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Abstract: 13 

 14 

Inspired by muscle structure, the synergy between basalt fibers (BF) and expansive 15 

agent (EA) was revealed and utilized for the development of self-prestressing 16 

concrete (SPC). When BF and EA were used together, the restraining action of BF 17 

against the autogenous expansion of concrete yielded active confining stress, during 18 

which fibers were prestressed, producing SPC. The properties of SPC were 19 

investigated by varying BF (0-0.6%) and EA (0-3%) contents. The addition of EA 20 

and/or BF decreased workability but improved mechanical performance. The 21 

strength-workability envelopes revealed the superiority of the combined use of EA 22 

and BF, whose synergistic effect was analysed both qualitatively and quantitatively. 23 

Possible mechanisms behind their contribution to sample performance was discussed 24 

considering passive and active confinements. Scanning electron microscopy images 25 

revealed improvement in the fiber-matrix interface with an increase in the amount of 26 

EA. This bio-inspired work shall be beneficial to the development of SPC with 27 

improved performance. 28 

 29 

 30 

Keywords: Composite (E); compressive strength (C); expansion (C); fiber 31 

reinforcement (E). 32 

 33 

 
* Corresponding author. Email: shchu@connect.hku.hk (S.H. Chu) 

mailto:shchu@connect.hku.hk


1. Introduction 

 

Fiber reinforced concrete (FRC), including strain-hardening cementitious composite 

(SHCC), has been prevalent as it conquers the intrinsic brittleness and low tensile 

performance of conventional concrete [1,2]. Fibers are indispensable components in 

the development of FRC/SHCC to acquire higher performance [3]. When under 

compression, regular concrete (i.e. without the use of fibers) could dilate and crack, 

thus accelerating its rapid deterioration and causing brittle failure [4,5]. The addition 

of fibers could restrain the dilation and delay the crack propagation, owing to its 

confinement effect [6]. Alternatively, when under tension, concrete could suddenly 

crack, which could be alleviated via the addition of fibers that could increase the first 

cracking strength and create a higher post cracking strength. This mechanism, referred 

to as strain-hardening behavior, during which multiple-cracking phenomena could 

appear, is accompanied by larger energy absorption capacity [7-9]. Above all, the 

addition of fibers could substantially improve concrete performance due to its 

confining effect and bridging effect. 

 

Among the various types of fibers, both organic fibers (e.g. polyvinyl alcohol (PVA) 

fibers) [10,11] and inorganic metallic fibers (e.g. steel fibers) are widely used for 

improving the ductility and strength [12,13]. Previous studies [14,15] reported that 

strain-hardening behavior of FRC could generally be achieved using 2% PVA fibers 

by volume. Similarly, the positive effects of the addition of 2% steel fibers on 

compressive strength, tensile strength and rebar bond strength of FRC mixes were 

also revealed [16-18]. Despite the substantial effectiveness of fibers in enhancing the 

performance of concrete, both types of fibers are associated with durability concerns, 

with organic fibers being vulnerable to aging and fire, whereas inorganic metallic 

fibers are susceptible to corrosion [19-21]. Therefore, there is a need to develop 

materials with improved durability to resist self-deterioration and environmental 

attacks and provide adequate strength to enable a strong composite material. 

 

Inorganic non-metallic fibers, such as basalt fibers (BF) and carbon fibers have been 

gaining increased attention in the literature [22,23]. BF, due to its relatively lower cost 

and high compatibility with concrete mixtures, has been investigated in several 

studies [24-27]. The use of up to 7.5% BF in hybrid FRC led to up to 16% increase in 

flexural strength [26]. Another study [27] that incorporated up to 0.2% BF in concrete 

revealed an increase in 28-day compressive strength from 96.5 to 103.4 MPa and 

flexural strength from 8.3 to 9.6 MPa. This improvement in mechanical performance 

in the presence of BF was associated with delayed formation and propagation of 

microcracks. 

 

Another approach for improving concrete performance involves the addition of 

expansive agent (EA) into the mix design [28-30]. Based on the formation of 

ettringite, EA can be classified into K-, S- and M-types, in accordance with ACI 

standard [31]. So far, controversy continues on the full understanding of the 



expansion mechanism. Prevalent hypotheses in the literature are: (i) crystallization 

pressure by anisotropic crystals growth [32]; (ii) absorption of water by colloidal 

ettringite [33]; (iii) hydration of an anhydrous phase to form multi-hydrated phases 

[33]; and (iv) formation of coexisting pores by disintegration of expansive ingredients 

during hydration/osmotic pressure [34]. Nevertheless, it is generally accepted that an 

expansion is incurred by the formation of ettringite when the matrix reaches a certain 

degree of rigidity. Regarding the application, EA has been used to counterpart 

shrinkage and reduce the risk of cracking induced by drying shrinkage, particularly in 

massive concrete used in the construction of dams and foundations of high-rise 

buildings [35-38]. The use of EA was revealed to result in a higher bond strength and 

better tension-stiffness performance due to the chemical prestressing effect [39]. 

