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This paper investigates the intrinsic ability of PVA fiber-reinforced cementitious composites to re-establish the durability properties of the uncracked state. Comparative chloride penetration tests are used as a direct measure to quantify the effect of self-healing on the chloride penetration resistance after cracking. Two different composites with cement to fly ash ratios of 1:1.5 and 1:2.0 were studied under the influence of healing periods of up to 28 days. After inducing cracks between 100 and 120 μm, samples were exposed to chlorides for 72 h and the resulting chloride penetration depth was compared to the unhealed state. Based on this procedure, a durability recovery index was proposed to quantify the material’s ability to re-establish its function as a protective layer after cracking. Results show that after 14 days of self-healing, chloride penetration through cracks was reduced between 81% and 99%. An extended healing period of 28 days leads to further reduction of the penetration depth to 84%–100%, indicating that most of the reaction takes place within the first 14 days of healing. While the stiffness recovery analysis showed that increasing cement content by 20% correlated with the formation of stronger healing products, no significant difference was found regarding crack closure.
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1 INTRODUCTION
Concrete structures may degrade over time due to prolonged exposure to environmental factors, gradually compromising their performance and structural integrity. Deterioration processes that include chloride-induced corrosion, freeze-thaw cycles, and exposure to aggressive environments have been widely recorded, often resulting in brittle failures as a drastic outcome (Bijen, 2003; Krentowski, 2021; Alexander and Beushausen, 2019). It is known that the presence of cracks significantly impacts the durability of concrete. While cracks themselves may not always lead to immediate damage, they do provide pathways for aggressive ions to penetrate the structure over time (Shobana et al., 2021; Jiangtao et al., 2021). Recognizing the importance of durability in design is crucial, despite the considerable challenges in accurately predicting it (Polder et al., 2012; Neville, 2001; Mehta, 1991). To fully integrate durability into a structure’s service life, a shift towards a performance-based design approach using highly durable materials that can be tailored to achieve specific material properties is necessary.
Fiber-reinforced composites, such as Engineered Cementitious Composites (ECCs), have been developed to address the brittleness of cementitious materials. The primary aim is to bridge cracks that form in the matrix when the material is stressed, which provides post-cracking ductility, thereby enhancing resilience and improving long-term durability (Li, 2019; Casini, 2022). ECCs are characterized by a tensile strain capacity typically beyond 3% and a controlled crack opening (Li, 1998; Li et al., 2001; Li, 1992). Compared to normal concrete, ECCs feature much narrower crack widths, usually around 60 µm (Li, 2019), even at extremely high strains.
The standard ECC mix design called M45 was developed by Victor Li (Li, 1993) and is comprised of ordinary portland cement (OPC), fly ash, silica sand, and polyvinyl alcohol (PVA) fibers at 2% in volume (Li, 2019). The high binder content of this mix design coupled with a low water/binder (w/b)-ratio that typically does not exceed 0.30 (Zhu et al., 2022; Cai et al., 2023) results in its proven ability to self-heal. The lack of water means that many binder particles do not react during the initial hydration reaction. After cracking occurs and penetrating water reaches these unhydrated particles, the subsequent hydration reaction can effectively close cracks provided they do not exceed a certain crack width.
Self-healing materials can significantly address the issues associated with concrete cracking, thereby lowering maintenance costs over a structure’s service life and increasing its lifespan (Chen et al., 2022). The motivation to center this study around durability lies in the material’s intrinsic capability to re-establish the durability properties of the uncracked state after cracking. When cracks form in structures, the layer of concrete protecting the embedded rebar from aggressive ions, such as chlorides, is locally destroyed. Through self-healing these cracks can be sealed and the protection can be re-established.
