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Abstract

:

One of the main challenges of using a high fiber volume content in a cement composite is the narrow margin of fiber volume content beyond which fibers can cause an adverse effect on the mechanical properties. In this paper, the significance of fiber size distribution and fiber volume content of different proportions of chopped and milled carbon microfibers are investigated. The mixes’ flowability showed improvement with altering the fiber size distribution despite having a high fiber content. Uniaxial compression cylinders and unnotched and notched beams were cast and then tested at 7 and 28 days of age. It was found that the compressive strength is significantly affected by fiber size distribution more than fiber volume content. On the other hand, the modulus of rupture and fracture toughness are proportional to the fiber volume content with little effect of fiber size distribution. Finally, neither high fiber volume content nor altered fiber size distribution significantly affected the elastic modulus of the fiber cement composites.
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1. Introduction


The quasi-brittle nature of cementitious composite materials leads to cracking under service conditions, which produces deterioration in the matrix and can result in corrosion of the reinforcement. Carbon nanofibers have been used to enhance the properties of cementitious composites [1,2,3]. One way to control crack size is by incorporating short fibers inside the matrix. Successful uses of several types of fibers, including steel, polyvinyl alcohol, polypropylene, and carbon fibers, have been reported in the literature [4,5,6,7,8,9,10]. Fibers showed the ability to reduce the crack size, proportionally to the fiber diameter [11], and improve durability. Fibers were also able to improve the mechanical properties of the cementitious composites with minimum effect on compressive strength [12,13], but significant improvement in tensile and flexural strengths, and fracture toughness [14,15].



Several researchers investigated the effect of carbon nanofibers, carbon microfibers, and carbon nanotubes on the mechanical properties of cementitious composites. For carbon nanofibers and carbon nanotubes, it was observed that small concentrations of up to about 0.3% by weight of cement improve both compressive and tensile strength, density, and hardness of the cementitious composite [16,17,18,19,20,21,22,23,24]. In comparison, concentrations higher than those mentioned above would have a negligible or negative effect on the mechanical properties, and specifically on the compressive strength [21,25,26]. This negative effect of relatively high quantities of fibers was primarily attributed to the challenge in achieving good dispersion of the high volume fibers in the cement matrix [27,28,29]. This leads to mixtures with low flowability that entrap air leading to poor mechanical properties. Researchers showed that such an effect could be mitigated by incorporating small particles, such as silica fume, along with superplasticizers [30]. It has also been hypothesized that, for high fiber volume content, there is a direct effect between matrix compactness, and its evolution with time, and the performance of the fiber reinforced cement composites. This is due to the increase of fiber-matrix friction energy dissipation exceeding fiber plasticization energy dissipation [31,32].



Researchers reported entanglement of fibers in hairball-like structures to be one primary challenge while mixing large volumes of fibers in cement [2,20,25,33,34,35,36]. It was hypothesized that two interacting effects take place and result in a negative impact on mechanical and fracture characteristics of cementitious composites reinforced with entangled fibers. The first is the creation of internal flaws within the clumps of fibers where the cement paste cannot flow to fill. This results in potentially creating voids or points for crack initiation. The second is the inherent weakness of the cementitious matrix’s unreinforced regions due to the fibers’ uneven distribution, which facilitates crack propagation [2]. To break this tangled structure, several methods have been recommended for fiber dispersion, such as sonication in an aqueous solution (e.g., superplasticizer) [20,25,33,34,35,36], mechanical dispersion of fibers within cementitious particles [1,2], and growing and synthesizing the carbon nanofibers and carbon nanotubes on cement particles [30,37,38,39,40,41].



The efficiency of fiber dispersion was also found to correlate with the particle size distribution of the cement particles used [42,43], since fibers cannot occupy the same space as cement grains causing geometrical clustering [2], which in turn dictate the maximum efficiency of dispersion that could be achieved [2,42]. However, such findings gave new insight into approaching the dispersion problem and motivated researchers to investigate the relation between fiber size distribution and cement particle distribution. Researchers suggested using microfine cement to improve the efficiency of fiber dispersion in cementitious composites [2].



For single crack failure under tension, the energy criteria would uniquely govern the response. For carbon microfibers, the maximum fracture energy for the same fiber content could be obtained by using fiber with a length equal to the critical length    l c    for the same fiber content [3]. However, multiple other factors also compete to achieve higher fracture energy, such as fiber content [44]. The critical length    l c    is defined as the length at which the fiber would experience pullout with possible gradual debonding. There is also a minimum bond length needed to prevent catastrophic bond failure    l p   , which is estimated to be 5% to 10% of    l c    [45].