Another use for expansive concrete was suggested in the constrained region of 

reinforced concrete structures to act in a way similar to prestressed concrete structure 

[40]. Further studies [41] reported that the improved mechanical strength and ductility 

of concrete beams made with expansive concrete, carbon fiber reinforced polymer 

sheets and steel bars. However, at the material level, the inner microstructure of 

expansive cement paste and concrete subjected to free-curing conditions was revealed 

to be loose, with many cracks in the paste and paste-aggregate interface. 

Alternatively, a confined-curing condition could improve the microstructure of 

expansive concrete by intensifying and densifying the paste-aggregate interface [42]. 

Considering that confined-curing conditions may not always be available or feasible, 

particularly for in-situ construction [43, 44], it is imperative to solve this problem by 

providing sufficient confinement to better utilize the beneficial effects of EA. 

 

Inspired by muscle structure, an innovative and promising way to solve the above 

problem is the combined use of BF and EA. While the individual use of BF and EA 

has been widely reported in literature, their combined use and the possible synergistic 

effect between BF and EA has not been fully explored. A chemical prestress could be 

developed along the fibers when the autogenous expansion induced by chemical 

reactions of the EA was restrained by the fibers in the matrix. On the other hand, 

when the volume of concrete is confined, the autogenous expansion could give rise to 

a stress perpendicular to the length of fiber and such stress surrounding fibers could 

improve the bond at the fiber-matrix interface [42-44]. Such confining effect arising 

from the use of EA has been evidenced by a recent study [30], where the use of EA in 

lightweight aggregate concrete increased the confinement effectiveness by 83%, 

which translated into 23% increase in the confined strength when a rigid formwork 

was used as temporary confinement. Previous studies [43] exploring the addition of 

hybrid steel, polypropylene and polyvinyl alcohol fibers and EA reported an 

improvement in the shrinkage and permeability resistance of high-performance 

concrete mixes at the combined use of hybrid fiber and EA. However, no synergistic 

effect between fibers and EA were identified. Another study [35] reported the 

beneficial effect of the combined use of brass-coated steel fibers and CaO-based EA 

on flexural strength, which was attributed to the improved fiber-matrix interface due 

to formation of calcium-hydroxy-zincate crystals. 

 



Based on these previous findings on the improvement of the bond at the fiber-matrix 

interface in the presence of various fibers and EA, this paper focuses on the 

development of bio-inspired self-prestressing concrete (SPC) incorporating the 

simultaneous use of BF and EA to enhance performance. Biologically, appropriate 

exercise could boost the formation of sturdy muscles that can withstand greater forces 

via the strengthening and prestressing of the muscle fiber by the surrounding tissues 

and blood pressure, particularly when activated [45-49]. Inspired by this mechanism, 

this study aims to develop SPC incorporating the combined use of BF and EA, whose 

synergistic effect in cement-based mixes has not been fully explored until now. To fill 

this gap in the literature, a detailed experimental program was designed to reveal the 

potential individual and synergistic effect of various amounts of BF and EA on the 

fresh and hardened properties of mortar mixes. 

 

 

2. Materials and Methodology 

 

2.1 Materials 

 

CEM I ordinary Portland cement (OPC) of class 52.5R, in accordance with BS EN 

197-1, was used. To produce mortar mixtures, quartz sand (QS) with a maximum size 

of 1.18 mm was adopted. BF (length =12 mm, aspect ratio = 923, specific gravity = 

2.60, tensile strength = 1225 MPa and Young’s modulus = 60 GPa), as shown in Fig. 

1(a), was used. The EA, as shown in Fig. 1(b), consisted mainly of calcium aluminate, 

calcium sulphate, aluminium oxide, magnesium oxide and calcium oxide, complying 

with Chinese Standard GB 23439-2017 [50]. Table 1 shows the properties of EA. The 

expansion effect of the EA used was associated with the formation of ettringite. The 

specific gravities of OPC and EA were determined as 3.11 and 2.87, respectively. 

 

 

2.2 Mixture design 

 

A total of 16 mortar mixtures containing different BF volume (VBF) and EA content, 

were prepared. The VBF was varied from 0%, 0.2%, 0.4% to 0.6% with respect to the 

total volume of the mixture. The EA content varied from 0%, 1%, 2% to 3% in 

replacement of the paste volume. To exclude the effect of QS, the volume of QS was 

kept constant at 25% of the total volume of all mixtures. The water to cement (W/C) 

ratio was fixed at 0.55. Table 2 presents the detailed mixture proportions for one cubic 

meter of the mixture. Each mortar mixture was labelled in the form of X-Y-Z, in 

which X denoted the W/C ratio, Y denoted the EA volume (%) and Z denoted the VBF 

(%). 

