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Chloride penetration of patch repaired concrete is more complicated than normal concrete, because
more factors are involved. Those factors were thoroughly studied, offering important insights for
practice. In addition, the numerical approach considers those factors from academic viewpoints.

The research focuses on evaluating chloride transport and corrosion in patch

repaired concrete subjected to chloride attack. Experimental investigations include studies on
chloride migration in cracked repair mortars as well as the influence of incorporating supplementary
cementitious materials (SCMs) and hydrophobic agents. These experiments evaluate factors such as
crack width, repair material type, and surface treatments, revealing significant increase in
chloride diffusion with increasing crack width and mitigation effect with SCMs and hydrophobic
treatments. Numerical simulations using multi-scale models further explore water ingress and
chloride penetration in cracked repair mortars. The obtained chloride amount in repaired concrete is
used for evaluation of steel rebar corrosion initiation. The simulations provide insights into the
influence of crack pattern on water absorption and chloride distribution, crucial for understanding
long-term durability.
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Corrosion of steel reinforcement in concrete resulting from chloride attack is a critical issue that causes
deterioration of structures. In Japan, large numbers of concrete structures in coastal or de-icing-agents
applied areas have suffered chloride attack. For repairing those structures, patch repair is the most common
method. It is to remove the chloride-contaminated part of concrete, remove the reinforcement rust, if
necessary, and apply new material. The removed part of concrete may be partial or the whole cover concrete,
or even include some concrete behind the steel bar.

After repair, however, new corrosion at early stage is reported for some structures. Typical corrosion
often occurs at the bottom of steel reinforcement where the old concrete is remained. The reason is incipient
anode formation in the old concrete because of different chloride content, permeability, and electrical
resistivity in the old concrete and the repaired part. Another possible corrosion occurs in the new part if the
permeability of repaired material is high, or micro-crack occurs due to restrained shrinkage. Facing to those
repaired concrete structures, an appropriate modeling of the chloride transport and corrosion, and evaluation
the risk of re-deterioration occurrence is important and requisite. Furthermore, even if early re-corrosion
does not happen, evaluation of chloride transport and corrosion risk at long time is necessary for the life-
span performance of the repaired structures.

2. WHFEDHEK

The purpose of this research is to establish an approach for evaluating chloride transport and corrosion
of patch repaired concrete subject to chloride attack. The key factors, including crack width, repair material
type, hydrophobic treatment, and so on, are investigated and elucidated by experiment. Numerical models
are established to reasonably reflect the roles of those factors. According to the result of numerical analysis,
it is hoped to provide a reasonable evaluation for chloride penetration and the risk of re-corrosion of the
repaired concrete. For patch repaired concrete, such researches are still lacked, but the work is very
important from engineering viewpoint. This research aims to provide a foundation for such as evaluation.

3. WD TIk
(1) Experiment on chloride migration of repair mortar with the occurrence of cracks

Two types of specimens were prepared. One was the single repair mortar cylinder with the diameter
of 100mm and height of 50mm. The other was two-layer specimen with the combination of repair mortar
and substrate concrete, both of which had the diameter of 100mm and height of 25mm. A tensile splitting
crack was introduced in the mortar part of both the specimens, controlling the crack width in the range of
0.02-0.35 mm (Fig. 1). For the two-layer specimen, after introducing the crack in mortar part, the substrate
concrete was cast on one side of the mortar, imitating a real patch repair condition. Different repair mortar
materials were used, including two types of acrylic resin mortar with low and high strength (AM-Low and
AM-High) and one fiber reinforced cement mortar (FM). Steady-state migration test was performed to
evaluate chloride penetration resistance of the specimens and the influence of crack width (Fig. 2).
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(2) Experiment on chloride migration of cracked mortar with SCMs and hydrophobic agent

In recent years, supplementary cementitious materials (SCMs) from industrial wastes or natural
resources are being used in concrete materials more to achieve low-carbon emission. In this study, cement
mortar with SCMs were also used as repair mortar, so the influence of cracks was also investigated by
performing chloride migration tests. Five types of SCMs, including blast furnace slag (BFS), fly ash (FA),
silica fume (SF), metakaolin (MK), limestone calcined clay cement (LC3), were used to partially replace
ordinary Portland cement (OPC) in mortar with the replacement ratio of 20%. The specimen was cylinders
with the diameter of 100mm and height of 50mm. A penetrating crack was introduced in the mortar by



inserting a copper plate with the thickness of 0.1, 0.2, 0.4, and 0.6mm to form the same crack width (Fig.
3). Steady-state migration was also used to evaluate the chloride penetration resistance. In addition, the
influence of surface hydrophobic treatment was also studied. For the above specimens, those using MK,
FA, and BFS were then surface-treated by applying silane-based hydrophobic agent, showing high surface
water repellency (Fig. 4). Steady-stage migration test was carried out again to evaluate the effect.