The design for an experimental investigative program that would highlight the effect of including different types of fibers and/or nanotubes is also a challenging task. Since the spectrum to be studied is infinite, including parameters such as fiber total volume and ratio of different type of fibers, other sets of constraints must be applied. Some researchers fixed the total fiber volume [45,46,47], while others opted to achieve some form of fiber content maximization with dispersion [20,23,48,49].



Recent literature [1,47] indicates limited research work investigating hybrid carbon fibers in cement matrix. It also shows the little research that relates macro mechanical and fracture properties of fiber cement composites to variable fiber compositions. Yao et al. [50] investigated a hybrid use of carbon, steel, and polypropylene fibers at a low fiber volume content of 0.50%. The fibers had different geometrical and mechanical properties. It was observed that, for the same fiber volume content, the mechanical properties such as compressive strength, splitting strength, modulus of rupture, and flexural toughness are dependent on the composition of the fiber. Metaxa et al. [48] investigated the use of hybrid carbon nanofibers (4.80% by cement weight) and polyvinyl alcohol microfibers (5.40% by cement weight). It was observed that the carbon nanofibers had a high impact on mechanical properties such as modulus or rupture, elastic modulus, and fracture toughness. In comparison, polyvinyl alcohol microfibers had a high impact on post-peak response and ductility. Hammed et al. [51] investigated the use of hybrid amorphous metal (6.21% by cement weight) and carbon steel fibers (6.21% by cement weight) in uniaxial tension specimens. It was observed that hybrid fiber specimens exhibited resistance to both micro and macro cracking mechanisms, which improved the mechanical resistance compared with specimens with each fiber type used separately. Stynoski et al. [23] studied the effect of silica additives on fracture properties. The mixes investigated had hybrid carbon nanotubes (0.05% fiber content) and carbon fibers (0.25% fiber content). Mechanical properties such as flexural strength and modulus of elasticity, along with fracture toughness showed correlation to the composition of fibers. Shu et al. [45] investigated the use of hybrid micro carbon fibers and macro carbon fibers. The specimens tested had 2.00% fiber content of each type separately, 1.00% of each type combined, and 2.00% of each type combined. The tested specimens did not show a significant difference in compressive strength, but the hybrid-fiber mixes improved the fracture resistance.



This paper explores the significance of fiber size distribution to improve the fracture and mechanical and fracture properties of fiber-reinforced cementitious composites. Chopped Carbon Microfibers (CCMF), with 7.2 μm diameter and lengths of 3 and 6 mm, and Milled Carbon Microfibers (MCMF), with 7.2 μm diameter and length of 150 and 200 μm, were used with different fiber volume content to introduce multi-size fibers in the cementitious matrix. The fresh mixes were designed first by investigating the effect of fiber volume content and fiber size distribution on the cement composites’ flowability. This allowed down selecting a few mixtures with similar fiber volume fraction, with different fiber size distribution, then increasing the fiber volume fraction until achieving a similar flowability. The mixes selected were then examined in terms of mechanical behavior. Compressive strength, elastic modulus, modulus of rupture, and fracture toughness were evaluated. All tests were performed at 7 and 28 days of age.




2. Experimental Program


2.1. Materials


Six cementitious composite mixes were designed with different fiber volume content and size distribution. The water/cement ratio of 0.275, silica/cement ratio of 0.1, sand/cement ratio of 1.0, and superplasticizer/cement ratio of 1.75%, were all fixed for the different cementitious mixtures with different fiber volume contents. The carbon fibers (Zoltek, St. Louis, MO, USA) used are Chopped Carbon Microfibers (CCMF), with df = 7.2 μm diameter, 3 mm and 6 mm length, 416.7 and 833.3 aspect ratios, and Milled Carbon Microfibers (MCMF), with df = 7.2 μm diameter, length of 150 μm and 200 μm, and 20.8 and 27.8 aspect ratios, as shown in Figure 1a. Both fibers have a tensile strength of    σ u    = 7137 MPa and elastic modulus is 242 GPa as reported by the manufacturer [2]. The critical fiber length can be estimated as    l c  =    σ u   d f    2  τ  a v      , where    τ  a v     is the average interface shear strength estimated as    τ  a v   = 0.2    (   f c ′   )    0.7     [3]. For a compressive strength ranging from 50–70 MPa, and the carbon microfibers used,    l c    was estimated to be in the range of 6.0 to 8.5 mm [3]. This means that some of the CCMF with 3.0- and 6.0-mm length might observe fiber rupture rather than fiber debonding.