 

 

2.3 Workability test 



 

The workability of the mortar mixtures was determined by a mini-slump cone [51, 

52], whereby the height reduction of the mortar mix after the lift-up of the slump cone 

was measured as the slump. Four perpendicular diameters of the mortar patty were 

averaged to calculate the flow diameter for each mix. Sieve segregation test was 

conducted using a sieve size of 1.18 mm to analyze the cohesiveness. The mass ratio 

of mortar that was dipped through the sieve to mortar that was poured onto the sieve 

was recorded as sieve segregation index (SSI) [10]. Accordingly, the larger the SSI 

value, the easier it was for the to be mortar separated from the patty, which translated 

into a lower cohesiveness.  

 

 

2.4 Specimen preparation 

 

Immediately after the workability tests, the mixture was re-mixed and cast into three 

carbon steel cubic molds with dimensions of 40×40×40 mm and three carbon steel 

prismatic molds with dimensions of 40×40×160 mm for compressive strength and 

flexural tests, respectively. All samples were cured in a water tank set at a temperature 

of 27±3°C for 28 days [53]. 

 

 

2.5 Compressive strength test 

 

The compression tests were conducted on cube specimens by using a machine with a 

capacity of 3000 kN, in accordance with BS EN 12390-3:2019 [54]. During the 

compression tests, the loading rate was kept at 3 kN/s for all specimens. Compressive 

strength results of each mix were averaged from three specimens cast from the same 

batch and tested on the same day. 

 

 

2.6 Flexural strength test 

 

Three-point bending tests were performed on prism specimens by using a computer-

controlled machine with a capacity 50 kN, in accordance with BS EN 12390-5:2019 

[55]. Displacement control was adopted at a loading rate of 0.6 mm/min for all 

specimens. To avoid uneven stress distribution, the molded surfaces were selected as 

the load bearing surface. For each mix, three test results were averaged for the final 

result. 

 

 

2.7 Scanning electron microscopy (SEM) analysis 

 



To investigate the effect of the addition of increasing the amount of EA on the fiber-

matrix interface, a Hitachi S–3400 N scanning electron microscope was employed. To 

prepare the samples for SEM analysis, the selected mortar samples were sliced and 

impregnated with epoxy. They were then placed into a vacuum container and cured 

for 3 days before being ground to 1 μm in preparation for SEM. 

 

 

3. Results 

 

3.1 Workability 

 

The workability results of all mixes are reported in Table 3, whereas the variation of 

slump under different BF and EA contents is shown in Fig. 2. The results revealed 

that at a given EA content, the slump slightly decreased with an increase in VBF. A 

similar relationship between slump and EA content was observed, where the slump 

decreased with increasing EA content. The slump loss due to the incorporation of BF 

was associated with the intensifying fiber entanglements that lowered the flowability 

of the mixture. Alternatively, the slump loss due to the addition of EA was caused by 

the increased amount of water consumption. The chemical reaction of EA with water 

could consume water and lower down the workability. Fig. 3 depicts the variation of 

flow diameter with VBF at various EA contents. Similar to the trend observed in slump 

measurements, the physical effect of BF and the chemical effect of EA concurrently 

led to lower flow diameters. Nevertheless, the degree of levelling calculated from the 

slump and flow diameters varied in the narrow range of 0.515-0.586, indicating that 

the dispersion of BF was acceptable and the prepared mixtures did not suffer obvious 

segregation from fiber agglomeration. 

 

 

3.2 SSI 

 

Fig. 4 illustrates the relationship between SSI and different BF and EA contents. 

Differing from the trend observed in slump and flow diameter measurements, peak 

points occurred in SSI curves as the VBF increased from 0% to 0.2%, beyond which 

the SSI decreased again. This trend was more obvious at lower EA contents. The 

initial increase in SSI at a VBF content of up to 0.2% was due to the decrease in the 

cohesiveness of the mortar mixture with the addition of fibers. This change could be 

associated with the densification of the packing of different constituents forming the 

mix and the increased amount of excess water that could facilitate the movement of 

particles [56]. As the VBF further increased, the SSI decreased due to the increased 

resistance to the separation of the paste from the mortar mixture provided by the 

fibers. 

