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Abstract

:

Autonomous healing is a very promising technique in self-healing concrete systems. For capsules to achieve their anticipated performance, they should be able to survive the harsh mixing conditions of concrete, yet rupture upon concrete cracking. At present, there are no standard test methods, either experimental or analytical, for determining the capsule survival rate during concrete mixing. This study investigates the correlation between the capsules’ shell properties, concrete rheological properties, the capsules’ external forces, and capsule survival rate during concrete mixing. Finite element and statistical modeling techniques were employed to evaluate the capsule performance and predict the survival rate of capsules during concrete mixing, with 68% confidence. The results revealed that the capsules’ survivability during concrete mixing is highly influenced by the capsule’s radius-to-thickness ratio, the rheological properties of the fresh concrete, the average-paste-thickness (APT) of the concrete mix, the aggregate content and angularity, and the speed of the mixer. In brief, capsules with a radius-to-thickness ratio between 30 and 45 are likely to survive concrete mixing and yet still rupture upon concrete cracking.
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1. Introduction


Encapsulation, which is employed to protect the healing agent during the mixing and casting of fresh concrete and to release the agent upon the cracking of hardened concrete [1,2], is a promising technique for the creation of autonomous self-healing concrete systems [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. For the capsules to achieve their objective, the shell’s mechanical and geometrical properties need to be compatible with those of the concrete matrix. Ideally, the shell needs to be ductile to endure the harsh concrete mixing conditions and brittle to rupture upon concrete cracking. Different shell materials, including glass [5,21,22,23,24,25,26,27,28,29], ceramics [21,29], and polymers [2,3,4,9,12,14,15,16,18,19,30,31,32,33,34,35,36,37,38,39,40,41], have been investigated and tested in the literature. Test results revealed that glass and ceramics have low survivability during mixing [42,43], whereas polymers have “switchable” mechanical properties, with a higher survival ratio [13,44,45,46,47]. The robustness of capsules to survive mixing conditions requires not only their resistance to the shear forces applied by the concrete mixer, but also to the punching stress exerted by the aggregates [47,48,49]. The review of the literature revealed that there are no standard test methods for measuring the performance of capsules in terms of survivability during concrete mixing and placing. The studies documented in the literature, which are presented here, show inconsistencies in the results, as different test methods and measuring techniques are used to assess performance. Moreover, the survival rate of the capsules during mixing is found to be highly influenced by the geometrical and mechanical properties of the shell, the concrete rheological properties, and the speed and type of the concrete mixer. As such, there is a need to develop standard testing protocol to evaluate the performance of capsules in self-healing cementitious materials during the mixing and placing of concrete, as their performance impacts the efficiency and efficacy of self-healing concrete systems, as well as the subsequent hardened properties of concrete thereafter. This study aims to address this need by analytically investigating the relationship between the shell’s geometrical and mechanical properties, concrete rheological properties, and the survival rate of the self-healing capsules. Numerical and statistical models are employed to predict the probability of capsule survival during mixing, with 68% confidence. This paper includes five parts: the introduction; a brief literature review of the test methods used to evaluate the survivability of capsules during concrete mixing; the methodology proposed to determine the survivability of capsules in concrete during mixing, which includes material properties, an idealized model of capsules during mixing, and the design of the experiment; the model results, along with an analysis and discussion of these results; and the conclusions.




2. Literature Review—A Brief


The survivability of capsules during concrete mixing is pivotal to the effectiveness of self-healing concrete systems. As the vessel for the healing agents, if the capsules were ruptured during mixing, then their presence in the self-healing cementitious matrix becomes detrimental to the mechanical properties of the concrete matrix. Among several encapsulation materials investigated in the literature for their suitability in self-healing concrete applications, glass and ceramics have shown limited ability to survive mixing conditions, both requiring protective techniques to enhance their ductility [25,29,47,48,50,51], while polymeric materials have shown promising results in surviving concrete mixing [13,44,45,46,47].



The review of the literature revealed two testing methodologies that have been adopted to investigate the survivability of self-healing capsules: (1) chemical stability [3,13,38,45,46,49,52,53,54], and (2) mechanical stability [22,44,55,56]. The survivability of the capsules is determined by either manually counting the number of intact capsules and/or by visually inspecting the capsules’ morphology using an optical microscope and scanning electron microscopy (SEM) [16,31,57,58,59].



The chemical stability test, which consists of immersing the capsules in a high pH solution, mimicking concrete pore solution, followed by a mechanical test, aims to ensure that the capsules’ mechanical properties are not altered by the concrete pore solution. The tensile strength of PLA, PS, and P(MMA-n-BMA) tubes was tested before and after immersing them in cement slurry with a pH of 12.5 to 13 for 7 to 14 days. The results revealed that only the P(MMA/n-BMA) tubes’ strength was lower [3,53]. Other researchers investigated the chemical resistance of soda glass capsules by filling the capsules with a traceable fluorescent dye and immersing them in a solution with a pH of 12. They reported no leakage or observed change in the physical properties [52]. Lv et al. [38] and Giannaros et al. [49] immersed phenol-formaldehyde (PF) dicyclopentadiene (DCPD)-filled microcapsules and sodium silicate-filled poly-urea and gelatin-gum arabic capsules, respectively, in saturated calcium hydroxide solution for 48 h, and confirmed through SEM images that the capsules maintained their morphology. Kanellopoulos et al. [13] and Al-Tabbaa et al. [46] tested the chemical stability of dry and hydrated gelatin-acacia gum microcapsules by immersing them for 2 months in sodium hydroxide solution with a pH of 11.5, 12.5, and 13.5. Using SEM and optical microscope images, the capsules were found to remain spherical. Moreover, Mao et al. [54] confirmed the survivability of the sodium silicate microcapsules with a polyurea shell for oil well cement application by immersing the capsules in a saturated calcium hydroxide solution with a pH of 13 at 80 °C for 14 days, and other capsules in a cement slurry. SEM images of the capsules in the saturated solution or the thin cement paste layer extracted from the cement slurry showed that the capsules survived the mixing process.