For the initial set of mixtures, fiber volume contents of 0%, 2%, 5%, 8%, and 10% of cement weight were considered. Typically, the fiber volume fraction does not exceed 10% [15,52]. For each of those contents, the following ratios of CCMF to MCMF were tested for flowability: 1:0, 4:1, 2:1, 1:1, 1:2, 1:4, and 0:1. The nomenclature given to those initial mixing ratios is I10, I41, I21, I11, I12, I14, and I01, respectively, where I denotes initial hybrid mixes, and the two numbers denote the chopped (CCMF) to milled (MCMF) fiber ratio (e.g., for either CCMF or MCMF, the fiber volume content was always evenly split between both lengths (3 mm and 6 mm for CCMF and the 150 μm and 200 μm for MCMF).



To obtain the final matrix for mechanical testing, an initial set of cementitious mixtures incorporating carbon fibers was tested for flowability as described in Section 2.3.



The final six mixes considered are presented in Table 1. The six mixes have: water/cement ratio of 0.275, silica/cement ratio of 0.1, sand/cement ratio of 1.0, and superplasticizer/cement ratio of 1.75%, and different carbon fiber volume contents. The cement used is Portland cement Type I/II. The silica fume is Rheomac SF 100 (BASF group, Tifton, GA, USA). The particle size distribution of the sand is depicted in Figure 1b. The reference mix, denoted (R), did not include any fibers. The chopped mix (CH2) had 1.0% of cement’s weight from each chopped fiber type. The milled mix (ML2) had 1.0% of cement weight from each milled fiber type. The milled mix (ML8) had 4.0% of cement weight from each milled fiber type. The hybrid mix (H2) had half the combined content from CH2 and ML2. Finally, the hybrid mix (H5) had half the combined content from CH2 and ML8.




2.2. Mixing Protocol


To achieve dispersion of the multi-size carbon fibers inside the cementitious mix, the fibers were mixed with the fine cementitious particles (cement and silica fume) in a rotary tumbler for 30 min, following the recommendations by Hogancamp and Grasley [2]. For the first cycle of mixing, the water and superplasticizer were added to the cementitious materials, and fibers were then mixed for 1 min. The sand was then added to the mix for four additional minutes, as illustrated in Figure 2. After mixing, the flowability test was performed, according to ASTM C1437-13 [53].



For each of the final mixes, all specimens were then cured in a standard curing room at 100% relative humidity and 22 °C until testing dates at 7 and 28 days of age. Uniaxial compression cylinders of 50.8 by 101.6 mm (diameter and length, respectively) and notched and unnotched prisms of 25 mm by 25 mm by 300 mm (width, depth, and length) for three-point bending were cast.




2.3. Flowability Test


Immediately after mixing, the flowability test was performed according to ASTM C1437-13 [53]. A 50 mm high cone with a variable diameter of 70 mm (top) to 100 mm (bottom) was placed at the center of the flow table, as shown in Figure 3. Then, it was filled with two layers of fresh concrete which are 25 mm each. Each layer was tamped 20 times after placement with a standard rod. The cone was then lifted slowly, and the flow table was dropped 25 times within 15 s. After that, the cement composite cone’s change in diameter was measured four times along the prespecified location on the flow table. The flowability is defined as the average increase of the four measured diameters (D1, D2, D3, and D4), expressed as a percentage of the original base diameter (D0) as shown in Figure 3.



By defining an acceptable flowability limit of 80%, six final mixes were down selected for mechanical testing, as will be explained below. The 80% limit for flowability has been recommended by other researchers to ensure good workability of cement mixtures and harden properties [54,55]. Flowability observations for each mix are presented in the Results and Discussion section.




2.4. Uniaxial Compression Test


For each mix, five cylinders of 50.8 mm diameter and 101.6 mm height were tested for compressive strength at 7 and 28 days of age. The tested cylinders were capped with sulfur as per ASTM C1231/C1231M-15 [56]. The testing was performed on the Tinius Olsen machine with a 4.45 N resolution and ±1778 kN range at a rate of 1 mm/min [57].