 

 



3.3 Compressive strength 

 

The compressive strength results, each averaged from the results of three specimens, 

together with corresponding standard deviations (S.D.) were reported in Table 4. The 

relationship between different BF and EA contents is also shown in Fig. 5. Generally, 

the addition of BF has a positive effect on strength, as evidenced by the increasing 

trend of compressive strength with higher VBF, which was associated with the 

confining effect of BF [20]. Alternatively, the incorporation of EA contributed to the 

strength development by enhancing the formation of hydration products [57]. When 

the effect of the addition of 0.6% BF vs. 3% EA on strength were compared, the latter 

has a higher influence in strength enhancement. Moreover, when BF and EA were 

concurrently used, the compressive strength was elevated to a value much higher than 

that of the sole addition of each component. Mixes containing 0.6% BF and 3% EA 

revealed the highest compressive strength of 43.3 MPa, which was ~19% higher than 

the mixes in which they were omitted or individually used (e.g. 36.4-37.5 MPa) 

 

As an increase in the EA content was reflected as a decrease in the cement content, 

the relationship between compressive strength and the cement content was illustrated 

in Fig. 6. At a constant W/C ratio, the compressive strength decreased with the 

cement content, which was more pronounced at higher BF contents. This was 

attributed to the decreased amount of EA as paste replacement and intensifying BF 

bridging effect. Out of all the mixes, those containing 0.6% BF revealed the highest 

compressive strengths when the cement content was minimum, whereas the QS 

content was kept constant for all mixes. 

 

Considering that the cement content changed with the addition of EA, the changes in 

the strength/cement ratio (i.e. the compressive strength divided by the volumetric ratio 

of cement in the mixture) with respect to VBF is shown in Fig. 7. Generally, an 

increase in the strength/cement ratio was observed with the BF and EA contents, 

whilst the highest strength/cement ratio was revealed by the mixtures involving the 

combined use of BF and EA. The increase in strength with the increase in the BF and 

EA contents demonstrated the higher contribution of the binder to mechanical 

performance in the presence of these components. 

 

 

3.4 Flexural strength 

 

The flexural strength of each prism specimen was calculated by using Equation 1, 

where 𝑓𝑓 is the flexural strength, 𝐹 is the maximum bending load, 𝐿 is the span, and 𝑏 

and 𝑑 are the width and depth of the prism specimen, respectively. 

 

𝑓𝑓 =
3𝐹𝐿

2𝑏𝑑2
  (1) 



Based on the tests results in Table 4, and the relationship between the flexural 

strength and VBF shown in Fig. 8, an increase in strength was observed with the 

addition of BF and EA. A clear trend elucidating the beneficial effects of the 

increasing contents of BF and EA on the flexural strength was revealed. Differing 

from the trend observed in the compressive strength, the inclusion of BF seemed to 

have a similar effect on the increase in flexural strength than the addition of EA. More 

importantly, the combined use of BF and EA gave rise to the largest increase in 

flexural strength, revealing the highest flexural strength of 8.68 MPa amongst all 

samples. This level of strength could not be achieved with the single use of either BF 

or EA under the prescribed experimental conditions, implying the synergy between 

these components in enhancing the mechanical performance. 

 

Cement consumption was lowered and the paste volume was kept the same when EA 

was incorporated into the prepared mixes as cement replacement. Therefore, it is also 

necessary to evaluate the effectiveness of equal volume of cement in flexural strength 

enhancement. Accordingly, the flexural strength was plotted against the cement 

content for mixes containing different VBF in Fig. 9; while the flexural 

strength/cement ratio was plotted against VBF for mixes containing different EA 

contents in Fig. 10. A higher flexural strength was achieved at lower cement contents 

when EA was adopted as paste replacement (Fig. 9). The incorporation of higher 

amounts of BF further elevated the flexural strength, proving that the combined use of 

BF and EA could simultaneously facilitate the strength development, meanwhile 

reducing the cement content. Increases in both the BF and EA contents led to a higher 

flexural strength/cement ratio (Fig. 10). The highest strength/cement ratio occurred in 

the combined presence of 0.6% BF and 3.0% EA, demonstrating the benefits of both 

components in enhancing the efficiency of the binder in terms of its mechanical 

performance. 

 

 

4. Discussion on the synergistic effect of BF and EA 

 

4.1 Synergistic effect of BF and EA on compressive strength 

 

Since the addition of BF and EA yielded different positive effects on the compressive 

strength at different combinations, there is a need to figure out the individual effect of 

adding BF at given EA contents, the individual effect of adding EA at given BF 

contents and the combined effect of adding both BF and EA on compressive strength. 