Testing the mechanical stability during mixing was reported for large-size capsules, with a visual count employed to determine the number of intact capsules. The developed tests consist of mixing the fresh concrete, then sieving it under running water to capture the surviving capsules. Hu et al. [22] mixed 10 glass cylindrical capsules with an 8 mm inner diameter, 1 mm thickness, and 30 mm length, and filled with polyurethane healing agent, with cement mortar in a mixing pan at a speed of 65 rpm for 3 min and reported a survival rate of 90 to 100%. Gruyaert et al. [55] mixed 10 ethyl cellulose (EC) cylindrical capsules with a 3 mm inner diameter, 1 mm thickness, and 50 mm length, and 10 glass EC-coated capsules with a 1.7 mm inner diameter, 0.3 mm thickness, and 25 to 50 mm length, using 3 different concrete batches in a concrete mixer for 2 min at 140 rpm, followed by 1 min at 285 rpm. The results revealed a 100% capsule survival when 25% plasticizer was used in the mix, a 40 to 90% survival with 10% plasticizer for EC capsules, and an 80-90% survival for glass-EC coated capsules. Sinha et al. [56] mixed 20 polylactic acid (PLA)-based biomass elongated elliptical capsules with 12 concrete batches in a revolving drum tilting mixer. To account for the effect of the capsules’ geometry, a range of sizes between 5 to 19.05 mm and thicknesses of 0.4 to 2 mm was used, with aspect ratio varying between 1:1:1, 1.5:1:1, and 2:1:1, to mimic gravel and sand sizes used in the concrete mix. The standard concrete mixing protocol was first used, then the capsules were added to the mix and mixed for an additional 5 min. Capsules of a smaller size and a higher aspect ratio were found to perform better; specifically, the survival ratio of the 9.5 mm capsules with an aspect ratio of 2:1:1 and a 0.4 mm thickness was 95 to 100%. Araújo et al. [44] mixed the dry components of concrete for 1 min, added the water, and mixed for another 1 min, then added the poly (methyl methacrylate) capsules and mixed the mixture for 2 additional min. Three sets of cylindrical capsule sizes and thicknesses were used: 6.5 ± 0.3 mm, 0.7 ± 0.1 mm, 5.9 ± 0.6 mm, 0.4 ± 0.1 mm, and 5.8 ± 0.3 mm, 0.2 ± 0.1 mm, with a 50 mm length. They concluded that the capsules with thicker walls have a higher survival rate.



From the previous studies, the following observations can be made:




	
Standardized tests to evaluate the survivability of capsules during concrete mixing are needed.



	
Test results show that capsules have the required chemical resistance to survive in a high alkaline concrete pore solution.



	
Capsule survival rate, according to chemical and/or mechanical tests, is deduced from visual inspection of a few capsules and assuming that the sample is representative of the whole sample. The statistical properties of the sample must be established before accepting such an approach.



	
The type of mixer, speed of mixing, mixing time, and mixing technique varied between different studies, which makes it difficult to compare the results, even for the capsules made with the same materials.



	
Concrete rheological properties affect the capsule survivability rate.



	
Capsules in mortar have a higher survivability than those added to concrete.



	
Capsules with a smaller diameter and thicker walls have a higher survival rate.









3. Methodology


Finite element and statistical modeling techniques were employed for determining the survivability of polymeric capsules in a concrete mixer. Experiments carried out by the authors and data reported in the literature were used to quantify the rheological properties of fresh concrete and the mechanical and geometrical properties of polymeric capsules, respectively. It was postulated that the rheological properties of concrete and the rotational speed of the mixer affect the shearing stress and normal stress exerted on the capsules during mixing, respectively. Standard deviation was the measurement used to account for the variability in the capsules’ geometrical and mechanical properties. The interactions between the input variables and the capsule survival rate were predicted with 68% confidence. Details of the material properties, model development, and design of the experiments are provided next.



3.1. Material and Geometrical Properties


Two self-consolidating concrete (SCC) mixes, designed to have a minimum slump flow of 600 mm, were used in this study. A ring-pan mixer [60] was used for mixing the SCC mixes. The composition and measured properties of the two mixes are given in Table 1. Portland-limestone cement (CSA type GUL) and ground granulated blast furnace slag (GGBFS) were provided by Lafarge Holcim, Canada. The corresponding physical and chemical properties are presented in Table 2. High-range water-reducing admixture (HRWRA), Glenium© 7700 [61], and viscosity modifying admixture (VMA), MasterMatrix© VMA 362 [62], were added to the mixes to achieve the design slump flow. Regarding the coarse aggregates, the nominal maximum aggregate size, specific gravity, bulk density, and absorption are 14 mm, 2.74, 1544 kg/m3, and 1.58%, respectively. The fineness modulus, specific gravity, bulk density, and absorption of fine aggregate are 2.88, 2.71, 1746 kg/m3, and 1.28%, respectively. The bulk density, specific gravity, and absorption of coarse and fine aggregates were determined in accordance with ASTM C127-15 [63] and ASTM C128-15 [64], respectively. The slump flow and density were measured in accordance with ASTM C1611-18 [65] and CSA A23.2-4C:14 [66], respectively. RheoCAD 500, a concrete rheometer developed by CAD Instruments [67], along with the Bingham material model [68,69,70], were used to estimate the rheological properties of the SCC mixes.



For the capsule, two values for the diameter and thickness were considered, along with a single value for the rupture strength and fracture energy, as given in Table 3. Standard deviation, which was estimated from the work of Wang et al. [9], was included to account for the variability in the capsules’ geometry and rupture strength. The capsules’ rupture strength and fracture energy were deduced from data reported in the literature for the polymeric shell material [72].




3.2. Finite Element Model


The model consists of a single capsule located at the bottom and outer edge of the concrete mixer. The free-body diagram of the capsule in a rotating concrete mixer is shown in Figure 1. This scenario afforded the inclusion of all the external forces exerted on the capsule, namely the weight of the concrete (  W  ), the centrifugal force (   F c   ) caused by the rotation of the mixer, and the shear force (  τ  ) due to mixing and flow of fresh concrete.



The weight (  W  ) corresponding to the concrete layer atop the capsule can be estimated by


  W = ρ  π 4   D s 2   t c  g  



(1)




in which ρ is the density of the fresh concrete (kg/m3),    D s    the diameter of the capsule (m),    t c    the thickness of the concrete layer atop the capsule (m), and  g  the gravitational acceleration (m/s2). The thickness of the concrete layer is deduced from the size of the mixer and its maximum concrete yield.



The centrifugal force (   F c   ) caused by the rotation of the mixer is estimated by


   F c  = ρ  π 4   D s 2         d m   2     2   ω 2   



(2)




in which dm is the diameter of the mixer (m), and  ω  the angular velocity of the mixer (rad/s). For the LIEBHERR ring-pan mixer Type R [60] used in this study, the nominal capacity, outer diameter, and rotational velocity of the mixer are 1 m3 of concrete, 2.425 m, and 26 rpm, respectively.



The forces,  W  and    F c   , can be applied over the surface area of the capsule or as a point force. The former represents the contact pressure between the concrete paste and the capsule, and the latter represents the punching of the capsule by an aggregate. The contact surface is modeled in accordance with Hertzian contact pressure, where


  P  r  =  P o      1 −    r 2     D s 2         1 2     



(3)




in which    P o    is the maximum contact pressure corresponding to  W  and    F c    over the surface area of the capsule (MPa),  r  the radial distance (m), and    D s    the diameter of the capsule. The Hertzian contact model has been used to characterize the response of microcapsules tested under compression in several self-healing studies [73,74,75].