2.5. Modulus of Rupture Test


For each mix, five unnotched prisms of 25 mm × 25 mm × 300 mm were tested in three-point bending to determine the modulus of rupture (MoR) and the elastic modulus    E  U N     for each of the six mixes at 7 and 28 days of age. Each prism’s loading span was 150 mm with a symmetric double cantilever to counter the effect of self-weight [58,59]. Two linear variable differential transformers (LVDTs) were mounted on the reference frame, as shown in Figure 4, at a distance 10 mm from the prism center to record vertical deformations. The loading rate was 0.05 mm/min on the MTS Bionix Servohydraulic Machine (MTS, Eden Prairie, MN, USA), with 1 N resolution and ±25 kN range. The MoR was calculated based on the peak load of each unnotched specimen. The elastic modulus    E  U N     was calculated using Equation (1) [60,61]. To improve elastic modulus evaluation accuracy, linear regression is performed up to 45–50% of the peak load, as depicted in Equation (1):


   E  U N   =  1  b d  δ  e U N      [  0.9745 ×    P  e U N    l 3    4  d 2    +   13   15   ×   3  (  1 + ν  )   P  e U N   l  4   ]   



(1)




where    δ  e U N     is the displacement at a defined elastic limit of the unnotched specimen,    P  e U N     load at defined elastic limit of the unnotched specimen,  ν  indicates Poisson’s ratio,  b  is specimen width,  d  is specimen depth, and  l  is the loading span.




2.6. Fracture Toughness Test


For each mix, five notched prisms of 25 mm × 25 mm × 300 mm were tested in three-point bending. The fracture toughness test setup of the notched beams is shown in Figure 4. Each prism’s loading span was 150 mm, with a symmetric double cantilever to counter the self-weight effect on crack propagation [58,59]. The prisms were notched midspan with a precision saw to create a notch of 8 mm nominal depth and 0.3 mm width. Two knife blades were attached before testing around the crack to measure the crack mouth opening displacement (CMOD) using a clip gage. Two LVDTs were mounted on the reference frame, as shown in Figure 4, at a distance 10 mm from the prism center to record vertical deformations. The prisms were loaded at a displacement rate of 0.05 mm/min. The fracture toughness properties were evaluated using the quasi-brittle elastic crack approach, as described by [61]. The critical stress intensity factor    K  I C    , the critical elastic energy release rate    G  I C     and the critical plastic energy release rate represented by the critical J-integral    J  I C     are defined as:


    K  I C   =  g 1   ( α )   σ c    π  a c      ,   α = a / d   



(2)






   g 1   ( α )  = 1.122 − 1.4 α + 7.33  α 2  − 13.08  α 3  + 14  α 4   



(3)






   G  I C   =    K  I C     2   (  1 −  ν 2   )     E  U N      



(4)






   J  I C   =  2   H c  b    (   A N  −  A  U N    )   



(5)




where    A N    is the area under load displacement of notched specimen up to the peak load of that specimen,    A  U N     is the area under load displacement of an unnotched specimen up to the peak load of a similar unnotched specimen,  b  is specimen width,  d  is specimen depth,    H c  = d −  a c    is the critical ligament depth,  ν  indicates Poisson’s ratio,    E  U N     is the elastic modulus of the unnotched sample,    σ c    is the critical stress of notched prism,   a   is the crack depth,   d   is the total beam depth,  α  is the notch-to-depth ratio,    α c    is the critical notch-to-depth ratio, and    a c    is the critical crack depth. The critical crack depth is estimated by equating the elastic modulus of the notched beam (   E  e l a s t i c    ) with the elastic modulus of an equivalent notched beam    E  c r i t i c a l     in which the notch depth equals the critical crack depth:


   E  e l a s t i c   =  1  b d  δ e     [  0.9745 ×    P e   l 3    4  d 2    +   13   15   ×   3  (  1 + ν  )   P e  l  4  +   13   15   ×   9  P e   l 2    2 d   F  ( α )   ]   



(6)






   E  c r i t i c a l   =  1  b d  δ c     [  0.9745 ×    P c   l 3    4  d 2    +   13   15   ×   3  (  1 + ν  )   P c  l  4  +   13   15   ×   9  P c   l 2    2 d   F  (   α c   )   ]   



(7)




where    δ e    is the displacement at a defined elastic limit of the notched specimen,    δ c    is the displacement at peak load of the notched specimen,    P e    load at a defined elastic limit of the notched specimen,    P c    the peak load of the notched specimen, and  l  is the loading span. The function   F  ( α )    is defined as:


  F  ( α )  =   ∫  0 α  α g    ( α )   2  d α  



(8)






   g  ( α )    =  g 1   ( α )   π    



(9)







For each specimen, the critical stress intensity factor    K  I C     was calculated separately, then the average elastic modulus that was from the unnotched specimens was used to evaluate the fracture toughness parameters    G  I C     and    J  I C     as described above. Furthermore, the fracture energy Gf was evaluated by integrating the area under the Load-CMOD [62,63,64] calculated as:


   G f  =  1  b  (  d − a  )      ∫  0   δ c    P  ( δ )  d δ  



(10)




where    δ c    is the critical CMOD displacement evaluated at a load level of 95% of the peak load.




