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Abstract: The microcapsule-contained self-healing materials are appealing since they can heal the cracks automatically and be effective for a long time. Although many experiments have been carried out, the influence of the size of microcapsules on the self-healing effect is still not well investigated. This study uses the two-dimensional discrete element method (DEM) to investigate the interaction between one microcapsule and one microcrack. The influence of the size of microcapsules is considered. The potential healing time and the influence of the initial damage are studied. The results indicate that the coalescence crack is affected by the size of holes. The elastic modulus, the compressive strength and the coalescence stress decrease with the rising radius of holes. The initial damage in experiments should be greater than 95% of the compressive strength to enhance the self-healing effect. The large microcapsules require slight initial damage. Both a new type of displacement field near the crack and a new category of coalescence crack are observed. The influence of sizes of holes on the cracking behavior of concrete with a circular hole and a pre-existing crack is clarified.
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1  Introduction

The microcapsule-contained self-healing materials attract increasing research interest [1]. The microcapsules, composed of the shell and healing agents, are embedded in the concrete. After breaking, the inside healing agents can heal the cracked concrete automatically. Although a lot of related studies have been conducted [2–8], the influence of the diameter of microcapsules on the self-healing effect is not well investigated. The cracking behavior of cementitious materials can be studied by numerical methods [9]. Fig. 1 shows the scanning electron microscope (SEM) picture of microcapsules and microcracks [10]. Considering that the shell of the microcapsule is thin, it can be regarded as a circular hole. When the hole and the crack are connected, the self-healing initiates [6,10].

[image: images]

Figure 1: Microcapsules and microcracks in cementitious materials

The defects in concrete have been investigated for a long time [11]. Previous research considered the interaction between a hole and a crack [6,10,12], while the influence of the sizes of holes on the cracking behavior was not analyzed. The propagation of cracks [13–19] has been widely investigated by meshfree methods [20,21], peridynamics [22,23], DEM [24,25], the extended isogeometric analysis [26], the smooth extended finite element method [27] and the phantom node method [28]. Compared with many other numerical methods, DEM has a clear physical meaning and a solid foundation, i.e., Newton’s laws of motion. Few artificial adjustments are adopted. It presents many merits in simulating micro-crack initiation and propagation associated with the failure processes of brittle materials, and is widely used to investigate the cracking behavior of cementitious materials [29,30]. However, the influence of the sizes of holes in the concrete is ignored. The required curing time of the healing agents should be shorter than the potential healing time to prevent the propagation of cracks. The potential healing time is related to the coalescence between the crack and the microcapsules, and the failure time of the specimen. If the potential healing time is short, the rapid curing agent should be adopted. But the factor which influences the potential healing time has not been studied. In the experiments, the initial damage was imposed on the specimens to induce the self-healing effect [31,32]. However, the influence mechanism of the initial damage on the self-healing effect has not been fully investigated.

The cracking process of cementitious materials with different sizes of holes is discussed to investigate the influence of sizes of microcapsules on the microcapsule-contained self-healing materials. Section 2 conducts the experiments and develops the DEM model. The cracking process is described and analyzed in Section 3. The influence of different factors on the cracking behavior is discussed in Section 4. Finally, the conclusions of the present study are summarized in Section 5.

2  Experimental and Numerical Studies

2.1 Experimental Research

The experiments were conducted to study the effect of the size of holes on the specimens firstly. The materials were similar with that in our previous research [6]. In the cementitious materials, the water-cement ratio was 0.5, and the cement-sand ratio was 0.33 in mass. The samples adopted No. 42.5 ordinary Portland cement. Cylindrical specimens were produced and compressed to obtain the mechanical properties of the matrix, which is displayed in Tab. 1 [6]. By using the proper parameters of the DEM model in Tab. 2, the macro mechanical properties from experiments can be simulated properly.

Table 1: Experimental and numerical results of mechanical properties of materials
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Table 2: Parameters of the DEM model
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The produced specimens were [image: images] (in Fig. 2). The pre-existing crack was 30 mm, and different sizes of holes were considered. The detailed making process is illustrated previously [10,33].