In this regard, the percentage increases in compressive strength due to the inclusion of 

BF and/or EA are reported in the second column of Table 5. The compressive strength 

benefited from the increased incorporation of BF and EA. For instance, at the EA 

content of 1.0%, the addition of BF at VBF of 0.2%, 0.4% and 0.6% led to 2.5%, 2.0% 

and 0.2% increases in compressive strength; whereas, at the EA content of 3.0%, the 

addition of BF at VBF of 0.2%, 0.4% and 0.6% led to 4.8%, 9.3% and 15.6% increases 



in compressive strength. These findings highlighted the effectiveness of BF in 

enhancing mechanical performance in the presence of increasing EA contents. A 

similar outcome was observed regarding the use of EA in the presence of increasing 

BF content, resulting in a strength increase of up to 18.9% in mixes containing 3% 

EA and 0.6% BF, which indicated the effectiveness of EA in contributing to 

performance in the presence of increasing BF contents. Overall, it can be inferred 

from the above observations that the effectiveness of the use of BF or EA in strength 

enhancement would be more remarkable in the presence of the other. 

 

For easier comparison, the percentage increases in compressive strength due to the 

addition of both BF and EA at various contents in comparison to the strength of plain 

mixture without the addition of them are tabulated in the second column of Table 5. It 

revealed that the combined use of BF and EA yielded larger percentage increases in 

compressive strength than the sum of the percentage increases brought by the 

corresponding sole addition of BF and EA. For instance, for the mixture containing 

3% EA and 0.6% BF, the compressive strength was 19.1% higher than that of the 

plain mixture and value of 19.1% was much larger than the sum of percentage 

increase of 0.2% induced by the addition of 0.6% BF at 0% EA and percentage 

increase of 3.0% induced by the addition of 3% EA at 0.0% BF. 

 

Apparently, the spillover value of 19.1% - (0.2% + 3.0%) = 15.9% demonstrated the 

synergistic effect of BF and EA on the compressive strength. The extra percentage 

increases in compressive strength arising from the combined use of BF and EA after 

deducting the percentage increases brought by the individual use of BF and EA 

respectively were defined as synergistic effect [24]. The values for all the mixtures 

with both BF and EA are reported the last column of Table 6. Overall, for the 

mixtures containing EA not less than 2% and BF not less than 0.4%, the values of 

synergistic effect were larger than 5.0% and as large as 15.9% which could hardly be 

deemed as insignificant. Utilizing such synergistic effect between BF and EA, SPC 

could be developed and the behind mechanism would be presented in the next section. 

 

 

4.2 Synergistic effect of BF and EA on flexural strength 

 

A similar methodology as the above was adopted to analyze the effect of adding 

BF/EA at given EA/BF contents on the flexural strength of SPC. The percentage 

increases in flexural strength are reported in the last column of the Table 5. From the 

table, the addition of BF generally led to larger percentage increases in flexural 

strength at a larger EA content. For instance, percentage increases of 8.5%, 10.8%, 

10.2% and 13.1% in flexural strength could be achieved by adding 0.4% BF at the EA 

contents of 0%, 1%, 2% and 3%, respectively. Moreover, at increasing BF contents, 

the percentage increases became larger, implying there also exist certain synergistic 

effect between BF and EA on the flexural strength. In addition, at a given BF content, 



the incorporation of increasing amounts of EA would generally give rise to larger 

percentage increases in flexural strength. These phenomena suggested that the 

effectiveness of BF/EA in enhancing the flexural strength was generally more 

conspicuous in the presence of larger amounts of EA/BF. 

 

Subsequently, the combined addition of BF and EA would lead to larger percentage 

increases in flexural strength with respect to the flexural strength of the mixtures 

without the addition of BF and EA. These percentage increases are tabulated in the 

second column of the Table 7. Noticeably, the simultaneous addition of 2% EA and 

0.4% BF enhanced the flexural strength by 17.3% which was a value greater than the 

sum of percentage increase of 6.4% due to the addition of 2% EA at 0.0% BF and the 

percentage increase of 8.5% due to the addition of 0.4% BF at 0% EA. Such 

quantitative expressions of the synergistic effect on flexural strength were calculated 

to be positive values (4.8-13.4%) for all the SPC mixtures, demonstrating beneficial 

effect on flexural strength of SPC by utilizing both BF and EA. 

 

 

5. Discussion on the strength-workability relation and influencing mechanisms 

 

5.1 Strength-workability relation 

 

As the addition of BF or EA decreased the workability while increase the compressive 

strength and flexural strength from the section 4, it is not easy to directly evaluate the 

beneficial effect of using BF (added in terms of the total volume of the mixture) and 

EA (added as paste replacement). To conquer such difficulties, the envelopes of 

compressive strength and flexural strength against slump and flow diameter are 

depicted in Fig. 11 and Fig 12, respectively, to evaluate the concurrent strength-

workability performance. In fact, concurrent high strength and workability is not easy 

to achieve for mixtures with varying BF and EA contents, especially when W/C ratio 

and superplasticizer dosage were fixed. 