This behavior calls for an evaluation of self-healing by quantifying the effects on the durability properties, specifically the penetration resistance to chlorides, rather than just measuring crack closure over time. Since there are still no established analysis methods, the authors propose to use chloride permeability to quantify the “durability recovery” of the material. Crack closure facilitated by self-healing (Ruan et al., 2021; Öztürk et al., 2020) as well as permeability (Zeng et al., 2020; Plagué et al., 2017; Lepech and Li, 2009) have been studied thoroughly for both conventional concrete and fiber-reinforced composites. However, there are few studies directly tying self-healing to the penetration depth of chlorides through an individual crack. The extent of this proposed durability recovery is measured through comparative chloride penetration tests of cracked specimens and specimens that have healed for different periods of time and is expressed through a durability recovery index. The benefit of this approach is obtaining a measure that directly reflects the impact of self-healing on the durability of a structure under realistic conditions.
As a first step, the behavior of the composite is investigated and defined in terms of the fiber distribution, its strain hardening capacity, and crack pattern formation. In order to quantify the strain capacity and describe the cracking behavior of the material, the specimens are subjected to a four-point bending test (4PBT). This will give a general overview of the mechanical properties of the composite. Subsequently, self-healing is assessed through two measurements: (i) chloride penetration to visualize and quantify water permeability before and after healing, and (ii) stiffness recovery associated with the healed cracks. Quantifying stiffness recovery on top of self-healing aims to provide insight into the strength of these newly formed reaction products and how they are influenced by the composition of the composite. For these experiments, a three-point bending test (3PBT) setup is chosen over a four-point bending test (4PBT) as it enables a more accurate evaluation of a specific crack width. This study considers two different mixes varying the ratio of OPC to fly ash is varied between 1:1.5 and 1:2, while keeping the total amount of binder constant.
2 MATERIALS AND METHODS
2.1 Materials and mix design
Two different mix designs were used in this study (Table 1). In mix M1.5 the binder comprises one-part OPC (CEM I 52.5 R according to the EN 197–1 standard) and 1.5 parts fly ash (PFA), while in mix M2.0 it consists of one-part OPC and two parts PFA. The total amount of binder and the water/binder-ratio were kept constant. Table 2 shows the chemical composition of the raw binders and fineness of OPC. The volume of PVA fibers of type RF400, produced by Kuralon Japan, was kept constant at 2% for both mixes. Properties of the PVA fibers according to the manufacturer can be found in Table 3. The addition of high quantities of fibers typically leads to issues with workability that need to be countered with the use of chemical admixtures. Sika Viscocrete 1,079 was used as a superplasticizer. The dosage can be found in Table 1 and was tailored so that both mix designs reached a comparable spread diameter in flow table tests.
TABLE 1 | Quantities of materials in kg per m3 of both mix designs.
[image: Table 1]TABLE 2 | Chemical composition of binder materials and fineness of OPC obtained by the manufacturer.
[image: Table 2]TABLE 3 | Mechanical and geometrical properties of the PVA fibers.
[image: Table 3]2.2 Mixing, casting, and curing
To ensure a uniform distribution of the mix components, the binder paste was mixed before adding the sand and fibers. Moreover, a better coating with the paste can be achieved by slowly adding the sand and fibers into the binder paste (França, 2018). Cement and fly ash were first dry-mixed for about 10 s. Then, water and superplasticizer were added and mixed for 60 s leading to a very liquid binder paste. During continued mixing of the paste, first the silica sand was slowly added to the mix over the course of about 20 s. After, the fibers were dispersed by hand and added into the revolving mix over the course of 60 s. Once all components had been added, the mixture was mixed for another 60 s and then poured into the formwork. Immediately after casting, the specimens were covered with plastic foil to prevent excess evaporation. Specimens were demolded 48 h after casting and cured in a water tank for 28 days.
2.3 Specimens
A total of 24 beams were cast for this study. The dimensions of the beams were 25 cm in length, 4 cm in width, and 4 cm in height. While the length of the beam is determined by the limitations of the test equipment, the cross section of 4 cm × 4 cm is determined by the necessity to cut samples of the beam in order to analyze the chloride penetration as described in Section 2.5.3. Table 4 gives an overview of the naming regime, curing ages of the beams, and purpose of the respective tests.
TABLE 4 | Overview of the specimens.