2.7. Scanning Electron Microscopy (SEM)


In addition to flowability and mechanical testing, Scanning Electron Microscope (SEM) was utilized to investigate the microscale fracture pattern of each fiber type. Several samples were taken from the fracture plane after mechanical testing from chopped mixes (CH2), milled mixes (M2), and hybrid mixes (H2). The fracture surfaces of the specimens were examined by using a VEGA3 thermionic emission SEM system by TESCAN (Brno, Czech Republic). To enhance conductivity, the specimens were sputter-coated with gold/palladium (Au/Pd). The electron beam energy used for all readings was 20 keV. The magnification was varying from 400× to 1150× depending on the features to be observed.





3. Results and Discussion


3.1. Flowability


The main criteria of fresh mix design for all considered mixes were to exceed a flowability of 80%, such that it would be acceptable for casting in practical applications. Examples of flowability tests are shown in Figure 5. The full matrix of results is presented in Figure 6a for the initial test matrix considered. As to be expected, the increase in fiber volume content has an inverse proportion relationship to the cementitious mix flowability. In fact, the relationship between fiber/cement ratio and flowability has a linear relationship. The CCMF/MCMF ratio dedicates the slope of this relationship. The higher this ratio, as shown in Figure 6b, the steeper the slope. This implies the highest flowability for a certain fiber volume content is achievable with a higher ratio of MCMF/CCMF. Based on the chosen flowability criteria, a reference mix with no fiber volume content, a mix with 2% chopped fiber volume content, mixes with 2% and 8% milled fiber volume content, and mixes with 2% and 5% hybrid fiber volume content of the 1:4 CCMF/MCMF ratio were considered for mechanical testing.



For the reference mix, the flowability achieved was 140%, which was the highest among all mixes since it has no fibers. The chopped mix (CH2) achieved a 91% flowability, which is still above the predefined limit, due to the presence of 2% chopped fiber volume content of the cement weight. The milled mix (ML2) achieved flowability of 102%, which is higher than the chopped mix with the same fiber volume content. The milled mix (ML8) achieved the lowest flowability of 86%, which was expected due to the high milled fiber volume content of 8% of the cement weight. However, it should be noted that, despite the milled mix (ML8) having four times fiber volume content than the chopped mix (CH2), the flowability of both are relatively close, with only 4% difference in flowability. The hybrid mix (H2) achieved flowability of 108%, which is in the same range as the milled mix (ML2). Finally, the hybrid mix (H5) achieved the highest flowability among the fiber mixes of 93%, despite having 5% content of mixed fiber by cement weight. This can be attributed to the limited effect of the MCMF on cement flowability compared with CCMF.




3.2. Mechanical Properties


While considering the mechanical and fracture response of materials, two criteria govern the response: the stress and the energy criteria. The stress criterion can be defined by the ratio of local tensile stress developed on crack surfaces and tip to the material’s cohesive strength. The energy criterion can be defined by the energy required for an incremental extension of the crack [3]. The inherit heterogeneity in concrete causes a complex response to predict via those criteria when tested for uniaxial compression. In cementitious composites, the cracks are typically initiated from bond cracks between the cementitious matrix and filler aggregate particles [65,66], then propagate mainly through the cementitious matrix. The propagation process itself is dependent on the state of stress on the crack surface and tip [66,67,68]. Finally, the compression failure is not associated with a single crack failure, but multiple. A higher fiber content and longer fiber length could assist with crack propagation via bridging, while not significantly impacting crack initiation at different locations due to bond cracks. On the other hand, smaller fibers could control crack initiation, yet not have a significant impact on crack propagation. In both cases, the efficiency of dispersion will also affect both theorized responses.