[image: images]

Figure 2: The produced specimen

Two sets of specimens with different sizes of holes were tested. The radius of the hole in the first set of specimens was 5 mm, while the radius of the hole in the second set of specimens was 8 mm, to study the effect of sizes of holes on the cracking behavior of specimens. The MTS device was used to conduct the uniaxial compression test [34].

2.2 Development of the Numerical Model

Firstly, the intact DEM specimens were produced following the procedure by Itasca [35]. The specimen was [image: images] mm, which was the same as that in the experiment. Each specimen contained about 30,000 particles with a radius of 0.25 to 0.415 mm [10,30]. The parallel bond model was used between particles, which approximated the physical behavior of a cement-like substance joining two adjacent particles [10,29].

The iterative calibration procedure was adopted to set the microscopic properties of the DEM model [35]. The detailed adjustment process can be found in previous research [10,29,30]. By adopting the microscopic properties of the particles and the parallel bonds shown in Tab. 2, the measured cementitious material properties in Tab. 1 were obtained [10]. The numerical results are sensitive to the parameters. Considering the space limitation, the parametric sensitivity analysis will be conducted in our following research.

Certain particles from the rectangular model were removed to create a hole and a pre-existing crack. The radius of the hole (denoted as r) was 1, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25 and 27.5 mm. The length of the pre-existing crack (denoted as L) was 30 mm [10]. The ligament lengths (denoted as s) were 20, 25, 30 and 35 mm. The pre-existing crack inclination angles (denoted as d) were [image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images] and [image: images]. Here, sx-dy-rz represented a DEM model with s = x, d = y and r = z. According to Tab. 2, three models with random microscopic parameters were thus constructed in one configuration to generalize the typical cracking behavior [10,29,30].

The uniaxial compression test on the DEM models was carried out. The detailed cracking behavior, as well as the force fields and displacement fields, were monitored. Two walls were used to compress the DEM models [36]. A red line showed the micro-tensile crack, and a black line signified the micro-shear crack. When three or more microcracks were produced and connected, a macrocrack appeared [30].

2.3 Comparison between the Numerical Tests and the Experimental Tests

The experimental results and numerical simulations of two representative specimens with different sizes of holes are compared in this section. Here, two different radii of the hole (i.e., 5 and 8 mm) are considered. The compressive test of the specimen s30-d60-r5 is exhibited in Fig. 3. Fig. 4 presents the cracking behavior of the specimen s30-d60-r8. The top row comes from the experiment, and the bottom row is obtained from the simulation. The stresses in the parentheses are the compressive stresses when the first crack initiates, the secondary crack initiates, and the peak load appears. From Figs. 3 and 4, the numerical model can represent the experimental specimen properly.

[image: images]

Figure 3: Cracking processes of the specimen s30-d60-r5. (a) First crack (23.2 MPa) (b) secondary crack (26.3 MPa) (c) peak load (27.3 MPa) (d) first crack (22.3 MPa) (e) secondary crack (24.2 MPa) (f) peak load (29.2 MPa)

[image: images]

Figure 4: Cracking behavior of the specimen s30-d70-r8. (a) First crack (27 MPa) (b) secondary crack (29.1 MPa) (c) peak load (29.5 MPa) (d) first crack (28.9 MPa) (e) secondary crack (30.9 MPa) (f) peak load (32.0 MPa)

In Fig. 3d, the first crack appears at both tips of the pre-existing crack at almost the same time under the compressive load of 22.3 MPa. Then, the Type II shear cracks generate near the right tip of the pre-existing crack as secondary cracks at 24.2 MPa in Fig. 3e. Previous research summarizes the crack type [10]. From Figs. 3b and 3e, the secondary cracks nucleate in the matrix with a significant space to the tip of the pre-existing crack. This phenomenon is different from previous findings [34]. The broken area by the secondary cracks around existing cracks is larger than that near the first cracks. At the peak load of 29.2 MPa in Fig. 3f, another Type III shear crack as the secondary crack appears near the previous secondary crack. The right secondary cracks propagate upwards while the left secondary cracks extend downwards. The existing first crack propagates slowly, while the secondary crack develops quickly. In the experimental test (Fig. 3c) and the numerical test (Fig. 3f), the hole and the pre-existing crack are connected by the first crack. In the experiment, the secondary crack appears, and the final failure happens soon. However, in the simulations, the secondary crack occurs, and it takes a long time before the final failure happens. The reason may be that the propagating crack releases a lot of energy suddenly in experimental tests, and that does not happen in numerical tests.