[image: Table 4]2.4 Mechanical properties
The mechanical performance of fiber-reinforced composites is greatly influenced by the fiber orientation and distribution (Sarmiento et al., 2016; Tawfek et al., 2023). A uniform distribution of fibers within the composite is an essential factor for the development of both a pronounced strain hardening behavior and a distributed cracking pattern (Kang and Kim, 2011). However, improper dosage of admixtures can lead to detrimental effects such as segregation or bleeding (Passuello et al., 2009; Felekoglu et al., 2014). To verify that a random distribution of the fibers was achieved, the specimens were scanned by X-ray computed tomography (XRCT). To that end, cores with a diameter of 20 mm were drilled from beams of both mix designs, dried in the oven at 60°C for 24 h and then scanned. Due to the large difference in X-ray absorption between the cementitious matrix and the fibers, the fibers can be isolated using a greyscale segmentation and visualized separately as shown in Figure 1.
[image: Figure 1]FIGURE 1 | XRCT-scan of a 20 mm core drilled from a M2.0 sample (A) raw section through the sample (B) post-processed image with isolated PVA fibers.
Generally, the fibers are well distributed throughout the matrix without visible agglomerations. In the top left corner of Figure 1B, however, a slight alignment of the fibers can be observed, where some of the fibers appear to be inclined at an angle of around 10°–20° relative to the plane of the cylinder. The alignment can be attributed to the flow direction during the casting process, but it is not expected to have a significant impact on the mechanical properties.
Four-point bending tests were conducted using a universal testing machine (Zeiss Z050) in order to quantify the mechanical properties of the material. The loading span and support span were 70 mm and 230 mm, respectively. The test was under displacement control with a loading speed of 0.1 mm/min until a displacement of 0.1 mm and then increased to 0.3 mm/min. A linear variable differential transformer (LVDT) was installed at the bottom of the samples to measure the tensile deformation of the gauging zone of 100 mm. M1.5-ULT56-1 and M1.5-ULT56-2 exhibited peak stresses of 4.7 MPa and 4.5 MPa at 0.6%–1.0% strain, respectively, while M2.0-ULT56–1 and M2.0-ULT56-2 showed peak stresses of 3.7 MPa and 6.7 MPa at 1%–2% strain. Digital image correlation (DIC) was applied to visualize the strain field and analyze the cracking behavior of the specimens. Cracks were captured using the high-resolution camera “U3-3990SE-M-GL Rev.1.2” manufactured by IDS Imaging. DIC analysis was performed using the software GOM Correlate, integrated into the ZEISS Quality Suite. Figure 2 illustrates the formation of multiple cracks in the midsection of the beams in the 4PBT setup.
[image: Figure 2]FIGURE 2 | Cracking pattern (4PBT) visualized by DIC after 56 days for specimens (A) M1.5- ULT56-2 and (B) M2.0-ULT56-2.
2.5 Test procedures
2.5.1 Pre-cracking (3PBT)
For the pre-cracking process, a target crack opening width of 100–120 µm was selected. Studies confirm that cracks below a value of 80 µm pose only a limited threat to the structure since such narrow cracks do not allow enough water and harmful ions to enter the crack (Wang et al., 1997; Şahmaran and Li, 2010). The range of 100–120 µm was chosen in order to evaluate whether the material is able to also heal cracks that pose a risk to the durability of the structure. A 3PBT with a support span of 230 mm was used to accurately create a crack width in this range. The crack opening at the bottom of the samples was measured with a linear variable differential transformer (LVDT). After 28 days from casting, specimens were subjected to loading in a displacement-controlled regime with a speed of 0.1 mm/min. The target was to create one single crack with a crack opening within a range of 100–120 µm. Due to the viscoelastic re-deformation of the crack after unloading caused by the PVA fibers, it was necessary to load the samples to a crack opening of 250 µm. After the viscoelastic re-deformation subsided, a remaining crack opening of 100–120 µm was achieved. All cracks were additionally identified and recorded using the high-resolution camera described in Section 2.4.