The mean compressive strength, and its standard deviation, was evaluated for each mix at seven days based on the strength of five cylinders, as shown in Figure 7a. At 95% confidence, we examined the statistical significance of the results. Both the milled mixes (ML2) and (ML8) and the hybrid mix (CH2) compressive strength were not significantly higher from the reference mix, while both the chopped (CH2) and hybrid (H5) mixes were significantly higher than the reference mix, yet not statistically different from each other. A similar analysis was performed at 28 days. In this case, as shown in Figure 7a, the compressive strength of the chopped mix (CH2) was not significantly higher than the reference mix, while both milled mixes (ML2) and (ML8) and both hybrid mixes (H2) and (H5) were significantly higher than the reference mix, yet not statistically different from each other. Despite the hybrid mixes not having the highest fiber volume content, they showed a consistently higher compressive strength than the milled and chopped mixes. This effect of fiber size distribution here might be attributed to the ability of the hybrid fibers mix to control both crack initiation, due to the presence of milled fibers, and crack propagation via bridging, due to the presence of chopped fibers. It is also important to note that there is not a statistical significance in the difference in compressive strength between 7 and 28 days, specifically when comparing the reference and CH2 mixes. However, mixes with microfibers tend to have a higher compressive strength than mixes without microfibers. This could be attributed to the ability of the microfiber to act as micro-packing particles, improving the packing density of the fiber reinforced cement composite and thus leading to improved compressive strength [69,70,71]. Finally, this result is consistent with the research reported in literature [50,72,73,74,75] that showed a positive effect of hybrid fiber composition on compressive strength. However, Shu et al. [45] did not observe a significant effect in a narrow range of hybrid fiber composition on the mechanical behavior of fiber cement composites. It seems that a wide range of sizes in hybrid fibers is necessary to enable significant improvement of mechanical behavior in fiber cement composites compared with cement composites reinforced with unisize fibers.



The mean modulus of rupture and its standard deviation, shown in Figure 7b, was evaluated for each mix at seven days based on the peak load of unnotched specimens, represented as mean responses in Figure 8. All fiber mixes had a significantly higher modulus of rupture than the reference mix. Two observations can be made. First, the modulus of rupture is dependent on fiber size distribution for the same fiber content. The milled mix (ML2) showed the lowest modulus of rupture, followed by the hybrid mix (H2), then the chopped mixes (CH2). Second, the increase in modulus of rupture is proportional to the total fiber volume content since the milled mix (ML8) with 8% content of fiber was higher than milled mix (ML2) with 2% content of fiber. The hybrid mix (H5) with 5% content of fiber was also higher than the milled mix (H2) with 2% content of fiber. A similar analysis was performed for each mix at 28 days, shown in Figure 7b, based on the peak load of unnotched bending specimens represented as mean responses in Figure 9. Similar to the behavior at seven days, all fiber mixes had a significantly higher modulus of rupture than the reference mix. Similarly, it is observed again that the modulus of rupture is proportional to the total fiber volume content and also dependent on fiber size distribution in the mix. The effect of fiber size distribution in this case is represented as the average fiber length in the matrix, which relates to the fiber critical length. Finally, this result is consistent with the research of [50,51,72,73,76,77,78,79,80] showed also the positive effect of hybrid fiber composition on improving modulus of rupture, splitting strength, and tensile strength.



The mean elastic modulus and its standard deviation, shown in Figure 7c, were evaluated for each mix at seven days based on the slope of the linear elastic region of the unnotched three-point bending response, represented as mean responses in Figure 8. The elastic modulus of all mixes containing fiber did not have a statistically significant difference from the reference mix. Similar observations by other researchers were reported in the literature [47,81]. The fiber size distribution and content also did not show any statistical effect on the elastic modulus. This might be attributed to the significantly small volume fraction of the fibers. An estimate of the elastic modulus of using composite theory would show that a much higher fiber volume fraction would be necessary to result in an observable change in the elastic modulus [52]. A similar analysis was performed for each mix at 28 days, shown in Figure 7c, based on the slope of the linear elastic region of unnotched three-point bending response, represented as mean responses in Figure 9. Similar to what was observed at seven days, there was no statistically significant difference in the elastic modulus despite the fiber volume content or fiber size distribution changes.




