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Abstract. Chloride-induced corrosion of reinforcing steel rebar is one of the major durability issues
affecting reinforced concrete structures (RC). Various models have been developed to assess the
durability design with regard to corrosion prevention in chloride-bearing environments, which refer
mainly to uncracked concrete. Cracks, however, are frequently present in real RC structures and
accelerate corrosion initiation of steel reinforcement, resulting in a shortened service life. This paper
presents preliminary results concerning chloride-penetration resistance of different types of uncracked
and cracked concrete, made with Ordinary Portland (OPC), Portland-Limestone (PLC) and
Pozzolanic cement (PC) and a water/cement ratio of 0.45. Load-induced micro-cracks were obtained
with a specifically developed technique. Cracked and uncracked concrete specimens were immersed in
a sodium chloride solution for 32 and 90 days. The chloride penetration front was detected on split
surfaces, perpendicular to the exposed surface, with a colorimetric technique to evaluate the
combined effect of cracks and cement type on the chloride-penetration resistance of different
concretes. Results showed that in uncracked conditions cement type strongly affected chloride
penetration depth in concrete. A mathematical model was applied to evaluate chloride diffusion
coefficient (D) from chloride penetration depth measurements and exposure time. The lowest value of
D was found for PC concrete, that can be attributed to a higher pore refinement in the cement paste,
five times higher for OPC and nine times higher for PLC. In cracked conditions, an additional
penetration of chlorides occurred in correspondence of crack, even for micro-cracks 10-50 um wide
and 8-30 mm deep, leading to a decrease in chloride penetration resistance. The model however did
not provide for an estimation of D in correspondence of the crack.
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1 Introduction

Reinforced Concrete (RC) is one of the most widely used construction materials for the
realization of modern structures and architectures. The considerable efforts made in the recent
past to understand the degradation processes affecting RC constructions led to the
development of useful tools and design models aimed at preventing corrosion of steel
reinforcement rebar, which is the main cause of premature failure of RC structures (Bertolini
et al., 2004). These tools and models require several durability-related design parameters,
among which the chloride penetration resistance of concrete is of particular relevance for the
evaluation of the service life of a RC structure in chloride-contaminated environment.
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Several studies have been carried out to investigate the main influencing factors of chloride
penetration resistance of concrete, such as, for instance, the cement type. However, these
studies - as well as current durability design models - often refer to uncracked concrete, a
condition that is rarely met in real RC structures. Cracks in the concrete cover represent a
privileged path for chlorides and it is therefore of fundamental importance to evaluate the
effects of cracks on chloride penetration resistance of concrete (ACI 201.2R-16, 2016).

In recent years, an ever increasing number of studies has been addressed to this topic (Gu
et al., 2015) and, as a general result, it seems that even micro-cracks (crack opening smaller
than 100 um) can locally affect chloride penetration in concrete (Yoon and Schlangen, 2014).
In some tests the chloride penetration resistance is evaluated by means the so called
colorimetric method. One of the advantages in applying this method to cracked concrete is
that it provides a visual detection of chloride penetration in correspondence and in the vicinity
of crack. In literature, this method has often been applied to concrete specimens with wide
artificial cracks (notches) subject to accelerated exposure test (Audenaert et al., 2007,
Marsavina et al., 2009, Li et al., 2016). Few studies, however, have been addressed to the
application of colorimetric technique on cracked specimens subject to natural exposure
conditions.

In this study, preliminary results are presented within a wider research project concerning
the effects of cracks on RC durability. The chloride penetration resistance of three different
types of concrete, obtained with water/cement ratio of 0.45 and different cements, was
evaluated in uncracked and load-induced micro-cracked configurations. After the immersion
of the concrete specimens in NaCl solution for 32 and 90 days, the chloride penetration was
evaluated via colorimetric technique, and was correlated with crack geometrical parameters.

2 Experimental Procedure

2.1 Materials and Specimens

Concrete specimens were realized with three different mixes, considering three different types
of cement. Details on concrete mixing proportions, and properties at fresh and hardened state
are reported in Table 1.