2.5.2 Self-healing methodology
After pre-cracking, all samples of the series HEAL14, RECRK14, HEAL28, and RECRK28 were immersed in a tank filled with tap water at room temperature to simulate self-healing for 14 and 28 days respectively. The chloride content of the tap water used for this study is very low at 11.5 mg per liter (Harzwasserwerke GmbH, 2022) and no measurable impact of chloride contamination was found during preliminary test batches with tap water. After the healing period, samples were taken out of the water tank and dried in the oven for 24 h at 60°C before continuing with the chloride penetration or stiffness recovery tests.
2.5.3 Chloride penetration test
In this study, chloride permeability in the cracked state was analyzed as a way to measure the durability properties of the material and its ability to recover these durability properties through self-healing. The chloride permeability was evaluated through pigmentation with silver nitrate (AgNO3), a fairly simple yet reliable technique to visualize chloride penetration (Otsuki et al., 1993; Baroghel-Bouny et al., 2007). The experimental procedure largely follows the methodology proposed by Doostkami et al. (Doostkami et al., 2021) with a few modifications made to better fit the goals of this work. This procedure was done for cracked samples (CRK) and cracked samples healed for 14 (HEAL14) and 28 days (HEAL28) of both mixes.
First, samples are pre-cracked to a remaining crack opening in the range of 100–120 μm, as previously explained in Section 2.5.1. After, the beams were turned around and PVC-tubes were attached with a fast-setting, impermeable glue. The tubes were placed directly on the crack in the center of the beam. The tubes were then filled with a 3.5% NaCl solution. Exposure was maintained for 72 h. Figure 3 illustrates the setup and its sequential steps. After exposure, the tubes were emptied and removed from the samples. The samples were put in the oven to dry for 24 h at 60°C. After drying, the samples were sawed with a circular concrete saw along the center of the beam, perpendicular to the crack. Special care was taken during the sawing process to prevent contamination of the section and to avoid washing out superficial chlorides. To this end, the saw rotation was selected to cut from the tip of the crack towards the surface of the exposed side.
[image: Figure 3]FIGURE 3 | Setup of the chloride permeability test as (A) beam with the PVC tube attached, (B) sections obtained after the cut, (C) example of a high-resolution image obtained after spraying with AgNO3 and drying, (D) binarized image.
After sawing, the samples were again left to dry in the oven for 24 h at 60°C. To evaluate the chloride penetration, a silver nitrate solution (AgNO3) was prepared at a concentration of 0.1 mol/L. After spraying the surfaces of the samples with the silver nitrate solution, they were once again put in the oven under the aforementioned conditions for 24 h to improve the pattern display. The silver nitrate reacts with chlorides forming white crystals, while dark areas highlight the absence of chlorides. Images of the resulting patterns after drying were taken with a high-resolution digital camera. Each image was then binarized to highlight the penetration area. From these images the chloride penetration through the matrix (P0), penetration depth (Pd), and penetration width (Pw) were obtained, which served as a measure to compare the different samples.
These measurements can then be used to calculate a durability recovery index. Equation 1 shows the formula that quantifies the re-establishment of the uncracked state with regard to chloride penetration. A reduction of the penetration depth Pd to P0 is considered a full recovery of the durability, representing the uncracked state.
[image: image]
2.5.4 Stiffness recovery analysis
Even though a crack may appear fully healed and exhibit a significantly increased resistance to the penetration of potentially harmful ions, the strength of these newly formed reaction products should be questioned. One way to quantify the strength of the sealed cracks is through a stiffness recovery analysis that has been used for ECCs (Ma et al., 2019) as well as other fiber-reinforced composites (Monte and Ferrara, 2021). To that end, a separate set of specimens (RECRK14 and RECRK28) were tested in terms of strength of the healed cracks after different healing periods. These beams were tested in the same 3PBT-setup used for the pre-cracking process, guaranteeing that the peak stress occurs in the healed crack. All test variables were kept the same with the exception of the loading speed, which was reduced to 0.025 mm/min up to a displacement of 0.1 mm in order capture the precise point at which the healed crack reopens. When loaded, these healed beams exhibit a short linear elastic response until the load-carrying capacity of the healed crack is exceeded and fracture occurs. After this point the stress-strain curve becomes flatter as the fibers are activated. With the help of time-stamped DIC it is possible to clearly identify the point on the stress-displacement curve at which the healed crack opens again. It is then possible to calculate the secant stiffness of the healed crack and compare it to the initial stiffness of the uncracked specimen.