 

Fig. 11 illustrates that, at the same slump or flow diameter, the compressive strengths 

were generally larger at increasing BF content. Even though the addition of BF or EA 

decreased the workability, mixtures exhibiting the superior concurrent strength-

workability performance were mixtures containing both BF and EA. In addition, the 

highest compressive strength occurred to the mixture containing 0.6% BF and 3% EA 

with acceptable slump and flow diameter of 43 mm and 211 mm, respectively. Fig. 12 

revealed that, at a given slump or diameter, a higher flexural strength could be 

achieved after the addition of increasing BF contents. Despite that both BF and EA 

have negative effect on workability, the optimum concurrent flexural strength-

workability performance mostly occurred to the mixtures containing both BF and EA. 

The mixture containing 0.6% BF and 3% EA exhibited the highest flexural strength. 

 



Fig. 11 and Fig. 12 clearly show that, by varying the contents of BF and EA, the 

envelope of concurrent strength-workability performance can be pushed towards 

upper-left for improved strength whilst maintaining acceptable workability for overall 

enhanced performance. The influences of the addition of EA on workability became 

more noticeable when it was added as paste replacement because the total water to 

powder content ratio has been increased. However, such impaired workability could 

be compensated by adding a suitable amount of superplasticizer. It is only that, in the 

present study, this common practice has not been adopted to render the mixture 

comparable and better guarantee the consistency. 

 

5.2 Parallel analysis utilizing existing data 

 

 Previous studies on the concurrent use of BF and EA are rather limited to the 

best knowledge of the authors. Nevertheless, relevant studies were summarized for 

parallel analysis. In 2001, Sun et al. [43] reported the shrinkage and permeability 

results of a series of cement-based mixtures (water to binder ratio was fixed at 0.32) 

and observed that for plain concrete without fibers, the relative permeation coefficient 

was decreased from 2.9×10−7 to 1.7×10−7 cm/h when 12% expansive agent (by mass 

of binder) was included; while at steel fiber (diameter: 0.43 mm; length: 25 mm) 

volume of 1.5%, the relative permeation coefficient was decreased from 2.0×10−7 to 

1.0×10−7 cm/h when 12% expansive agent (by mass of binder) was included, implying 

that the permeability was decreased at the combined addition of steel fibers and 

expansive agent. The enhancement in impermeability shall be closely associated with 

self-prestressing mechanism. Unfortunately, the compressive strength results have not 

reported in this interesting work [43]. In 2011, Wang et al. [58] prepared 4 concrete 

mixes (W/C ratio = 0.42) with the addition of either steel fibers or MgO-based 

expansive agent or both of them, including one control mix without the addition of 

them, and found that the 28-day compressive strength changed from 57.5 MPa 

(estimated from the figure for the control concrete mix), 56.6 MPa (estimated from 

the figure), 64.9 MPa (estimated from the figure), to 67.6 MPa (estimated from the 

figure) when 27.2 kg/m3 MgO-based expansive agent was added, 78 kg/m3 was added 

and both of them were added to the control concrete mix. Despite the limited number 

of mixes and limited data (the number of specimens for each mix and the standard 

deviation were not reported), it can be roughly referred that the combined addition of 

steel fibers and expansive agent presented certain synergistic effect that has not been 

further explored and quantified. In addition, some speculations from the perspective 

of reduced pore volume and pore size measured by mercury intrusion porosimetry and 

improved bond at the fiber-matrix interface were given for explaining the observed 

phenomena [58]. These preliminary experimental results echoed the systematic 

investigations and findings in the present work. However, the mechanism behind the 

synergistic effect of fibers and expansive agent has not been systemically elaborated. 

 

 



5.3 Mechanisms behind the synergistic effect of BF and EA 

 

Chemically, the expansion effect herein mainly arised from the formation of ettringite 

(3CaO·Al2O3·3CaSO4·32H2O) by virtue of the expansive components mixed in the 

fresh mixture [59]. After setting, the volume of the hardening paste increased to create 

an expansion. Depending on its magnitude, the expansion was either used to 

compensate for volume decrease due to shrinkage or induce tensile stress in 

reinforcement, as outlined in ACI 223R-10 [31]. Although determining the 

mechanism responsible for expansion is still a controversial issue today, the materials 

used are the same as those used to produce OPC concrete, apart from EA [31]. 

Therefore, tailoring the composition and dosage of EA [32] is necessary for 

controlling when and how expansion occurs in the matrix. For instance, Bizzozero et 

al. [32] found a critical amount of gypsum (~45 mol% for calcium aluminate cement 

and ~55 mol% for sulfoaluminate cement systems) that led to unstable expansion. 

Herein, the amount of EA was determined based on previous studies [6], which was 

demonstrated to be effective. Nevertheless, the controlling mechanism for achieving 

tailorable expansion and the relationship between porosity and expansion are worthy 

of further systematic exploration [60]. 