The likelihood of an aggregate punching a capsule, increases with the decrease in concrete paste thickness. As such, a model developed by Chidiac et al. [76] is employed to determine the average cement paste thickness (APT) of the 2 SCC mixes. The APT model is reproduced below, where


  A P T = −  1 2     D  f a   +    ϕ  c a    D  f a  2     ϕ  f a    D  c a     +   ϕ  D  f a  2    1 −  ϕ  m a x        ϕ  f a    ϕ  m a x   D     +  1 2         D  f a   +    ϕ  c a    D  f a  2     ϕ  f a    D  c a     +   ϕ  D  f a  2    1 −  ϕ  m a x        ϕ  f a    ϕ  m a x   D      2  +  4 3       ϕ  m a x   − ϕ      ϕ  m a x        D  f a  2     ϕ  f a        



(4)






  and   D =        D  c a     3   ϕ  c a   +  D  f a     3   ϕ  f a      ϕ  c a   +  ϕ  f a         1 / 3    



(5)




in which  D ,    D  f a    , and    D  c a     are the mean diameters of the total aggregate gradation, fine aggregate gradation, and coarse aggregate gradation corresponding to 50% passing, respectively.  ϕ ,    ϕ  f a    ,    ϕ  c a    , and    ϕ  m a x     are the volume fraction of the aggregates, fine aggregates, coarse aggregates, and maximum packing density of aggregates, respectively. The volume fraction of the fine and coarse aggregates, along with    ϕ  m a x    ,   ϕ /  ϕ  m a x    , D, and APT for the 2 mixes are reported in Table 4. The results, which show that the capsule diameter is significantly larger than the APT, indicate that the likelihood of the capsules being punched by the aggregates is high.



The mixing of fresh concrete begins when the shear stress ( τ ) exceeds the concrete yield stress (   τ 0   ) and increases linearly with the concrete plastic viscosity ( μ ) and shear strain rate (  γ ˙  ), according to the Bingham model [68,69,70], where


  τ =  τ 0  + μ  γ ˙   



(6)







The concrete Bingham properties represented by the yield stress and plastic viscosity were measured experimentally and are reported in Table 1. The shear strain rate (  γ ˙  ) is assumed to be uniform and is calculated using the following relationship:


   γ ˙  =   ω      d  m    2       t c     



(7)







An idealized 2-D plane strain finite element (FE) model was developed for this analysis using the commercial finite element program ABAQUS [77]. The FE model, which is shown in Figure 2, consists of a single spherical capsule surrounded by three contact surfaces representing the bottom and side edge of the mixer and the concrete atop the capsule. The contact interface between the mixer wall and the capsule outer layer is modeled as surface friction, with a static friction coefficient of 0.34 [78]. The top contact interface represents the cohesive structure of the fresh concrete atop the capsule. The three loads shown, i.e., vertical, horizontal, and circumferential, represent the weight of the concrete atop the capsule, the centrifugal force, and the shear force, respectively. The FE mesh consists of 8-node biquadratic plane strain quadrilateral elements (CPE8), with 4 elements along the thickness of the capsules, with a 1:1 aspect ratio.



The cohesive interface surface model, developed by ABAQUS [77], was employed to capture the fracture of the capsule surface. The interface was placed along the horizontal direction passing through the diameter of the shell. Damage initiates when the nominal stress reaches the rupture strength of the capsule and propagates based on the energy dissipation governed by the fracture toughness (G) [72].




3.3. Design of Experiments


The numerical experiments were designed to determine the interactions between the input parameters and the output, specifically, the survival of the capsules. Two diameters and two thicknesses of the capsule were included. The mean plus and minus one standard deviation were analyzed for the capsule geometry and the capsule rupture strength. Moreover, two loadings were considered to account for the interactions between the capsules and the concrete paste, and the capsules and the aggregates. The analyses executed are summarized in Table 5.





4. Results, Analysis, and Discussion


The results revealed two potential failure modes for the capsule, as shown in Figure 3. The first mode is due to the stretching and/or rupturing of the capsule shell caused by the pressure from the surrounding concrete paste, and the second mode is due to the punching of the capsule shell caused by the aggregates. The criteria for the first failure mode are the elongation of the shell and the rupture strength of the material. The criterion for the second failure mode is the rupture strength of the material. For reference, the rupture strength of the capsule is frs = 30.0 ± 2.5 MPa, and the elongation limit of the urea-formaldehyde shell is 0.75 ± 0.08% [79].



The FE analyses, which yielded the shell state of the stress and strain, as well the survivability of the capsule, when subjected to squeezing and stretching by concrete paste and pinching by aggregates, are summarized in Table 6. CSMAXSCRT is a variable in ABAQUS that indicates whether the contact stress damage initiation criterion has been satisfied at the contact point, with a value of 0 for an undamaged surface to 1 for the initiation of damage [77]. The results also include the maximum contact pressure, the maximum true logarithmic strain, and the observed failure mode.



Assuming the results follow a normal distribution, the probability of capsule failure based on a 68% confidence level was analyzed using the finite element results and the corresponding material properties. The three failure modes were analyzed separately, and the results, in the form of probability of failure (Pf), are presented in Table 7. The overall Pf was determined on the assumption that 90% of the capsules are surrounded by concrete paste and 10% by aggregates. From the results of Table 7, the probability of failure of the two capsule sizes, specifically 0.2 mm and 2.0 μm, and 0.5 mm and 3.0 μm, for mixes 1 and 2, are 6.6%, 11.2%, 8.7%, and 11.3%, respectively. Recalculating the overall Pf, with the assumption that 100% of the capsules are surrounded by concrete paste and 0% by aggregates, the results become 0.0%, 1.3%, 2.6%, and 1.9%, respectively. These results reveal that (1) the rheological properties of the concrete mix affect the survivability of small size capsules and that the effect decreases with an increase in capsule diameter; (2) the survivability of the capsule decreases as the capsule size increases, regardless of the rheological properties of the concrete; (3) the interaction of aggregates with the capsules significantly affects the survivability of the capsules; and (4) on average, 90% of the capsules are expected to survive the mixing of concrete, given a material rupture strength of 30 ± 2.5 MPa and elongation limit of 0.75 ± 0.08%.



Figure 4 displays the probability of failure calculated for the capsules’ radius to thickness for both concrete mixes. The effects of the capsules’ geometry and rheological properties of the concrete mix are evident. The results show that for capsules whose radius-to-thickness ratio is greater than 45, their probability of failure increases from 0 to 10%. Moreover, the combined effect of the concrete rheological properties and the capsules’ geometry on the capsules’ survivability is complex. For mix #2, an increase from 10% to 26% is observed for the capsules whose radius-to-thickness ratio range between 60 and 80, and an increase from 10% to 13% is observed for both mixes for the capsules whose radius-to-thickness ratio range between 80 and 90. In general, the capsules’ survivability decreases to 90% once the capsule radius-to-thickness ratio is greater than 45. This finding agrees well with a previous recommendation for capsule radius-to-thickness ratio ranging between 30 and 100 for rupturing instead of debonding upon the cracking of hardened concrete [72]. Based on these results, the recommendations are amended to a capsule radius-to-thickness ratio of 30 to 45 for surviving concrete mixing, yet still rupturing upon the cracking of hardened concrete.



The FE results are found to agree with Souza and Al-Tabbaa experimental data [59]. Their SEM images revealed that the acrylate shell of the capsules’ radius-to-thickness ratio of 6.3 and 27.5 survived concrete mixing. Kanellopoulos et al. [13] used Gelatin-acacia gum capsules and reported that capsules whose radius-to-thickness of about 50 debonded from the cement paste prisms after testing under a three-point-bending test, while the smaller capsules whose radius-to-thickness less than 30 showed better bonding with the surrounding matrix [13]. These experimental findings further support our amended recommendation of using capsules whose radius-to-thickness ratio is between 30 to 45 to ensure their survivability during concrete mixing and yet still rupture upon cracking of hardened concrete.