Table 1. Concrete mixing proportions and properties.

OPC PLC PC

Cement, kg/m?® 422 422 422
Water, kg/m? 190 190 190
Aggregate, kg/m® 1731 1731 1731
w/c 0.45 0.45 0.45
Superplasticizer, mL 15.5 10 12

Slump, mm 130 170 165
Density, kg/m? 2496 2526 2477
fc,cubejdays, MPa 54.0 56.9 54.6
fc cube,28days, MPa 76.9 60.8 67.4
fc,cube,lZOdays, MPa 86.9 76.8 81.4
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It was considered an Ordinary Portland Cement (OPC) type CEM | 42,5R as reference, a
Portland-Limestone Cement (PLC) type CEM II/A-LL 42,5R, which is one of the most
widely used in Italy, and a cement with pozzolanic additions, Pozzolanic Cement (PC) type
CEM IV/A(V) 42,5R-SR. The concrete mixes were obtained with 422 kg/m?® of cement and
190 kg/m? of water (w/c ratio equal to 0.45), and 1731 kg/m? of limestone aggregates with
maximum diameter of 9 mm. To improve workability at fresh state, an acrylic-based
superplasticizer was added to each mix. For each concrete type, six cubic specimens 100 mm
side were cast for compressive strength, which was executed after 7, 28 and 120 days of moist
curing on two specimens per time. For chloride penetration resistance six prismatic specimens
of dimensions 120x90x50 mm were manufactured for each concrete type. To promote the
formation of the crack during the cracking procedure, four prismatic specimens were provided
with a central V-shaped notch, about 5 mm deep, along the longitudinal direction on the
casting surface. After casting, all concrete specimens were covered with a plastic film. The
subsequent day were demoulded and placed in the curing chamber (four of them after the
cracking procedure), where they were kept at 20°C and RH>90% for 28 days. Table 1 shows
the average concrete properties at hardened state. An increase of compressive strength in time
was observed, with compressive strengths of 77, 61 and 68 MPa reached respectively by
OPC, PLC and PC concretes after 28 days of moist curing.

2.2 Cracking Procedure

A mechanical loading procedure was developed in order to induce cracks on the casting
surface of specimens. A universal testing machine was used to reproduce a sort of tree-point
bending test, as shown in Figure 1. The procedure was executed 24 hours after casting, on
specimens presenting the longitudinal notch, for details see (Russo et al., 2019). At the end of
the cracking procedure the specimens were placed in the curing chamber.

50

Figure 1. Specimen geometry (dimensions in mm) and cracking procedure.

2.3 Chloride Penetration Resistance

Uncracked and cracked concrete specimens were exposed to chlorides by immersion (EN
12390-11:2005). After 28 days of curing the specimens were vacuum saturated with
demineralized water. At the end of the saturation procedure they were left immersed in water
and within 24 hours removed from water in order to seal with epoxy resin all the surfaces,
except for the casting surface. After 24 hours the specimens were immersed in a saturated
solution of calcium hydroxide for 18 hours. Finally, all the specimens were immersed in a 3%
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by mass sodium chloride solution, for 32 and 90 days (concrete will be henceforth identified
with a code indicating the cement type and the days of exposure, e.g. OPC-90 for specimens
obtained with Ordinary Portland Cement and exposed to chlorides for 90 days). At the end of
the exposure time, the specimens were split with a hydraulic press in one point along the
longitudinal direction, and therefore perpendicular to the crack plane for cracked specimens.