Bulk hydrophobic treatment on chloride penetration was also studied by mixing silicone oil in the
mixture of mortar or preliminarily spraying it on the surface of sand. Cylindrical specimens with a diameter
of 50 mm and a height of 70 mm were prepared and treated in bulk. Chloride penetration was carried out
for seven days by applying 10% NaCl solution to the top surface of the specimens (Fig. 5). Subsequently,
the specimens were sliced to conduct a chloride content analysis by potentiometric titration.

(3) Experimental study on chloride binding and migration of BFS-blended mortar with different slag ratios

This experimental focused on BFS-blended cement mortar because it has been widely reported to have
high chloride resistance according to high chloride binding capacity and refined microstructure. However,
the influence of BFS replacement ratio remains unclear. In the experiment, cement paste and mortar samples
were made with BFS ratio at 0, 20%, 50%, and 70%. Hydrated cement samples were immersed in NaCl
solutions with a series of concentration (Fig. 6). Chemical and physical bound chloride at equilibrium was
determined using thermogravimetric analysis (TGA) and potentiometric titration against silver nitrate.
Furthermore, steady-state migration test was performed using mortar specimens.
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(4) Simulation of water ingress and chloride penetration based on multi-scale models

For water ingress of cracked mortar, a multi-scale approach for numerical simulation of the behavior
is proposed by considering the detailed crack patterns such as the width and location of cracks (Fig. 8).
Water flows in bulk matrix and multiple cracks are simulated using two individual transport equations.
Water absorbed from a crack to its adjacent matrix is
treated as the mass exchange of the two equations,
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above-mentioned migration tests. Different material
and construction conditions were taken into account in the simulation, including the types of repair
materials, crack width, depth of repair layer, remained chloride in the substrate, and so on.
4. WFFERR
(1) Chloride migration of repair mortar with the occurrence of cracks

The influence of crack width on the effective chloride diffusion coefficient of repair mortar and two-
layer specimens are shown in Figs. 9 and 10. For the single mortar cylinder (Fig. 9), the diffusion coefficient,
in the absence of cracks, followed the order of AM-High <FM < AM-Low. It was found that lower diffusion
coefficient corresponded to higher compressive strength, probably owing to the denser microstructure of
higher strength cases. On the other hand, when cracks occurred, the diffusion coefficient increased with the
increase in crack width for all repair mortar, and the influence of cracks was notably observed. Additionally,
when using high-strength repair mortar (AM-High), the impact of cracks on chloride diffusion became
more pronounced. For the two-layer specimens (Fig. 10), the results are consistent with those of the single-
layer specimens. In the absence of cracks, AM-High exhibited the lowest diffusion coefficient, which means
highest chloride resistance, while AM-Low exhibited the highest coefficient. As the crack width increased,
the chloride resistance of all three types of two-layer specimens decreased.
(2) Chloride migration of cracked cement mortar with SCMs and hydrophobic agent

The influence of SCMs and artificial crack width are shown in Fig. 11 according to the migration test
results. It can be found that, in the absence of cracks, compared to OPC, the effective diffusion coefficients
of BFS, SF, FA, MK, and LC3 showed significant decrease. In the presence of cracks, it was found that the



effective diffusion coefficient increased significantly with the increase in crack width for all types of binders.
The influence of surface treatment using hydrophobic agent is shown in Fig. 12. It can be seen that in the
case of surface treatment, the effective diffusion coefficients showed a downward trend.