5. Conclusions


This paper presents a finite element model for studying the survivability of capsules during concrete mixing. The model considers all possible interactions between the capsules and the surroundings, as well as accounts for the geometry of the capsules and the rheological properties of the concrete. The probabilities of capsule failure were determined using statistical models and assuming a normal distribution. Accordingly, the following conclusions are drawn:




	
Research studies on the survivability of self-healing capsules during concrete mixing are found to be lacking despite its significance to the performance of self-healing concrete system.



	
The capsules’ radius-to-thickness ratio highly influences the survivability of the capsules during concrete mixing.



	
The rheological properties of fresh concrete affect the survivability of small-sized capsules, and that effect decreases with an increase in capsule diameter.



	
The interaction between the aggregates and the capsules adversely affects the survivability of the capsules.



	
In capsules whose radius-to-thickness ratio is greater than 45, the probability of failure increases from 0 to 10%.



	
The combined effect of the concrete’s rheological properties and capsules’ geometry on the capsules’ probability of failure increased from 10% to 26% for mix #2 when the capsules’ radius-to-thickness ratio was between 60 and 80, and from 10% to 13% for both mixes when the capsules’ radius-to-thickness ratio was between 80 and 90.



	
The survivability of the capsule decreases to 90% when the capsules’ radius-to-thickness ratio is greater than 90, regardless of the concrete rheological properties.








The recommendations are to design self-healing concrete system with a capsule radius-to-thickness ratio between 30 to 45 to survive concrete mixing and yet still rupture upon the cracking of hardened concrete, and that a standard test should be developed to account for the capsule geometry and material properties; the concrete rheological properties; the concrete mix design, specifically the APT, the aggregate content, and the angularity; and the speed of the mixer. Lastly, the findings, conclusions, and recommendations are specific to the variables investigated in this study.







Author Contributions


Conceptualization, S.E.C.; formal analysis, M.A.R.; funding acquisition, S.E.C.; investigation, M.A.R.; methodology, S.E.C.; supervision, S.E.C.; validation, M.A.R.; writing—original draft, M.A.R.; writing—review and editing, S.E.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Sciences and Engineering Research Council (NSERC), grant RGPIN-2022-05436.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Salaün, F. Microencapsulation Technology for Smart Textile Coatings; Hu, J., Ed.; Woodhead Publishing Series in Textiles: Number 176; Elsevier: Amsterdam, The Netherlands, 2016; ISBN 9780081002650. [Google Scholar]

	



Brown, E.N.; Kessler, M.R.; Sottos, N.R.; White, S.R. In Situ Poly(Urea-Formaldehyde) Microencapsulation of Dicyclopentadiene. J. Microencapsul. 2003, 20, 719–730. [Google Scholar] [CrossRef] [PubMed]

	



Hilloulin, B.; Van Tittelboom, K.; Gruyaert, E.; De Belie, N.; Loukili, A. Design of Polymeric Capsules for Self-Healing Concrete. Cem. Concr. Compos. 2015, 55, 298–307. [Google Scholar] [CrossRef]

	



Li, W.; Zhu, X.; Zhao, N.; Jiang, Z. Preparation and Properties of Melamine Urea-Formaldehyde Microcapsules for Self-Healing of Cementitious Materials. Materials 2016, 9, 152. [Google Scholar] [CrossRef]

	



Joseph, C.; Jefferson, A.; Isaacs, B.; Lark, R.; Gardner, D. Experimental Investigation of Adhesive-Based Self-Healing of Cementitious Materials. Mag. Concr. Res. 2010, 62, 831–843. [Google Scholar] [CrossRef]

	



Du, W.; Yu, J.; Gu, Y.; Li, Y.; Han, X.; Liu, Q. Preparation and Application of Microcapsules Containing Toluene-Di-Isocyanate for Self-Healing of Concrete. Constr. Build. Mater. 2019, 202, 762–769. [Google Scholar] [CrossRef]

	



Al-Ansari, M.; Abu-Taqa, A.G.; Hassan, M.M.; Senouci, A.; Milla, J. Performance of Modified Self-Healing Concrete with Calcium Nitrate Microencapsulation. Constr. Build. Mater. 2017, 149, 525–534. [Google Scholar] [CrossRef]

	



Tan, N.P.B.; Keung, L.H.; Choi, W.H.; Lam, W.C.; Leung, H.N. Silica-Based Self-Healing Microcapsules for Self-Repair in Concrete. J. Appl. Polym. Sci. 2016, 133, 1–12. [Google Scholar] [CrossRef]

	



Wang, X.; Xing, F.; Zhang, M.; Han, N.; Qian, Z. Experimental Study on Cementitious Composites Embedded with Organic Microcapsules. Materials 2013, 6, 4064–4081. [Google Scholar] [CrossRef]

	



Pelletier, M.M.; Brown, R.; Shukla, A.; Bose, A. Self-Healing Concrete with a Microencapsulated Healing Agent; University of Rhode Island: Kingston, RI, USA, 2011. [Google Scholar]

	



Hassan, M.M.; Milla, J.; Rupnow, T.; Al-Ansari, M.; Daly, W.H. Microencapsulation of Calcium Nitrate for Concrete Applications. Transp. Res. Rec. J. Transp. Res. Board 2016, 2577, 8–16. [Google Scholar] [CrossRef]

	



Dong, B.; Han, N.; Zhang, M.; Wang, X.; Cui, H.; Xing, F. A Microcapsule Technology Based Self-Healing System for Concrete Structures. J. Earthq. Tsunami 2013, 7, 1350014. [Google Scholar] [CrossRef]

	



Kanellopoulos, A.; Giannaros, P.; Palmer, D.; Kerr, A.; Al-Tabbaa, A. Polymeric Microcapsules with Switchable Mechanical Properties for Self-Healing Concrete: Synthesis, Characterisation and Proof of Concept. Smart Mater. Struct. 2017, 26, 045025. [Google Scholar] [CrossRef]

	



Yang, Z.; Hollar, J.; He, X.; Shi, X. A Self-Healing Cementitious Composite Using Oil Core/Silica Gel Shell Microcapsules. Cem. Concr. Compos. 2011, 33, 506–512. [Google Scholar] [CrossRef]

	



Li, H.; Wang, R.; He, X.; Liu, W.; Hao, H. Preparation and Characterization of Self-Healing Poly (Urea-Formaldehyde) Microcapsules. In Proceedings of the SPIE 6423, International Conference on Smart Materials and Nanotechnology in Engineering, Harbin, China, 1–4 July 2007; Volume 6423, p. 64232T. [Google Scholar]

	



Dong, B.; Fang, G.; Ding, W.; Liu, Y.; Zhang, J.; Han, N.; Xing, F. Self-Healing Features in Cementitious Material with Urea-Formaldehyde/Epoxy Microcapsules. Constr. Build. Mater. 2016, 106, 608–617. [Google Scholar] [CrossRef]

	



Yu, D.; Zhi, M.; Qiu, M.; Zhu, D.Y.; Rong, M.Z.; Zhang, M.Q. Self-Healing Polymeric Materials Based on Microencapsulated Healing Agents: From Design to Preparation. Prog. Polym. Sci. 2015, 49–50, 175–220. [Google Scholar] [CrossRef]