 

In light of the above experimental investigations and chemical reactions, the possible 

mechanisms behind the synergistic effect of BF and EA are worthy of further 

exploration. The beneficial effect of BF and EA on strength development was 

attributed to the following reasons: first, an expansion occurred to concrete as a result 

of the incorporation of suitable amount of EA and the expansion would be restrained 

by the provision of BF [61]; then, stresses along the BF was generated due to the 

restraining forces, thus prestressing each BF during hardening process of the fiber 

composites based on which SPC was developed; third, when the SPC was confined 

within a certain volume during hardening process, the confinement against expansion 

of concrete could yield compressive stress in the concrete, and compressive stress 

could then transfer to the fiber-mixture interface at which the bond between them was 

further enhanced; lastly, the combined mechanisms simultaneously contributed to the 

hardened performance of the concrete mixture by rendering it into chemically self-

prestressed composite materials, thus producing SPC [58, 62, 63]. 

 

Microscopically, two distinct modes of confinement occurred to the mixtures, which 

were passive confinement and active confinement. Upon the slipping of a BF in a 

concrete block subjected to external loads, a slight dilation would be induced in the 

matrix surrounding the BF, which was particularly serious for the fiber with non-

uniform cross-section along the length or the fiber with rough surface. Such dilations 

were detrimental to concrete as they may foster splitting cracks, whereas the existence 

of numerous fibers in the matrix, particularly the fibers in the vicinity, inhibited the 

crack initiation and arrest the microcracks. Such restraining actions were only 

developed after the BF underwent a bond slip force, thus could be described as 



passive confinement [64]. In fact, a higher effectiveness of fibers at increasing fiber 

volumes had been reported in previous study [65], echoing this passive confinement. 

 

On the contrary, with no BF and only EA incorporated, the confining effect could 

hardly be activated because the restraining action against the autogenous expansion 

could only be provided by steel mold. Meanwhile, particular attention shall be paid to 

the design of mixtures incorporating only EA because the autogenous expansion 

induced by EA may pose a potential threat to the quality of concrete when the 

addition of EA was not carefully controlled, particularly in the absence of any 

confinement. Thus, it is advocated that the EA should better be used in the presence 

of fibers. When the EA was added in the above FRC mixture, the autogenous 

expansion could exert compressive stresses on the BF before it was subjected to any 

bond slip forces due to external loads, thus providing active confinement. 

Subsequently, the BF would be prestressed radially inward and along the length by 

the autogenous expansion and restraining force against the dilation. For illustration, 

the muscle-inspired design of SPC is presented in Fig. 13. Utilizing the mechanism in 

muscle structure, the mortar became stiffer after it was transformed into SPC. To sum 

up, the active confinement before any bond slip forces at the initial stage and the 

passive confinement upon any bond slip forces at a later stage represent the primary 

source of the synergistic effect behind the combined use of BF and EA. 

 

SEM images shown in Fig. 14 illustrate the fiber-matrix interface in the presence of 

increasing EA contents. To facilitate the comparison between different SEM images, 

the same scale was adopted. Apparently, a better interface was revealed when the EA 

content was increased from 0, 1, 2 and 3% as evidenced by the smaller gap and the 

smoother transitions at the interface. It is envisaged that a compression force would 

occur to the BF when there is an autogenous expansion induced by the EA, thus 

contributing to the interface by narrowing the gap in the interfacial transition zone and 

offering certain stress surrounding BF. The observation demonstrated that the bond of 

BF could be improved with the addition of EA and the effectiveness was larger at a 

higher EA content due to the mechanism elucidated before. 

 

Macroscopically, the synergistic effect between BF and EA on the compressive 

strength and flexural strength could be up to 15.8% and 13.4%, respectively. Based on 

the above analysis, the synergistic effect was arising from that fact that the BF could 

transform the dilation and autogenous expansion into passive confinement during 

which the effectiveness of EA was enhanced, whilst the EA could offer the 

autogenous expansion by triggering the active confinement during which the 

effectiveness of BF was enhanced. It is worth to mention that such synergistic effect 

might be applicable to and more pronounced for reinforced SPC [24 ,35, 67]. 

 

 

6. Conclusions 



 

This study presented a bio-inspired design of SPC by utilizing the synergistic effect 

between BF and EA. Considering that the sole incorporation of EA in concrete 

mixtures might result in a loose microstructure in the absence of confinement, BF, 

which has a high resistance to corrosion, could offer confinement to the concrete 

mixture. In this regard, a total of 16 mortar mixtures with varying BF and EA contents 

were developed to explore the possible synergistic effect of BF and EA in the 

production of SPC. Apart from the assessment of the relationship between 

compressive/flexural strength and fresh properties, further analysis was performed to 

qualitatively and quantitatively reveal the combined effect of BF and EA. Discussions 

on the possible mechanism behind this synergistic effect was presented from the 

perspective of passive and active confinement, resulting in the following conclusions: 

 

(1) At a given EA content, the slump decreased with increasing BF content; whilst at 

a given BF content, the slump decreased with increasing EA content. These reductions 

in workability were associated with the physical effect of BF (i.e. fiber entanglement 

and fiber-matrix interaction) and the chemical effect of EA (i.e. hydration reaction). 