Fig. 4 shows the cracking behavior of the specimen s30-d70-r8. The first crack and secondary cracks are marked by red circles in Fig. 4. The first crack occurs near the hole at 28.9 MPa (Fig. 4d). The first crack around the hole initiates earlier than that near the pre-existing crack since the hole is large, and the stress concentration is obvious around the hole. Hence, the hole is earlier to break than the pre-existing crack. Then, the shear microcracks occur in the intact part near the pre-existing crack tips. They connect and generate the secondary crack at 30.9 MPa in Fig. 4e. Compared with the first crack, the Type III shear crack as the secondary crack has a greater width. In the experiment, the secondary crack brings a loud sound, and powder is found on the surface of the secondary crack. Meanwhile, the first crack from the hole goes downward and connects with the pre-existing crack. At the peak load of 32.0 MPa, another Type III shear crack as the secondary crack appears near the right tip, and extends downward (Fig. 4f). The tensile-shear crack as the coalescence crack propagates from the hole to the pre-existing crack, which is different from that in Fig. 3. This new type of coalescence is named coalescence Type 6. It has not been observed since the hole was small in previous research [6].

3  Influence of Sizes on the Cracking Behavior

3.1 Inclination Angle is 0[image: images]

The cracking behavior of specimens when [image: images] is displayed in Fig. 5. The coalescence types are listed in the parentheses under Fig. 5. The first cracks below the pre-existing crack have similarities. However, the cracks above the pre-existing crack are different. When the radius of the hole is 4 mm, the Type I tensile cracks are generated as first cracks. When the radius of the hole is 7.5 or 11.25 mm, the first cracks are the Type III tensile crack. The secondary cracks appear later, and cover a wider area compared with the first cracks. Then, the first crack (in Figs. 5a and 5b) propagates as the coalescence crack. However, various holes lead to different coalescence crack types. 5 types of coalescence cracks have been witnessed as described in previous research [10]. In Fig. 5a, the coalescence type is Type 4. The coalescence type in Fig. 5b is Type 3. However, the coalescence crack between the hole and the pre-existing crack does not appear in Fig. 5c.

[image: images]

Figure 5: Cracking behavior with different radii of holes. (a) s30-d0-r4 (Type 4) (b) s30-d0-r7.5 (Type 3) (c) s30-d0-r11.25 (Type 1)

The parallel bond force fields are disturbed by the cracks [29]. The force fields of the three samples are presented in Fig. 6. The upper three figures show the force fields when the first crack generates, and corresponding first crack initiation stresses are in the parentheses. The lower three figures illustrate the force fields when the coalescence crack comes into being, and the coalescence stresses are in the parentheses. The stress redistribution occurs when a new crack initiates. The previous white zone narrows as new cracks occur, and the stress concentrates around the newly developed crack tips. The compressive zone is shown by the dense blue lines, while the white lines represent the tensile zone. At 15.8 MPa in Fig. 6a, 16.0 MPa in Fig. 6b and 17.0 MPa in Fig. 6c, multiple microcracks initiate from the lower side of the pre-existing crack. The tensile stress declines around the pre-existing crack, and the white lines move downward. There is no microcrack around the hole in Fig. 6. The reason lies in that the stress concentration around the crack tip is greater than that around the hole. Later, more microcracks occur, which reduce the tensile stress in the middle part of the crack. More microcracks appear to form macroscopic first cracks. One first crack becomes the coalescence crack in Fig. 6d at 19.8 MPa and in Fig. 6e at 19.5 MPa, which reduces the white zone around the hole. The compressive stress and the tensile stress are almost 0 there, and a big defect in the specimen is produced. The compressive stress singularity exists at crack tips, and initiates secondary cracks [34]. The white zone appears around the top and bottom of the hole, and the blue zone occurs near the two sides of the hole. If the white zones from the pre-existing crack and the hole overlap with each other, the tensile crack is preferred. The cracking position is in the white zone. If the blue zones from the two defects are overlapping, the shear first crack easily happens. In Figs. 6a–6c, the blue zone from the hole overlaps with the white zone from the pre-existing crack between the two defects. Hence, the first crack appears below the pre-existing crack due to a greater tensile stress under the pre-existing crack. In Fig. 6d, the tensile force above the pre-existing crack is beyond the tensile strength. Hence, the coalescence crack is the tensile crack. However, in Fig. 6e, the blue zone from the two defects are overlapping, where the shear force exceeds the shear strength. Hence, the shear coalescence crack occurs. In Fig. 6f, the hole is large. The shear first crack goes into the white zone from the hole, which stops propagating.