3 RESULTS AND DISCUSSIONS
3.1 Pre-cracking
All samples that were later exposed to chloride penetration or analyzed in terms of their stiffness recovery were subjected to pre-cracking in a 3PBT. Figure 4 shows the remaining crack widths recorded after unloading grouped by series. The targeted crack opening width was 100–120 µm.
[image: Figure 4]FIGURE 4 | Recorded remaining crack widths after pre-cracking for all series.
With the exception of four samples where the cracks slightly exceed the upper limit, all samples fell within the targeted range. It is important to note that the recorded crack widths are those recorded several minutes after unloading the samples. This allows for the viscoelastic re-deformation after unloading to subside so that the recorded crack widths represent the widths that are exposed to chlorides or the healing process in the subsequent steps.
3.2 Chloride penetration
A series of chloride penetration tests were performed in order to evaluate the durability properties and to quantify to which extent it is able to reestablish its resistance to chloride penetration through self-healing.
Figures 5–7 present the binarized images obtained after submitting unhealed samples (Figure 5), samples healed for 14 days (Figure 6), and samples healed for 28 days (Figure 7) to a chloride solution for 72 h. Areas where chlorides penetrated the samples are shown in white through a chemical reaction with silver nitrate. The authors chose to represent the penetration through the matrix (P0) using a rectangular box and to indicate the penetration through the crack, defined as the penetration depth (Pd), using a dashed line. This was done in order to differentiate the two modes of penetration. Table 5 lists all the measured values for Pd and P0 which served as a basis for the calculation the durability recovery indices.
[image: Figure 5]FIGURE 5 | Binarized images of pre-cracked samples (CRK) for (A, B) M1.5 (C, D) M2.0.
[image: Figure 6]FIGURE 6 | Binarized images of samples after 14 days of healing (HEAL14) for (A, B) M1.5 (C, D) M2.0.
[image: Figure 7]FIGURE 7 | Binarized images of samples after 28 days of healing (HEAL28) for (A, B) M1.5 (C, D) M2.0.
TABLE 5 | Penetration values obtained for each sample of all series and the calculated durability recovery index.
[image: Table 5]In Figure 5, results for the unhealed samples exposed right after pre-cracking are shown. Regarding P0, the penetration front was quite clearly discernable and no significant difference between the two mixes could be observed. The matrix penetration depth P0 measures around 2–3 mm in all samples. The ingress of chlorides through the matrix was limited to a few millimeters due to the fine composition of the material and the consequently high quality with respect to porosity (Saha, 2018; Chindaprasirt et al., 2007). For the chloride penetration through the cracks, here described as the penetration depth Pd, the penetration reaches deep into the crack. During the experiment it was noticeable that after a few minutes water droplets could be seen leaking out of the sides of the crack. A penetration depth Pd ranging from 15 mm to 27 mm was measured, as shown in Table 5. A significant lateral penetration of chlorides from the crack walls into the matrix appears alongside the penetration of the cracks. This penetration width Pw is conically shaped indicating that the chloride solution takes longer to reach the crack tip and therefore has less time to penetrate laterally. Closer to the exposure surface, values for Pw are larger and measurements are comparable to P0. It is also evident that there is a larger lateral penetration through the crack walls Pw in M2.0 samples, which can be attributed to the less dense matrix after only 28 days of curing due to the higher fly ash content.