On the freshly split surfaces a silver nitrate solution (0.1 M) was sprayed, in order to
evaluate the chloride penetration profile. The chloride penetration depth was measured in
seven different positions, i.e. in the central point and at a distance of 10 mm, 20 mm and 30
mm on each side. For cracked specimens, the central measure was done starting from the tip
of the notch, in order to exclude its influence on the penetration profile. A further measure
was also done for cracked specimens, corresponding to the maximum penetration depth
starting from the tip of the notch. For each concrete type, two cracked specimens were
provided for each exposure time, while the same two uncracked specimens were used for both
the exposure times. The fracture surfaces of the uncracked specimens analyzed after 32 days
of exposure were sealed with epoxy resin, and the day after were exposed again to chlorides,
in order to be analyzed also after 90 days of exposure. After chloride penetration
measurements the split surface was impregnated with a colored superfluid two-component
epoxy resin. The following day, a thin concrete slice, parallel to the split surface where
chloride penetration depth was evaluated, was cut with a water cooled cutting saw. The
concrete thin slice was then polished and observed at the stereoscopic microscope in order to
detect the two main crack geometrical parameters, crack width and crack depth.

3 Results and Discussion

3.1 Crack Geometrical Parameters

Figure 2a reports, as an example, a wide field image of a cracked PC-90 specimen, obtained
combining three different images at 6x of magnification. Wide field observation was done in
order to detect the main path of the crack and to identify crack tip. The parameter crack depth
was then measured with a caliper, as the distance between the notch tip and the crack tip.

50 BOPC-32 @PLC-32 APC-32
T 40 - OOPC-90 OPLC-90 / PC-90
g
=30 Ce
3

20 -
E:‘ u U m)
S 10 o =

0 T T T T T T

0 10 20 30 40 50 60
Crack width (pum)
(b)

Figure 2. (a) Microscopic image of cracked PC-90 specimen; (b) Crack width as a function of crack depth.
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The parameter crack width is intended as the crack opening at the exposed surface, in
correspondence of the tip of the notch. Five measurements were done at 50x of magnification,
in a range of about one millimeter from notch tip, and then averaged. Figure 2b reports the
results obtained for the two replicated samples of the three concrete types after the two
exposure times. Crack widths resulted to be included in the range 10-50 pum, while crack
depth included in the range 8-30 mm. Despite data were characterized by a quite high
dispersion, increasing crack width an increase also in crack depth was observed, which was
independent from the cement type and the exposure time.

3.2 Chloride Penetration Resistance

A colorimetric technique was used to evaluate the chloride penetration profiles on the split
surfaces of different cracked and uncracked concretes. Figure 3a and 3c show, as an example,
the chloride penetration profile in PLC uncracked and cracked specimens respectively, after
32 days of exposure. The penetration depths in different points after 32 days of exposure for
the three cement types are reported in Figure 3b for sound and 3d for cracked configuration.
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Figure 3. Chloride penetration in PLC-32 (a) uncracked and (c) cracked specimen; Chloride penetration depth
measured in different points at different distances from the central axis of the specimen for different concrete
types in (b) uncracked and (d) cracked specimens after 32 days of exposure.
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Figure 4. Local increase of chloride penetration depth in correspondence of the crack with respect to sound
conditions, as a function of (a) crack width and (b) crack depth.

In Figure 3Db it can be observed that, in sound conditions and for each type of concrete, the
penetration depth was almost constant along the specimen and comparable between the two
replicate specimens. As expected the lowest chloride penetration profiles were referred to the
PC cement type, showing a chloride penetration depth of about 5 mm after 32 days of
exposure. This can be attributed to a higher pore refinement in the cement paste, and therefore
a higher chloride penetration resistance of this concrete type. On the other hand, despite the
results of compressive strength, OPC and PLC resulted to have similar chloride penetration
depths, of about 10 to 15 mm after 32 days of exposure. The same trend of penetration profile
was detected on cracked specimens, except for the measurements carried out in the vicinity of
the central axis, where penetration profiles were clearly altered by the presence of the crack
(in this point the measurements were done starting from the tip of the notch).