One result of chloride penetration into the cement mortar with bulk hydrophobic treatment are shown
in Fig. 13. The specimens were pre-dried at 20°C with 60% RH. For the case without treatment, the total
chloride content at the 0-10 mm depth was 21.1 kg/m?®, whereas it was 4.3 kg/m?® at the 20-30 mm depth,
showing chloride penetration from the surface that was principally caused by the absorption of NaCl
solution. The corresponding cases of direct mixing hydrophobic agent in the mixture and spraying it on
sand preliminarily were 7.4 and 5.1 kg/m?® at the 0-10 mm depth and below the lowest detectable level at
the 20-30 mm one. The results indicate the effectiveness of bulk treatment against chloride penetration.
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(3) Chloride binding and migration of BFS-blended cement mortar with different slag ratios

According to chloride binding test results, it was found that chloride binding capacity of BFS-blended
cement pastes remarkably depends on the replacement ratio of slag in Portland cement. Fig. 14 shows an
example obtained from the test by immerse the cement paste samples in 3.0 mol/L NaCl at 20 °C. In general,
for all the cases, physically bound chloride accounts for around two third in the total bound chloride,
whereas chemically bound chloride accounts for the remaining one third. In addition, the amount of totally
bound chloride shows the order of 50% > 70% = 20% BFS > OPC. From the tests of reaction degree, the
was discussed to be attributed to the different reaction degree of BFS in cement pastes. Moreover, W/B
ratio also exhibited the noticeable effect on chloride binding, showing higher efficiency of chloride binding
at relatively high w/b ratio.

50 01

® Total Bound 3.0mol/L. -
&5 » o

45 i Chemically Bound 0.5w/b, 20°C
704000 76000 708000

1 Physically bound
40
35
Ea0 |
s
2
Sag Fineness [Blaine]
15 —
10 S
ol . |
0 20 50 70
Fig. 14 Physically and chemically bound chloride Fig. 15 Influence of slag ratio and fineness on chloride

Slag propertion (7‘/51
of BFS blended mortar with different slag ratios diffusion coefficient
The results of steady-state migration tests for BFS-blended cement mortars are shown in Fig. 15. It
can be found that the trend is different from chloride binding capacity. The chloride diffusion coefficient
decreased as a result of increment in BFS content and Blaine values. With 20, 50, and 70% BFS, the
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coefficient dropped by 48, 90, and 95%, for 28-day specimens, and 49, 87, and 98%, for 91-day specimens,
respectively. Such drop could be attributed to lower Ca/Si ratio, higher tortuosity, and denser pore structure
as a result of more slag incorporation. When finer slag with higher Blaine value was used, diffusion
coefficient decreased further owing to higher reaction degree of slag.
(4) Simulation of water ingress and chloride penetration based on multi-scale models

Fig. 16 shows an example of simulating water absorption behavior of cracked SHCC materials, which
was verified with test data from past studies. For the cracked cases, the water absorption in the analysis
increases with increasing crack density in the range of 50 to 200 per meter, showing consistent trend with
the tests. Water absorption is shown in contour plot in Fig. 17 for different crack patterns. The contours are
consistent with past studies on water visualization of cracked SHCCs by neutron radiography.
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Fig. 17 Water absorption in contour plot for different crack
patterns at 1, 24, and 100 hours.

Based on chloride diffusion coefficient obtained from the migration tests, long-term chloride
penetration into patch repaired concrete were simulated. Fig. 18 show an example for patch repaired
concrete with the occurrence of cracks in repair mortar ranging from 0 to 0.2 mm. It can be seen that
chloride penetration is significantly accelerated with increasing crack width. When crack width is 0.2 mm.
chloride amount at the interface between substrate concrete and repair mortar is higher to 7 kg/m?. If taking
the chloride amount corresponding to corrosion initiation as 3 kg/m?3, there is a high probability that
corrosion of steel rebars takes place in the old concrete 40 mm deep from repaired surface. Other conditions
were also simulated and discussed. The representative results are shown in Fig. 19. By increasing repair
depth, chloride penetration in concrete structure is effectively mitigated so corrosion risk is remarkably
reduced (Fig. 19 (a)). For repair mortar, BFS and polymer cement mortar (PCM) are more effective than
the normal OPC mortar owing to lower chloride diffusion coefficients (Fig. 19(b)). Fig. 19(c) indicated the
redistribution of the remained chloride in the repaired concrete after 30 years, even that there is no chloride
penetration from external environment with surface coating. In addition, if chloride absorbent is added in

repair mortar, chloride content can be reduced effectively.
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Fig. 16 Water absorption of cracked SHCC
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