	



Gilford, J.; Hassan, M.M.; Rupnow, T.; Barbato, M.; Okeil, A.; Asadi, S. Dicyclopentadiene and Sodium Silicate Microencapsulation for Self-Healing of Concrete. J. Mater. Civ. Eng. 2014, 26, 886–896. [Google Scholar] [CrossRef]

	



Keller, M.W.; Sottos, N.R. Mechanical Properties of Microcapsules Used in a Self-Healing Polymer. Exp. Mech. 2006, 46, 725–733. [Google Scholar] [CrossRef]

	



Liu, X.; Sheng, X.; Lee, J.K.; Kessler, M.R. Synthesis and Characterization of Melamine- Urea-Formaldehyde Microcapsules Containing ENB-Based Self-Healing Agents. Macromol. Mater. Eng. 2009, 294, 389–395. [Google Scholar] [CrossRef]

	



Van Tittelboom, K.; Adesanya, K.; Dubruel, P.; Van Puyvelde, P.; De Belie, N. Methyl Methacrylate as a Healing Agent for Self-Healing Cementitious Materials. Smart Mater. Struct. 2011, 20, 125016. [Google Scholar] [CrossRef]

	



Hu, Z.-X.; Hu, X.-M.; Cheng, W.-M.; Zhao, Y.-Y.; Wu, M.-Y. Performance Optimization of One-Component Polyurethane Healing Agent for Self-Healing Concrete. Constr. Build. Mater. 2018, 179, 151–159. [Google Scholar] [CrossRef]

	



Van Belleghem, B.; Gruyaert, E.; Van Tittelboom, K.; Moerman, W.; Dekeyser, B.; Van Stappen, J.; Cnudde, V.; De Belie, N. Effect of Polyurethane Viscosity on Self-Healing Efficiency of Cementitious Materials Exposed to High Temperatures from Sun Radiation. J. Mater. Civ. Eng. 2018, 30, 04018145. [Google Scholar] [CrossRef]

	



Maes, M.; Van Tittelboom, K.; De Belie, N. The Efficiency of Self-Healing Cementitious Materials by Means of Encapsulated Polyurethane in Chloride Containing Environments. Constr. Build. Mater. 2014, 71, 528–537. [Google Scholar] [CrossRef]

	



Thao, T.D.P.; Johnson, T.J.S.; Tong, Q.S.; Dai, P.S. Implementation of Self-Healing in Concrete–Proof of Concept. IES J. Part A Civ. Struct. Eng. 2009, 2, 116–125. [Google Scholar] [CrossRef]

	



Dry, C.; McMillan, W. Three-Part Methylmethacrylate Adhesive System as an Internal Delivery System for Smart Responsive Concrete. Smart Mater. Struct. 1996, 5, 297–300. [Google Scholar] [CrossRef]

	



Joseph, C.; Jefferson, A.D.; Cantoni, M.B. Issues Relating to the Autonomic Healing of Cementitious Materials. In Proceedings of the First International Conference on Self Healing Materials, Noordwijk aan Zee, The Netherlands, 18–20 April 2007; pp. 1–8. [Google Scholar]

	



Li, V.C.; Lim, Y.M.; Chan, Y.-W. Feasibility Study of a Passive Smart Self-Healing Cementitious Composite. Compos. Part B Eng. 1998, 29, 819–827. [Google Scholar] [CrossRef]

	



Van Tittelboom, K.; De Belie, N.; Van Loo, D.; Jacobs, P. Self-Healing Efficiency of Cementitious Materials Containing Tubular Capsules Filled with Healing Agent. Cem. Concr. Compos. 2011, 33, 497–505. [Google Scholar] [CrossRef]

	



Blaiszik, B.J.; Caruso, M.M.; Mcilroy, D.A.; Moore, J.S.; White, S.R.; Sottos, N.R. Microcapsules Filled with Reactive Solutions for Self-Healing Materials. Polymer 2009, 50, 990–997. [Google Scholar] [CrossRef]

	



Dong, B.; Fang, G.; Wang, Y.; Liu, Y.; Hong, S.; Zhang, J.; Lin, S.; Xing, F. Performance Recovery Concerning the Permeability of Concrete by Means of a Microcapsule Based Self-Healing System. Cem. Concr. Compos. 2017, 78, 84–96. [Google Scholar] [CrossRef]

	



Wang, X.; Sun, P.; Han, N.; Xing, F. Experimental Study on Mechanical Properties and Porosity of Organic Microcapsules Based Self-Healing Cementitious Composite. Materials 2017, 10, 20. [Google Scholar] [CrossRef]

	



Brown, E.N.; Sottos, N.R.; White, S.R. Fracture Testing of a Self-Healing Polymer Composite. Exp. Mech. 2002, 42, 372–379. [Google Scholar] [CrossRef]

	



Brown, E.N.; White, S.R.; Sottos, N.R. Microcapsule Induced Toughening in a Self-Healing Polymer Composite. J. Mater. Sci. 2004, 39, 1703–1710. [Google Scholar] [CrossRef]

	



White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.R.; Brown, E.N.; Viswanathan, S. Autonomic Healing of Polymer Composites. Nature 2001, 409, 794–797. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Chen, H.-Q.; Zhang, Z. Mechanical Properties of Melamine Formaldehyde Microcapsules for Self-Healing Materials. Mater. Chem. Phys. 2009, 118, 63–70. [Google Scholar] [CrossRef]

	



Lee, J.; Zhang, M.; Bhattacharyya, D.; Yuan, Y.C.; Jayaraman, K.; Mai, Y.W. Micromechanical Behavior of Self-Healing Epoxy and Hardener-Loaded Microcapsules by Nanoindentation. Mater. Lett. 2012, 76, 62–65. [Google Scholar] [CrossRef]

	



Lv, L.; Yang, Z.; Chen, G.; Zhu, G.; Han, N.; Schlangen, E.; Xing, F. Synthesis and Characterization of a New Polymeric Microcapsule and Feasibility Investigation in Self-Healing Cementitious Materials. Constr. Build. Mater. 2016, 105, 487–495. [Google Scholar] [CrossRef]

	



Ollier, R.P.; Penoff, M.E.; Alvarez, V.A. Microencapsulation of Epoxy Resins: Optimization of Synthesis Conditions. Colloids Surf. A Physicochem. Eng. Asp. 2016, 511, 27–38. [Google Scholar] [CrossRef]

	



Li, H.; Wang, R.; Hu, H.; Liu, W. Surface Modification of Self-Healing Poly(Urea-Formaldehyde) Microcapsules Using Silane-Coupling Agent. Appl. Surf. Sci. 2008, 255, 1894–1900. [Google Scholar] [CrossRef]

	



Lv, L.; Schlangen, E.; Yang, Z.; Xing, F. Micromechanical Properties of a New Polymeric Microcapsule for Self-Healing Cementitious Materials. Materials 2016, 9, 1025. [Google Scholar] [CrossRef]

	