In order to account for the influence of crack geometrical parameters, in Figure 4 is shown
the local increase in chloride penetration depth in correspondence of the crack with respect to
sound conditions (Xc/Xs) as a function of crack width and crack depth for both the exposure
time. Xc/Xs represents the ratio between the chloride penetration depth in the crack and the
average penetration depth in sound specimens. It can be observed that chloride penetration in
the crack resulted always higher with respect to uncracked conditions, until a maximum of 3
times higher. The local increase of penetration depth in the crack after 32 days of exposure
resulted always doubled for crack widths included in the range 10-30 um and crack depth
about 10-20 mm, independently from the concrete type, indicating that micro-cracks could
lead to a significant increase of the chloride penetration. After 90 days of exposure, for PC
concrete the local increment in correspondence of crack was still similar, while for OPC and
PLC a lower local increment was detected, included in the range 1.2-1.5, although crack
parameters were comparable to those at 32 days of exposure. This effect will be further
investigated to understand if it is due to some self-healing effects, or simply to data scattering.

From the measurements of penetration depths, an attempt was made in order to evaluate
chloride penetration resistance of the different concretes in terms of chloride diffusion
coefficient. The diffusion coefficient was calculated considering a linear correlation between
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the chloride penetration depth and the square root of time, according to the relationship
proposed by Collepardi et al., 1970:

x = 4~/Dt (1)

where x is the chloride penetration depth, t is time and D is the chloride diffusion coefficient
of concrete.

Figure 5 shows the relationship between the chloride penetration depths for different
concretes and the square root of time. It seems that for all cement types in uncracked
conditions there is a general decrease in the chloride penetration rate over time (i.e. ageing
effect), which has already been detected (Collepardi and Biagini, 1989), although for longer
exposure times with respect to those considered in this study. Anyway, a single linear
interpolation was done for each type of concrete, and the values of the diffusion coefficient
are reported in the chart legend. The highest chloride penetration resistance was detected for
the PC concrete, whose chloride diffusion coefficient resulted equal to 0.34x107*? m?/s, while
D was more than 5 times higher for OPC concrete (1.79x107*2 m?/s) and nine times higher for
PLC (3.06x107* m?/s), consistent with literature data (Collepardi and Biagini, 1989). The
determination of the diffusion coefficient from the correlation (1) in the case of cracked
configurations resulted to have some limitations, not only because of the ageing effect but
also because of crack geometrical parameters, which were different in correspondence of
different measurement surfaces. For PC the linear correlation was still able to fit results, and
the value of the diffusion coefficient in the crack resulted to be equal to 1.82x107*2 m?/s, more
than five times higher than the value measured in uncracked conditions. Conversely, for OPC
and PLC cement types, a linear correlation, in correspondence to the crack, could not be
detected. This is a direct consequence of the effect previously detected, i.e. OPC and PLC
showed lower local increase in chloride penetration depths independently from crack
parameters at 90 days of exposure.
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Figure 5. Chloride penetration depths as a function of the square root of time for
the different concretes in (a) sound and (b) cracked conditions.



Nicoletta Russo, Matteo Gastaldi, Luca Schiavi, Alberto Strini, Riccardo Zanoni and Federica Lollini

4 Conclusions

Chloride penetration in concretes made with Ordinary Portland (OPC), Portland-Limestone
(PLC) and Pozzolanic (PC) cement was investigated through a colorimetric technique in
uncracked and cracked configurations. Cracked specimens were obtained with a sort of three-
point bending procedure able to generate V-shaped micro-cracks, with crack opening included
in the range 10-50 um and crack depth included in the range 8-30 mm. In uncracked
configuration, PC was the concrete type showing lowest chloride penetration depths, due to a
higher pore refinement. In cracked configuration the chloride additional penetration in the
crack (Xer/xs) was evaluated as a function of two main geometrical parameters, crack width
and crack depth. Independently from the concrete type, Xc/Xs was always included in the
range 1.2-3. Chloride penetration resistance of different uncracked and cracked concretes was
investigated also in terms of chloride diffusion coefficient (D). In uncracked conditions D
resulted to be equal to 1.79x107*2 m?/s for OPC, 3.06x10 2 m?/s for PLC and 0.34x10 12 m?/s
for PC concrete. The application of the same mathematical model to cracked concrete resulted
limited by the fact that crack geometrical parameters were not considered.
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