Figure 6 shows results for samples that were pre-cracked and healed for 14 days before exposure. First, penetration through the uncracked matrix P0 is reduced when compared to the unhealed samples. While before, the entire surface was susceptible to chloride penetration in the unhealed samples, it is now restricted to localized penetration patches that are also shallower than before. This development is separated from the healing in the crack and is caused by the continued pozzolanic reaction in the specimens during water immersion. The high content of fly ash in both mixes facilitates the steady densification of the matrix (Lorenzo et al., 2002). As reaction products fill pore space, the material’s permeability is reduced. Second, the penetration depth Pd approaches P0 in many of the samples, indicating that the crack no longer represents a local defect with greater penetration depth than the uncracked bulk material. This is evident in all samples with the exception of the one shown in Figure 6A where Pd is still larger than P0, yet notably reduced compared to the unhealed samples. Because of the lack of a clear crack penetration in most samples, it was no longer possible to define Pw. The durability recovery index calculated for samples healed for 14 days ranged from 81.1% to 99.6%, proving that crack sealing is already very effective after 14 days of healing.
The results obtained for specimens healed for 28 days after pre-cracking are presented in Figure 7. In line with the previously observed trend, the penetration of chlorides is further reduced. With the exception of the sample shown in Figure 7D, the penetration depth Pd has been reduced to P0, leading to durability recovery indices ranging from 84.1% to 100%.
Autogenous self-healing is largely governed by continued reaction of unhydrated cement, the recrystallization of portlandite leaching from the bulk paste, and the formation of calcite (Huang et al., 2016). While the addition of fly ash has been reported to improve self-healing efficiency (Huang et al., 2016), higher amounts of fly ash can have a negative effect on self-healing due to the depletion of Ca(OH)2 leading to a lower concentration of Ca2+ ions in the crack (Rajczakowska et al., 2023). Comparing the two mix designs with different levels of fly ash, mix M2.0 with higher fly ash content appears to perform better in terms of crack sealing after 14 days with a durability recovery index of 99.6% compared to 81.1% for M1.5. After 28 days, however, M1.5 performs better with 100% durability recovery vs. 84.1% for M2.0. Therefore, while both mixes perform extremely well with durability recovery indices between 80% and 100% in all cases, no clear statement can be made as to which composite performs better. The scatter in the test data can likely be attributed to factors such as tortuosity or locally varying crack widths affecting individual test results.
In summary it can be stated that self-healing effectively reduces the penetration of chlorides through cracks exceeding 100 µm. Even if not all cracks were fully sealed, it is a very effective mechanism to re-establish the protective properties of a concrete cover with the durability recovery index exceeding 80% in every sample. The fact that the largest part of the reaction takes place during the first 14 days is additionally encouraging, as it ensures vulnerabilities in the material caused by cracking only persist for a short period of time. Using a durability recovery index can be a valuable measure to quantify this effect on the durability properties of fiber-reinforced composites after cracking.
3.3 Stiffness recovery
Figure 8 shows the stress–crack mouth opening displacement (CMOD) curves of samples M1.5-RECRK14–1 and M2.0-RECRK14-1. As elaborated in Section 3.1, the samples were first loaded to a CMOD of 250 µm during the pre-cracking process and then unloaded. For both samples, the targeted remaining CMOD of 100–120 µm was reached after the viscoelastic crack closure subsided. After 14 days of healing the samples were loaded again. The loading curve after healing is offset by the remaining CMOD after pre-cracking in Figure 8 and shown as a dashed line.
[image: Figure 8]FIGURE 8 | Stress-CMOD graphs of reloaded samples with the initial elastic modulus (green) compared to the elastic modulus after 14 days of healing (red) for (A) M2.0-RECRK14-1 (B) M1.5-RECRK14-1.
It can be seen that the stress-CMOD curve continues on its initial path and in both cases exhibits strain hardening, exceeding the first-cracking stress. Shown in green are the initial elastic tangents of the uncracked samples calculated from the linear elastic part of the curve before the first crack appears. The green line is shifted in the plot to the point at which the specimens are re-loaded after healing for better comparison with the tangent after healing, which is shown in red. By comparing the two plots it appears that the stiffness recovery, i.e., the elastic modulus after healing compared to the initial elastic modulus, is greater for the M1.5 mix compared to the M2.0 mix.