Xue, C.; Li, W.; Li, J.; Tam, V.W.Y.; Ye, G. A Review Study on Encapsulation-Based Self-Healing for Cementitious Materials. Struct. Concr. 2019, 20, 198–212. [Google Scholar] [CrossRef]

	



Souradeep, G.; Kua, H.W. Encapsulation Technology and Techniques in Self-Healing Concrete. J. Mater. Civ. Eng. 2016, 28, 04016165. [Google Scholar] [CrossRef]

	



Araújo, M.; Chatrabhuti, S.; Gurdebeke, S.; Alderete, N.; Van Tittelboom, K.; Raquez, J.-M.; Cnudde, V.; Van Vlierberghe, S.; De Belie, N.; Gruyaert, E. Poly(Methyl Methacrylate) Capsules as an Alternative to the “Proof-of-Concept” Glass Capsules Used in Self-Healing Concrete. Cem. Concr. Compos. 2018, 89, 260–271. [Google Scholar] [CrossRef]

	



Paine, K.; Al-Tabbaa, A.; Gardner, D.; Jefferson, T. Resilient Materials for Life: Biomimetic Self-Healing and Self-Diagnosing Concretes; UKIERI Concrete Congress Concrete; The Global Builder: Jalandhar, India, 2019. [Google Scholar]

	



Al-Tabbaa, A.; Litina, C.; Giannaros, P.; Kanellopoulos, A.; Souza, L. First UK Field Application and Performance of Microcapsule-Based Self-Healing Concrete. Constr. Build. Mater. 2019, 208, 669–685. [Google Scholar] [CrossRef]

	



He, J.; Shi, X. Developing an Abiotic Capsule-Based Self-Healing System for Cementitious Materials: The State of Knowledge. Constr. Build. Mater. 2017, 156, 1096–1113. [Google Scholar] [CrossRef]

	



Van Tittelboom, K.; De Belie, N. Self-Healing in Cementitious Materials—A Review. Materials 2013, 6, 2182–2217. [Google Scholar] [CrossRef] [PubMed]

	



Giannaros, P.; Kanellopoulos, A.; Al-Tabbaa, A. Sealing of Cracks in Cement Using Microencapsulated Sodium Silicate. Smart Mater. Struct. 2016, 25, 084005. [Google Scholar] [CrossRef]

	



Van Tittelboom, K.; Tsangouri, E.; Van Hemelrijck, D.; De Belie, N. The Efficiency of Self-Healing Concrete Using Alternative Manufacturing Procedures and More Realistic Crack Patterns. Cem. Concr. Compos. 2015, 57, 142–152. [Google Scholar] [CrossRef]

	



Tsangouri, E.; Gilabert, F.A.; Aggelis, D.G.; De Belie, N.; Van Hemelrijck, D. Concrete Fracture Energy Increase by Embedding Capsules with Healing Ability: The Effect of Capsules Nature. In Proceedings of the 2nd International RILEM/COST Conference on Early Age Cracking and Serviceability in Cement-based Materials and Structures-EAC2; ULB-VUB, Brussels, Belgium, 12–14 September 2017; pp. 660–663. [Google Scholar]

	



Kanellopoulos, A.; Qureshi, T.S.; Al-Tabbaa, A. Glass Encapsulated Minerals for Self-Healing in Cement Based Composites. Constr. Build. Mater. 2015, 98, 780–791. [Google Scholar] [CrossRef]

	



Hilloulin, B.; Van Tittelboom, K.; Gruyaert, E.; Loukili, A.; De Belie, N. Design of Polymeric Capsules for Autonomous Healing of Cracks in Cementitious Materials. In Proceedings of the 4th International Conference on Self-Healing Materials, Ghent, Belgium, 16 June 2013; pp. 660–663. [Google Scholar]

	



Mao, W.; Litina, C.; Al-Tabbaa, A. Development and Application of Novel Sodium Silicate Microcapsule-Based Self-Healing Oil Well Cement. Materials 2020, 13, 456. [Google Scholar] [CrossRef]

	



Gruyaert, E.; Van Tittelboom, K.; Sucaet, J.; Anrijs, J.; Van Vlierberghe, S.; Dubruel, P.; De Geest, B.G.; Remon, J.P.; De Belie, N. Capsules with Evolving Brittleness to Resist the Preparation of Self-Healing Concrete. Mater. Constr. 2016, 66, e092. [Google Scholar] [CrossRef]

	



Sinha, A.; Wang, Q.; Wei, J. Feasibility and Compatibility of a Biomass Capsule System in Self-Healing Concrete. Materials 2021, 14, 958. [Google Scholar] [CrossRef]

	



Wang, J.Y.; Soens, H.; Verstraete, W.; De Belie, N. Self-Healing Concrete by Use of Microencapsulated Bacterial Spores. Cem. Concr. Res. 2014, 56, 139–152. [Google Scholar] [CrossRef]

	



Kanellopoulos, A.; Giannaros, P.; Al-Tabbaa, A. The Effect of Varying Volume Fraction of Microcapsules on Fresh, Mechanical and Self-Healing Properties of Mortars. Constr. Build. Mater. 2016, 122, 577–593. [Google Scholar] [CrossRef]

	



Souza, L.; Al-Tabbaa, A. Microfluidic Fabrication of Microcapsules Tailored for Self-Healing in Cementitious Materials. Constr. Build. Mater. 2018, 184, 713–722. [Google Scholar] [CrossRef]

	



Ring-Pan Mixer for Highest Concrete Qualities. Available online: https://www.liebherr.com/en/can/products/construction-machines/concrete-technology/mixer-systems/ring-pan-mixer/ring-pan-mixer.html (accessed on 24 November 2022).

	



BASF MasterGlenium 7700: High-Range Water-Reducing Admixture 2014. Available online: https://www.construction.basf.us/files/pdf/Admixture-Performance-Guide_web.pdf (accessed on 6 January 2023).

	



BASF MasterMatrix VMA 362: Viscosity-Modifying Admixture 2014. Available online: https://www.construction.basf.us/files/pdf/Admixture-Performance-Guide_web.pdf (accessed on 6 January 2023).

	



ASTM C127-15; Standard Test Method for Density, Relative Density (Specific Gravity), and Absorption of Coarse Aggregate. ASTM International: West Conshohocken, PA, USA, 2015.

	



ASTM C128-15; Standard Test Method for Relative Density (Specific Gravity), and Absorption of Fine Aggregate. ASTM International: West Conshohocken, PA, USA, 2015.

	



ASTM C1611-18; Standard Test Method for Slump Flow of Self-Consolidating Concrete. ASTM International: West Conshohocken, PA, USA, 2018.

	



CSA A23.2-4C; Air Content of Plastic Concrete by the Pressure Method. Concrete Materials and Methods of Concrete Construction/Methods of Tests for Concrete. CSA: Rexdale, ON, Canada, 2014.

	



CAD Instruments RheoCad 500. Available online: https://cad-instruments.eu/rheometer-mortar-concrete.html (accessed on 28 November 2022).