3.3. Fracture Properties


Based on the results of notched bending tests, represented as mean load–displacement in Figure 10 and Figure 11, and load-CMOD in Figure 12 and Figure 13, the fracture properties of each mix were calculated. The mean and standard deviation of the linear elastic fracture toughness    G  I C     at seven days are shown in Figure 13a, based on the mean notched bending responses in Figure 10. Despite the fiber volume content, all fiber mixes had significantly higher    G  I C     than the reference mix. Similar to the modulus of rupture response, it is also observed that the increase in    G  I C     is proportional to both fiber size distribution and the total fiber volume content. The chopped mix (CH2) had higher fracture toughness than both the milled mix (ML2) and hybrid mix (H2). The fracture toughness of the milled mix (ML8) was higher than that of the milled mix (ML2). Similarly, fracture toughness of the hybrid mix (H5) was higher than that of the hybrid mix (H2). A similar analysis for each mix at 28 days, shown in Figure 14a, based on the mean notched bending responses in Figure 11. Similar to the behavior at seven days, all fiber mixes have significantly higher    G  I C     than the reference mix. It could also be observed once again that the    G  I C     was proportional to the fiber volume content and fiber size distribution. A reduction in GIC was observed at 28 days of age compared with GIC at seven days of age. Similar observations showing a decrease of    G  I C     with time were reported for Ultra High Performance Concrete (UHPC) [64].



The critical J-integral    J  I C     representing the elastic-plastic fracture toughness is based on the mean response of notched specimens and unnotched specimens. The mean values of    J  I C     at seven days, are shown in Figure 14b, is also proportional to the fiber volume content and fiber size distribution. The chopped mix (CH2) has the highest    J  I C     than the milled mix (ML2) and the hybrid mix (H2). The milled mix (ML8) has the highest    J  I C     than the milled mix (ML2), and the hybrid mix (H5) has the highest    J  I C     than the hybrid mix (H2).



Similarly, at 28 days, the mean    J  I C     was also proportional to the fiber volume content and fiber size distribution. It is also observed that the reduction of    J  I C     with time as shown in Figure 14b is similar to the response of    G  I C    . Mean fracture energies Gf at both 7 and 28 days are shown in Figure 14c; it could be observed that Gf is proportional to the total content of fiber, and fiber size distribution in the mix. The difference in fiber volume content is typically masking the effect of fiber size distribution on fracture energy. In the case of constant fiber volume, the maximum fracture energy would occur at the mix with fiber length equal to the critical fiber length [3,44]. The reduction with time in Gf could also be observed for each respective mix. Similar to the modulus of rupture, the effect of fiber size distribution in this case could be represented as the average fiber length in the matrix, which relates to the fiber critical length.



It is evident based on the presented results that the distribution itself of fiber volume content should be studied, with mixes that have the same fiber content and several size distributions. This is consistent with earlier work showing a general effect of hybrid fiber distribution to improve fracture properties [23,45,48,50,74,75,77,80,82,83,84]. The presented work showed the possible effect at a limited number of fiber size distributions. The expansion in studying a wider range of distributions will facilitate decoupling the effect of the fiber size distribution from fiber volume content. It will also explain in more detail the variant effects of fiber size distribution between tension and compression behavior.



The aforementioned results could be additionally tied to the SEM images taken from chopped, milled, and hybrid mixes. As shown in Figure 15, it is apparent that both chopped and milled fibers existed at the fracture surface. This would indicate the functionality of both chopped and milled fibers in controlling crack initiation and propagation, respectively. The SEM analysis showed how the size of the microcracks in the fracture surface is similar for all the analyzed specimens. The distribution of the fibers throughout the specimen was uniform. The observations at a microstructural level showed the presence of calcium silica hydrates (CSH), calcium hydrates (CH), and traces of ettringite for all specimens. Regarding the microscale fracture pattern, it can be observed how two fiber fracture modes coexist, the first mode being fiber tensile rupture (marked in Figure 15 with circles), and the second mode being fiber pull-out (marked in Figure 15 with rectangles). It is important to note that fiber pull-out failure mode would result in a higher energy consumption than fiber rupture, thus improving fracture toughness while fiber rupture would increase the tensile/flexural strength [3]. This phenomenon can also be observed from a quantitative mechanical perspective in Figure 14. The specimen with high fracture toughness is ML8, which is a specimen with a high content of short fibers in which the fiber pull-out mode is more predominantly observed. Furthermore, the fiber reinforced cement composite mix (CH2) is the one achieving high flexural capacity and was the specimen where fiber rupture mode was the most predominant fracture mode observed using the SEM.





4. Conclusions


The effect of carbon fiber size distribution was investigated by considering six different mixes with different carbon fiber volume content and size distributions. This testing matrix was reduced from a larger flowability testing matrix of fiber volume content up to 10% and CCMF/MCMF ratios of 1:0, 4:1, 2:1, 1:1, 1:2, 1:4, and 0:1, while considering a flowability limit of 80%. Test results showed that the use of fiber volume content with wider size distribution significantly improves the mix’s flowability. While the milled mixes had the highest flowability, the hybrid ones allowed for utilizing a high content of chopped fibers with acceptable flowability.



