges of crack opening and crack

depth considered in this study, no correlation
evidences were demonstrated between the local
increase in chloride migration coefficient in the
crack and crack geometrical parameters consid-
ered. On the other hand, some considerations on
the additional penetration depth from crack apex
suggested that the crack offers a resistance to
chloride penetration which is directly proportional
to crack depth. Resistance to chloride penetration
in the crack resulted independent from the cement
type and concrete curing time considered, while
may be affected by the w/c ratio, being lower for
more impervious concretes.
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