	



Tattersall, G.H.; Banfill, P.F.G. The Rheology of Fresh Concrete; Pitman Advanced Pub: London, UK, 1983; Volume 759. [Google Scholar]

	



Mahmoodzadeh, F.; Chidiac, S.E. Rheological Models for Predicting Plastic Viscosity and Yield Stress of Fresh Concrete. Cem. Concr. Res. 2013, 49, 1–9. [Google Scholar] [CrossRef]

	



Chidiac, S.E.; Mahmoodzadeh, F. Constitutive Flow Models for Characterizing the Rheology of Fresh Mortar and Concrete. Can. J. Civ. Eng. 2013, 40, 475–482. [Google Scholar] [CrossRef]

	



Chidiac, S.E.; Shafikhani, M. Cement Degree of Hydration in Mortar and Concrete. J. Therm. Anal. Calorim. 2019, 138, 2305–2313. [Google Scholar] [CrossRef]

	



Reda, M.A.; Chidiac, S.E. Performance of Capsules in Self-Healing Cementitious Material. Materials 2022, 15, 7302. [Google Scholar] [CrossRef]

	



Pan, X.; Mercadé-Prieto, R.; York, D.; Preece, J.A.; Zhang, Z. Structure and Mechanical Properties of Consumer-Friendly PMMA Microcapsules. Ind. Eng. Chem. Res. 2013, 52, 11253–11265. [Google Scholar] [CrossRef]

	



Gray, A.; Egan, S.; Bakalis, S.; Zhang, Z. Determination of Microcapsule Physicochemical, Structural, and Mechanical Properties. Particuology 2016, 24, 32–43. [Google Scholar] [CrossRef]

	



Kim, K.; Cheng, J.; Liu, Q.; Wu, X.Y.; Sun, Y. Investigation of Mechanical Properties of Soft Hydrogel Microcapsules in Relation to Protein Delivery Using a MEMS Force Sensor. J. Biomed. Mater. Res. Part A 2010, 92A, 103–113. [Google Scholar] [CrossRef]

	



Chidiac, S.E.; Moutassem, F.; Mahmoodzadeh, F. Compressive Strength Model for Concrete. Mag. Concr. Res. 2013, 65, 557–572. [Google Scholar] [CrossRef]

	



ABAQUS 6.24 User Documentation; Dassault Systèmes Simulia Corp.: Johnston, RI, USA, 2018.

	



Bouharoun, S. Characterization Of The Interface Between Fresh Concrete and Formwork. J. Civ. Eng. Manag. 2015, 22, 26–37. [Google Scholar] [CrossRef]

	



Mark, J.E. Polymer Data Handbook; Oxford University Press: Oxford, UK, 1999. [Google Scholar]








[image: Materials 16 02379 g001 550] 





Figure 1. Free-body diagram of a capsule in a rotating concrete mixer. 
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Figure 2. FE model includes geometry, boundary and loading conditions, and mesh. 
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Figure 3. Capsule failure modes deduced from the FE analysis: (a) stretching and/or rupturing; (b) punching. 
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Figure 4. Capsule radius-to-thickness probability of failure. 
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Table 1. Self-consolidating concrete mix design used in the FE model.






Table 1. Self-consolidating concrete mix design used in the FE model.





	
Mixture Proportion

	
SCC Mix #1

	
SCC Mix #2






	
Water-to-Cementing Materials Ratio, w/cm

	
0.32

	
0.32




	
GUL (% mass of cm)

	
100

	
70




	
GGBFS (% mass of cm)

	
0

	
30




	
Cementing Content (kg/m3)

	
450

	
450




	
Volume Fraction of Coarse Aggregate, VCA (m3/m3)

	
0.30

	
0.25




	
Volume Fraction of Fine Aggregate, VFA (m3/m3)

	
0.35

	
0.40




	
HRWRA, (% mass of cm)

	
0.84

	
0.69




	
Fresh Properties




	
Density, ρ (kg/m3)

	
2451

	
2416




	
Slump Flow, Sf (mm)

	
638

	
680




	
Viscosity, μ (Pa.s)

	
49

	
78




	
Yield Stress, τ0 (Pa)

	
40

	
16
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Table 2. Physical and chemical properties of cement used in the study [71].
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Oxides, Compounds

	
Composition (% Mass)




	
GUL

	
GGBFS






	
CaO

	
61.3

	
36.9




	
SiO2

	
18.0

	
36.2




	
Al2O3

	
4.4

	
10.4




	
Fe2O3

	
2.8

	
0.6




	
MgO

	
2.9

	
11.9




	
K2O

	
0.5

	
0.5




	
Na2O

	
0.2

	
0.4




	
Na2Oeq

	
0.6

	
0.8




	
SO3

	
3.6

	
2.7




	
TiO2

	
0.3

	
1.1




	
MnO

	
2.9

	
0.5




	
Free CaO

	
1.1

	




	
Limestone

	
11.5

	




	
Loss on Ignition

	
5.5

	
0.8




	
Total

	
96.8

	
101.2




	
C3S

	
47

	




	
C2S

	
16

	




	
C3A

	
7

	




	
C4AF

	
8

	




	
Specific Surface Area, Blaine (m2/kg)

	
468

	
475




	
Specific Gravity

	
3.15

	
2.92




	
Compressive Strength, 28d (MPa)

	
41.7
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Table 3. Capsule properties used in the FE model.
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Variables

	
Mean ± Standard Deviation






	
Diameter of Capsule, Ds (mm)

	
0.2 ± 0.057

	
0.5 ± 0.142




	
Shell Thickness, ts (mm)

	
0.002 ± 0.0006

	
0.003 ± 0.0008




	
Rupture Strength of Capsule, frs (MPa)

	
30.0 ± 2.5




	
Fracture Energy, Gs (J/m2)

	
100
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Table 4. Aggregate volume fractions and APT measurements.
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	Mix #
	ϕfa
	ϕca
	ϕmax
	ϕ/ϕmax
	D (mm)
	APT (mm)





	1
	0.35
	0.30
	0.78
	0.83
	6.56
	0.11



	2
	0.40
	0.25
	0.77
	0.84
	6.18
	0.10
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Table 5. Design of experiment developed for this study.
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Loading Scenario #1: Hertz Contact Pressure




	
Ds (mm)

	
ts (mm)

	
Mix #1

	
Mix #2




	
Centrifugal Stress (kPa)

	
Weight (kPa)

	
Shear Stress (kPa)

	
Centrifugal Stress (kPa)

	
Weight (kPa)

	
Shear Stress (kPa)






	
0.200 ± 0.057

	
0.002 ± 0.0006

	
8.68

	
1.69

	
1.02

	
8.56

	
1.67

	
1.57




	
0.500 ± 0.142

	
0.003 ± 0.0008




	
Loading Scenario #2: Aggregate Punching




	
0.200 + 0.057

	
0.002 ± 0.0006

	
1.796

	
1.69

	
1.02

	
1.771

	
1.67

	
1.57




	
0.200

	
0.002 ± 0.0006

	
1.091

	
1.075




	
0.200 − 0.057

	
0.002 ± 0.0006

	
0.561

	
0.553




	
0.500 + 0.142

	
0.003 ± 0.0008

	
11.226

	
11.066




	
0.500

	
0.003 ± 0.0008

	
6.818

	
6.721




	
0.500 − 0.142

	
0.003 ± 0.0008

	
3.504

	
3.454
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Table 6. FE results including observed capsule performance.