[image: images]

Figure 6: The force fields of specimens with different holes. (a) s30-d0-r4 (15.8 MPa) (b) s30-d0-r7.5 (16.0 MPa) (c) s30-d0-r11.25 (17.0 MPa) (d) s30-d0-r4 (19.8 MPa) (e) s30-d0-r7.5 (19.5 MPa) (f) s30-d0-r11.25

The newly developed cracks influence the displacement field. Two types of displacement fields are summarized: Type I tensile displacement field and Type II tensile-shear displacement field [10]. The displacement vectors of particles are signified by blue lines in Fig. 7. The displacement field types are also marked in Fig. 7. In the beginning, the microcracks are unconnected, which don’t disturb the displacement field. Then, in Fig. 7a, the macroscopic Type I tensile cracks lead to the displacement field Type I. In Fig. 7b, the macroscopic Type III tensile cracks cause the displacement field Type I near the right tip of the pre-existing crack. In Fig. 7c, the Type III shear crack as the secondary crack is activated at the right tip of the pre-existing crack, and causes the displacement field Type II. Meanwhile, the first crack above the pre-existing crack stops propagating. Here, a new type of displacement field is observed, namely displacement field Type III. The particles are moving in the same direction on both sides of the first crack, which means that the crack is closed and no relative movement exists. Hence, the crack stops propagating and the coalescence does not happen in Fig. 7c.

[image: images]

Figure 7: The displacement fields of specimens with different holes. (a) s30-d0-r4 (b) s30-d0-r7.5 (c) s30-d0-r11.25

According to the self-healing mechanism, the curing time of healing agents is related to the coalescence time and the failure time in the compressive test. Here, the potential healing time xt is defined as:

[image: images]

where Tcoalescence and Tfailure mean the time when the coalescence happens and the final failure occurs, respectively. Since the healing agent must cure between Tcoalescence and Tfailure to cause the self-healing effect, the potential healing time is important. The potential healing time of the three samples is illustrated in Tab. 3. When the radius is 4 mm, the potential healing time is 0.16. When the radius is 7.5 mm, the potential healing time is 0.17. However, the coalescence does not happen when the radius is 11.25 mm. The potential healing time increases with the rising radius of microcapsules.

Table 3: Macro properties of models with different sizes of holes

[image: images]

An initial compressive stress is applied on specimens to cause the initial damage and the following self-healing in experiments [31,32]. The required initial damage xd is defined as:

[image: images]

where [image: images] and [image: images] mean the compressive stress when the coalescence happens and the final failure occurs, respectively. The required initial damage signifies the needed initial compressive stress which can cause the self-healing effect. If the initial compressive stress is too small, the self-healing will not be initiated, which is consistent with previous experimental results [10]. The required initial damage is also presented in Tab. 3. When the radius is 4 mm, the required initial damage is 0.92. When the radius is 7.5 mm, the required initial damage is 0.91. If the initial damage is slight, the self-healing will not occur. Hence, the initial damage is suggested as 0.95 to cause the self-healing effect.

With the increasing size of holes, the mechanical properties decrease obviously. When the radius increases from 4 to 11.25 mm, the elastic modulus of the sample declines from 21 to 19.2 GPa, and the compressive strength reduces from 21.5 to 19.9 MPa. Hence, the microcapsules should not be too big since big holes reduce the mechanical properties of samples.