To verify this observation, all measurements of the RECRK-series for both 14 and 28 days were plotted in Figure 9. The figure compares the stiffness recovery expressed in percent compared to the initial stiffness of the respective samples measured during the pre-cracking process. It becomes evident that throughout the series, mix M1.5 performs better in terms of strength of the healed cracks with a stiffness recovery of about 60%. For both 14 and 28 days, the observed stiffness recovery is greater than for the M2.0 mix, which only reaches a stiffness recovery of about 40%–50% for 14 and 28 days respectively. The apparently greater loss of stiffness of the M1.5 series after 28 days compared to 14 days does not appear plausible and is contrary to what is observed for the M2.0 series. It is, however, most likely influenced by the great variance within the individual datapoints of the M1.5 series. A larger number of samples would be necessary to reduce the variance and make a more accurate statement about the influence of a longer healing period. Notwithstanding, it can be observed that healing takes place mainly within the first 14 days with results not improving significantly after 28 days. This observation agrees with the results of the chloride penetration tests.
[image: Figure 9]FIGURE 9 | Elastic moduli of series M1.5 (black) and M2.0 (gray) healed for 14 and 28 days relative to the initial elastic modulus of the respective samples.
Generally, it is important to point out that while the stiffness recovery analysis showed the formation of stronger healing products in composites with higher cement content, the stiffness of the uncracked material is never fully recovered. It appears that while both mixes succeed at physically sealing the cracks there is a significant difference in the strength of the newly formed reaction products. This, in turn, implies that enhancing sustainability by reducing cement content does not measurably affect the material’s durability properties. It does, however, reduce the strength of the healed cracks.
4 CONCLUSION AND FURTHER RESEARCH
In this study, two different mix designs of PVA fiber-reinforced cementitious composites were investigated using comparative chloride penetration tests. Two different mix designs with a varying cement to fly ash ratio of 1:1.5 and 1:2.0 were studied under the influence of different healing periods up to 28 days. Chloride penetration resistance as well as the stiffness recovery associated with the healed cracks were analyzed. The main conclusions are summarized as follows:
• A durability recovery index was proposed to quantify the material’s ability to re-establish its durability properties after cracking through self-healing. The approach uses an experimental setup that is easy to replicate and gives reliable, quantitative results indicating the chloride penetration resistance of the material.
• Samples of both mixes were exposed to a chloride solution for 72 h after inducing cracks in a range of 100–120 µm. Results showed that crack sealing is already very effective after 14 days of healing. Chloride penetration was significantly reduced, with durability recovery index values ranging from 81.1% to 99.6%. Penetration through the matrix is also reduced when compared to the unhealed samples. After 28 days of self-healing, the penetration of chlorides is further reduced to durability recovery index values between 84.1% and 100%. The benefit of longer self-healing periods appears to be limited, indicating that a large part of the reaction in the crack concluded after 14 days. Further tests of samples exposed to fewer days of healing could yield valuable results regarding the early stages of self-healing.
• Stiffness recovery was analyzed after 14 and 28 days of self-healing. 40%–60% of the initial stiffness could be recovered by self-healing and higher stiffness recovery was found to correlate with higher cement content for both healing periods. The results can provide valuable insight for future research investigating cyclic loading during the healing process. Repeated loading of the specimens can significantly impact the material’s ability to self-heal by re-fracturing freshly formed hydration products. It is therefore of great relevance to know the range in which the healed crack behaves elastically and no damage occurs in the healed crack. One possible approach could be to limit loads to below what the cracks can sustain without fracture.
Self-healing in cementitious composites effectively and quickly reduces the diffusivity of chlorides while stiffness recovery is limited. This makes them a suitable material in aggressive environments where durability limits a structure’s lifespan. Further investigations with larger sample numbers are necessary to more precisely quantify the effects of the binder composition on the reduction of penetration to chlorides.
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