Table 6. FE results including observed capsule performance.





	
Mix #1

	
Loading Scenarios




	
Ds (mm)

	
ts (μm)

	
Contact Pressure

	
Point Load




	
CSMAXSCRT

	
Pressure

(MPa)

	
Performance

	
Log Strain (%)

	
Performance

	
CSMAXSCRT

	
Pressure

(MPa)

	
Performance






	
0.257

	
1.4

	
0.8

	
24.27

	
Survived

	
0.55

	
Survived

	
1.0

	
34.11

	
Ruptured




	
0.257

	
2.0

	
0.6

	
17.83

	
Survived

	
0.50

	
Survived

	
1.0

	
42.11

	
Ruptured




	
0.257

	
2.6

	
0.4

	
12.60

	
Survived

	
0.31

	
Survived

	
1.0

	
37.75

	
Ruptured




	
0.200

	
1.4

	
0.7

	
20.21

	
Survived

	
0.59

	
Survived

	
1.0

	
41.68

	
Ruptured




	
0.200

	
2.0

	
0.4

	
12.81

	
Survived

	
0.32

	
Survived

	
0.9

	
32.53

	
Survived




	
0.200

	
2.6

	
0.3

	
8.07

	
Survived

	
0.19

	
Survived

	
0.5

	
18.64

	
Survived




	
0.143

	
1.4

	
0.4

	
13.27

	
Survived

	
0.33

	
Survived

	
0.7

	
23.87

	
Survived




	
0.143

	
2.0

	
0.2

	
7.02

	
Survived

	
0.17

	
Survived

	
0.3

	
11.58

	
Survived




	
0.143

	
2.6

	
0.1

	
4.19

	
Survived

	
0.10

	
Survived

	
0.2

	
7.026

	
Survived




	
0.642

	
2.2

	
0.5

	
16.22

	
Survived

	
0.54

	
Survived

	
1.0

	

	
Ruptured




	
0.642

	
3.0

	
0.8

	
23.13

	
Survived

	
0.48

	
Survived

	
1.0

	

	
Ruptured




	
0.642

	
3.8

	
0.8

	
25.36

	
Survived

	
0.61

	
Survived

	
1.0

	
41.19

	
Ruptured




	
0.500

	
2.2

	
0.7

	
19.52

	
Survived

	
0.44

	
Survived

	
1.0

	

	
Ruptured




	
0.500

	
3.0

	
0.9

	
26.49

	
Survived

	
0.60

	
Survived

	
1.0

	
37.22

	
Ruptured




	
0.500

	
3.8

	
0.6

	
19.20

	
Survived

	
0.53

	
Survived

	
1.0

	
44.62

	
Ruptured




	
0.358

	
2.2

	
0.9

	
26.02

	
Survived

	
0.59

	
Survived

	
1.0

	
36.52

	
Ruptured




	
0.358

	
3.0

	
0.6

	
16.81

	
Survived

	
0.45

	
Survived

	
1.0

	
51.59

	
Ruptured




	
0.358

	
3.8

	
0.4

	
11.76

	
Survived

	
0.29

	
Survived

	
1.0

	
52.44

	
Ruptured




	
Mix #2

	
Loading Scenarios




	
Ds(mm)

	
ts(μm)

	
Contact Pressure

	
Point Load




	
CSMAXSCRT

	
Pressure

(MPa)

	
Performance

	
Log Strain (%)

	
Performance

	
CSMAXSCRT

	
Pressure

(MPa)

	
Performance




	
0.257

	
1.4

	
0.8

	
24.39

	
Survived

	
0.55

	
Survived

	
1.0

	
33.74

	
Ruptured




	
0.257

	
2.0

	
0.9

	
26.09

	
Survived

	
0.76

	
Ruptured

	
1.0

	
41.42

	
Ruptured




	
0.257

	
2.6

	
0.6

	
18.24

	
Survived

	
0.47

	
Survived

	
1.0

	
37.25

	
Ruptured




	
0.200

	
1.4

	
0.9

	
27.71

	
Survived

	
0.70

	
Ruptured

	
1.0

	
36.31

	
Ruptured




	
0.200

	
2.0

	
0.6

	
18.56

	
Survived

	
0.48

	
Survived

	
0.9

	
32.15

	
Survived




	
0.200

	
2.6

	
0.4

	
12.02

	
Survived

	
0.29

	
Survived

	
0.5

	
18.48

	
Survived




	
0.143

	
1.4

	
0.6

	
19.19

	
Survived

	
0.50

	
Survived

	
0.7

	
23.69

	
Survived




	
0.143

	
2.0

	
0.4

	
10.55

	
Survived

	
0.25

	
Survived

	
0.3

	
11.46

	
Survived




	
0.143

	
2.6

	
0.2

	
6.37

	
Survived

	
0.15

	
Survived

	
0.2

	
6.964

	
Survived




	
0.642

	
2.2

	

	

	
Survived

	

	
Survived

	
1.0

	

	
Ruptured




	
0.642

	
3.0

	

	

	
Survived

	

	
Survived

	
1.0

	

	
Ruptured




	
0.642

	
3.8

	
0.9

	
27.10

	
Survived

	
0.61

	
Survived

	
1.0

	
34.55

	
Ruptured




	
0.500

	
2.2

	
0.7

	
22.28

	
Survived

	
0.76

	
Ruptured

	
1.0

	
31.96

	
Ruptured




	
0.500

	
3.0

	
0.9

	
26.76

	
Survived

	
0.60

	
Survived

	
1.0

	
33.41

	
Ruptured




	
0.500

	
3.8

	
0.9

	
25.98

	
Survived

	
0.74

	
Ruptured

	
1.0

	
43.74

	
Ruptured




	
0.358

	
2.2

	
0.9

	
26.09

	
Survived

	
0.59

	
Survived

	
1.0

	
43.17

	
Ruptured




	
0.358

	
3.0

	
0.8

	
22.67

	
Survived

	
0.65

	
Survived

	
1.0

	
55.53

	
Ruptured




	
0.358

	
3.8

	
0.6

	
17.01

	
Survived

	
0.44

	
Survived

	
1.0

	
51.42

	
Ruptured
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Table 7. Probabilities of capsule failure.






Table 7. Probabilities of capsule failure.





	
Mix #1

	
Probability of Failure (%)




	
Ds (mm)

	
ts (μm)

	
Ds/2ts

	
Contact Pressure

	
Point Load

	
Total




	
Rupturing

	
Stretching

	
Rupturing






	
0.257

	
1.4

	
92

	
1.1

	
0.4

	
95.0

	
9.8




	
0.257

	
2.0

	
64

	
0.0

	
0.1

	
100.0

	
10.0




	
0.257

	
2.6

	
49

	
0.0

	
0.0

	
99.9

	
10.0




	
0.200

	
1.4

	
71

	
0.0

	
1.6

	
100.0

	
10.0




	
0.200

	
2.0

	
50

	
0.0

	
0.0

	
84.4

	
8.4




	
0.200

	
2.6

	
38

	
0.0

	
0.0

	
0.0

	
0.0




	
0.143

	
1.4

	
51

	
0.0

	
0.0

	
0.7

	
0.1




	
0.143

	
2.0

	
36
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