3.2 Inclination Angle is 60[image: images]

Fig. 8 displays the typical coalescence cracks in four specimens containing different holes (r = 7.5, 8.75, 11.25 and 12.5 mm) and with the same inclination angle d of [image: images]. The coalescence types are in the parentheses. The first cracks below the pre-existing crack are similar, while they are different above the pre-existing crack. The reason lies in that the crack below the pre-existing crack is far away from the hole, and the influence of the hole is slight. The Type I tensile cracks as first cracks are composed of micro-tensile cracks when the radius is 7.5 mm in Fig. 8a. The coalescence does not occur. When the radius is 8.75 and 11.25 mm, the first cracks are Type I shear cracks. Micro-tensile cracks and micro-shear cracks form the secondary cracks. The coalescence type in Fig. 8b is Type 5. The first crack initiates from the pre-existing crack. Meanwhile, the hole breaks. Finally, the two propagating cracks connect. The pre-existing crack propagates and directly connects with the hole in coalescence Type 3 in Fig. 8c. As is exhibited in Fig. 8d, the crack goes from the hole to the pre-existing crack. A new type of coalescence (i.e., coalescence Type 6) is witnessed. The coalescence crack initiates near the hole at first. Then, it propagates to the pre-existing crack. Based on the fracture mechanics, the coalescence cracks should initiate at the crack tips. Whereas, Fig. 8d clearly shows that when the hole is big, it may break at first and the first crack may generate elsewhere, which is consistent with the previous results [30]. They may initiate near the hole and go to the pre-existing crack in coalescence Type 6, which means that the first crack initiation position is influenced by the radius of the hole. Coalescence Type 6 is not wanted in the microcapsule-contained self-healing concrete since the microcapsule becomes the defect rather than the healing component.

[image: images]

Figure 8: Coalescence cracks with different radii of holes. (a) s30-d60-r7.5 (Type 1) (b) s30-d60-r8.75 (Type 5) (c) s30-d60-r11.25 (Type 3) (d) s30-d60-r12.5 (Type 6)

The potential healing time of the four samples is listed in Tab. 4. When the radius increases from 8.75 to 12.5 mm, the potential healing time rises from 0.111 to 0.12. The healing time is short compared with that in Tab. 3 since the inclination angle of the pre-existing crack is great. With the increasing radius, the potential healing time raises. Hence, rapid curing agents should be adopted if the small microcapsule is used. The required initial damage is also shown in Tab. 4. When the radius is 8.75 mm, the initial damage is 0.957. When the radius is 11.25 mm, the initial damage is 0.938. When the radius is 12.5 mm, the required initial damage is 0.931. With the increasing size of holes, the required initial damage decreases. The initial damage should be great enough to cause the self-healing, which agrees with the previous experimental research of the microcapsule-contained self-healing concrete [32]. The initial damage should be greater than 0.95 to cause the self-healing effect.

Table 4: Macro properties of models with different sizes of holes

[image: images]

With the increasing size of holes, the mechanical properties decline. When the radius increases from 7.5 to 12.5 mm, the elastic modulus reduces from 22 to 20 GPa. Meanwhile, the compressive strength also declines from 26.8 to 22.2 MPa. Hence, the too-large microcapsules should be avoided since they decrease the mechanical properties of the concrete.

4  Parametric Study

The influence of different configurations on the cracking behavior is analyzed in this section. It discusses the numerical simulations with different angles of pre-existing cracks ([image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images], [image: images] and [image: images]), different ligament lengths (S = 20, 25, 30 and 35 mm) and different sizes of holes (r = 1, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25 and 27.5 mm). Each configuration is simulated 3 times with different initial parameters of materials.

4.1 Types of Coalescence Cracks

The coalescence crack between the pre-existing crack and the hole with different sizes is displayed in Fig. 9. It is clear that the coalescence crack changes with the radius of holes. When the radius of the hole is very large (e.g., 12.5 mm), it breaks at first (in Fig. 9h). The coalescence Type 6 is witnessed. When the radius of the hole ranges from 8.75 to 11.25 mm, the two defects break at the same time, and Type 5 coalescence occurs in Figs. 9e–9g. When the size of the hole is medium, the first crack occurs near the pre-existing crack, and the coalescence Type 3 occurs in Figs. 9b and 9c. When the radius of the hole is small, the interaction between the hole and the pre-existing crack is negligible. Hence, the pre-existing crack cannot connect with the hole in Fig. 9a. The first crack initiation angle is affected by the radius of the hole from Fig. 9. When the hole is small (i.e., the radius is less than 5 mm), the crack initiation angle approaches [image: images]. However, the crack initiation angle is [image: images] or [image: images] when the radius ranges from 5 to 12.5 mm in Fig. 9.