The presence of fiber size distributions across different scales improves the compressive strength response. The hybrid mixes investigated showed the highest compressive strength at both testing times despite not having the highest fiber volume content. This reflects the complex concrete behavior of both crack initiation and propagation under uniaxial compression. On the other hand, the modulus of rupture was proportional to the fiber volume content, yet also depends on fiber size distribution. The modulus of elasticity did not show a significant relationship to neither the fiber volume content nor distribution. The critical energy release    G  I C    , critical J-integral    J  I C    , and fracture energy Gf were also proportional to both fiber volume content and fiber size distribution, with the first masking the latter. This could be explained as those fracture properties reflect a single crack Mode I failure.



Microfiber reinforced cementitious composites’ mechanical and fracture properties are dependent on different factors related to microfiber size and distribution. The compressive strength can be improved by introducing fiber size distribution. The modulus of elasticity is minimally affected by fiber volume content. The modulus of rupture and fracture energy metrics is strongly dependent on fiber volume content, with some effect of the fiber size distribution. Decoupling the effects of fiber content and distribution on the aforementioned properties requires further investigation.
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Figure 1. (a) Light microscopic images of CCMFs and MCMFs, and (b) particle size distribution of the fine aggregate. 
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Figure 2. Mixing protocol schematic. 
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Figure 3. Schematic representation of the flowability test. 
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Figure 4. (a) Schematic and (b) testing setup of three-point bending fracture test. 
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Figure 5. Sample of flow table testing and measurements. 
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Figure 6. (a) Flowability of different fiber/cement ratios and fiber mixing ratios, and (b) linear regression for flowability at different mixing ratios with fiber content. 






Figure 6. (a) Flowability of different fiber/cement ratios and fiber mixing ratios, and (b) linear regression for flowability at different mixing ratios with fiber content.



[image: Fibers 10 00065 g006]







[image: Fibers 10 00065 g007 550] 





Figure 7. (a) Compressive strength, (b) modulus of rupture, and (c) modulus of elasticity for the reference and carbon fiber reinforced cementitious composite mixes at 7 and 28 days of age. 
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Figure 8. Comparison of unnotched beam bending mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at seven days of age. Each graph represents the mean of five tested samples. 
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Figure 9. Comparison of unnotched beam bending mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at 28 days of age. Each graph represents the mean of five tested samples. 
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Figure 10. Comparison of notched bending response for the mean and variance (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at seven days of age. Each graph represents the mean of five tested samples. 
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Figure 11. Comparison of notched bending mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at 28 days of age. Each graph represents the mean of five tested samples. 
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Figure 12. Comparison of CMOD mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at seven days of age. Each graph represents the mean of five tested samples. 
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Figure 13. Comparison of CMOD mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at 28 days of age. Each graph represents the mean of five tested samples. 






Figure 13. Comparison of CMOD mean and variance response for the (a) reference and carbon fiber reinforced cementitious composite mixes ((b) CH2, (c) ML2, (d) ML8, (e) H2, and (f) H5) at 28 days of age. Each graph represents the mean of five tested samples.
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Figure 14. Comparison of fracture toughness represented by (a) critical energy release rate GIC, (b) plastic energy release rate JIC, and (c) fracture toughness Gf for the reference and carbon fiber reinforced cementitious composite mixes at 7 and 28 days of age. 
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Figure 15. SEM images of sample (a) chopped (CH2), (b) milled (M2), and (c) hybrid mix (H2). Circular marks indicate signs of fiber rupture. Rectangular marks indicate signs of fiber pull-out. 
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Table 1. Concrete mix design (kg/m3).






Table 1. Concrete mix design (kg/m3).





	
Component

	
Reference (R)

	
Chopped 2% (CH2)

	
Milled 2% (ML2)

	
Milled 8% (ML8)

	
Hybrid 2% (H2)

	
Hybrid 5% (H5)






	
Cement

	
934.2




	
Silica Fume

	
93.4




	
Sand

	
934.2




	
Water

	
256.9




	
Superplasticizer

	
16.3




	
CCMF (% wt. cement)

	
L = 3 mm

	
-

	
1.0

	
-

	
-

	
0.2

	
0.5




	
L = 6 mm

	
-

	
1.0

	
-

	
-

	
0.2

	
0.5




	
MCMF (% wt. cement)

	
L = 150 μm

	
-

	
-

	
1.0

	
4.0

	
0.8

	
2.0




	
L = 200 μm

	
-

	
-

	
1.0

	
4.0

	
0.8

	
2.0
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