[image: images]

Figure 9: Crack coalescence pattern of specimens with different radii of holes. (a) s30-d60-r1 (Type 1) (b) s30-d60-r5 (Type 3) (c) s30-d60-r6.25 (Type 3) (d) s30-d60-r7.5 (Type 1) (e) s30-d60-r8.75 (Type 5) (f) s30-d60-r10 (Type 5) (g) s30-d60-r11.25 (Type 5) (h) s30-d60-r12.5 (Type 6)

The number of coalescence types in different cases is summarized in Tab. 5. When the hole is very large (e.g., r = 27.5 mm), only coalescence Type 1 and Type 6 exist, which means that self-healing does not occur. If the hole is too small (e.g., r = 1 mm), the stress concentration is slight, and the hole does not attract the pre-existing crack. Only coalescence Type 1 occurs, and the healing effect is also not obvious. In the cases with a radius less than 27.5 mm, Type 3 coalescence occurs most frequently. The coalescence type is wanted in the research since the crack can be healed by the microcapsules. The non-coalescence crack also occurs in many cases, which explains that the healing efficiency is low. The coalescence Type 6 only happens in the cases when the radius of the hole is greater than 10 mm. The reason is that the stress concentration around the hole is greater than that near the pre-existing crack when the hole is large. Hence, the hole is easily fractured. Coalescence Type 4 only happens in the case when the radius of holes is less than 12.5 mm. If the hole is too big, the shear stress near the tip of the pre-existing crack increases greatly and the coalescence Type 4 will not happen considering that coalescence Type 4 is composed of Type III tensile cracks. The cracks near a big hole propagate easily. If the radius of holes is 1 mm, the interaction between the hole and the pre-existing crack is slight. The coalescence does not happen. Hence, the healing will not occur.

Table 5: The number of different coalescence types with different radii of holes

[image: images]

4.2 Potential Healing Time

The influence of the size of holes on the potential healing time is shown in Fig. 10. If the radius increases from 5 to 25 mm, the potential healing time climbs from 0.13 to 0.21. It illustrates that the radius has a great influence on the potential healing time. A large hole has a long potential healing time, while the potential healing time is short if the radius is small. The reason is that when the hole is big, the coalescence easily occurs. After the coalescence, the final failure happens after a long time. However, if the radius is small, the coalescence occurs at a relatively great compressive stress, and the final failure happens soon. Hence, small microcapsules need a healing agent with a short curing time.

[image: images]

Figure 10: Potential healing time of different radii

4.3 Required Initial Damage

The influence of the radius of holes on the required initial damage is exhibited in Fig. 11. It illustrates that the radius has a great influence on the required initial damage, and a small hole needs a great initial damage to cause the coalescence. When the radius is 5 mm, the required initial damage is 0.92. When the radius is 25 mm, the required initial damage is 0.81. The reason is that when the hole is big, the coalescence crack easily initiates, while the coalescence occurs at a relatively greater compressive stress if the radius is small. When the coalescence happens, the self-healing begins. Considering that the radius of microcapsules is scattered in the experiments, [image: images] is suggested to cause the self-healing. The conclusion explains the poor self-healing effect in previous experiments [32].

[image: images]

Figure 11: Required initial damage of specimens with different radii

5  Conclusions

This study investigates the interaction between a hole and a pre-existing crack with various sizes of holes to understand the influence of sizes of microcapsules on the self-healing cementitious materials. The following conclusions can be drawn based on the investigation.


1.    The elastic modulus, the compressive strength and the coalescence stress decline with the increasing radius of holes. The microcapsules should have medium sizes to guarantee the healing effect.

2.    The position and the extent of the stress concentration are influenced by the radius of holes. A new type of displacement field is observed in the research.

3.    The pre-existing crack inclination angle, the ligament length and the radius of holes affect the coalescence crack. A new coalescence type is observed. The hole breaks at first when the radius is large, and the self-healing does not take an effect.

4.    With the increasing radius, the potential healing time rises, and the required initial damage decreases. The required initial damage should be greater than [image: images].
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