 

(2) The individual use of BF or EA increased the compressive and flexural strengths 

by up to 3% and 10%, respectively. Accordingly, the simultaneous use of BF and EA 

enabled a higher percentage increase in strength than the sum of the percentage 

increases brought by their individual use. Furthermore, the strength/cement ratio 

increased with the BF and EA contents, leading to the highest strength/cement ratio 

via the combined use of BF and EA. 

 

(3) This synergistic effect of BF and EA, reflected by the additional increase in 

strength due to their combined use, was up to 15.9% for compressive strength and up 

to 13.4% for flexural strength. The strength-workability envelops revealed that despite 

the negative effect of BF and EA on workability, this was compensated by the 

optimum concurrent flexural strength-workability performance that was observed in 

their combined use. Microstructural analysis demonstrated the improved interfacial 

transition zone in the presence of higher contents of EA at certain VBF, which was in 

line with the macroscopic observations. 

 

The synergistic effect was associated with the transformation of the dilation and 

autogenous expansion into passive confinement in the presence of BF, during which 

the effectiveness of EA was enhanced. Concurrently, EA facilitated autogenous 

expansion by triggering active confinement, during which the effectiveness of BF was 

enhanced. The restraining action of BF against the autogenous expansion caused by 

EA could trigger self-prestressing effect, leading to the development of SPC. This 

synergistic effect could potentially be beneficial for other performance attributes, such 

as the rebar-SPC bond strength, tensile strength, shear strength, torsional strength, 

crack resistance, blast and impact resistance, which will be assessed in upcoming 



work. Further research should jointly focus on the controlled expansion process (e.g. 

formation of ettringite) in the presence of fibers from a chemical point of view, the 

development of sustainable high-performance SPC from a materials point of view and 

the establishment of micromechanical models from a mechanical point of view. 
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List of Tables: 

 

Table 1 Properties of the expansive agent (EA). 

 

Properties Value 
Limit 

in standard 

Specific surface area (m2/kg) 420 ≥ 200 

Residue on 1.18 mm sieve (%) 0.2 ≤ 0.5 

Initial setting time (min) 150 ≥ 45 

Final setting time (min) 225 ≤ 600 

Restrained expansion in water after 7 days (%) 0.030 ≥ 0.025 

Restrained expansion in air after 21 days (%) -0.005 ≥ -0.020 

7-day compressive strength (MPa) 25.5 ≥ 20.0 

28-day compressive strength (MPa) 44.5 ≥ 40.0 

MgO content (%) 2.62 ≤ 5.0 

  



Table 2 Mix proportions of the mortar mixes prepared in this study. 

 

Mix 
Cement 

(kg/m3) 

Water 

(kg/m3) 

EA 

(kg/m3) 

BF 

(kg/m3) 

QS 

(kg/m3) 

0.55-0-0.0 814  488  0  0  650  

0.55-1-0.0 806  484  23  0  650  

0.55-2-0.0 798  479  45  0  650  

0.55-3-0.0 790  474  68  0  650  

0.55-0-0.2 812  487  0  5  650  

0.55-1-0.2 804  482  23  5  650  

0.55-2-0.2 796  477  45  5  650  

0.55-3-0.2 787  472  68  5  650  

0.55-0-0.4 810  486  0  11  650  

0.55-1-0.4 802  481  23  11  650  

0.55-2-0.4 793  476  45  11  650  

0.55-3-0.4 785  471  68  11  650  

0.55-0-0.6 808  485  0  16  650  

0.55-1-0.6 799  480  23  16  650  

0.55-2-0.6 791  475  45  16  650  

0.55-3-0.6 783  470  68  16  650  

  



Table 3 Fresh properties of the mixes prepared in this study. 

 

Mix 
Slump 

(mm) 

Flow diameter 

(mm) 

Degree of 

levelling 

SSI 

(%) 

0.55-0-0.0 51.0 289 0.582 4.12  

0.55-1-0.0 49.0 261 0.586 5.23  

0.55-2-0.0 47.0 247 0.554 3.36  

0.55-3-0.0 45.0 235 0.531 2.02  

0.55-0-0.2 50.0 279 0.565 7.05  

0.55-1-0.2 48.0 255 0.564 4.29  

0.55-2-0.2 45.5 240 0.524 5.24  

0.55-3-0.2 43.5 227 0.515 0.99  

0.55-0-0.4 49.0 262 0.580 3.86  

0.55-1-0.4 47.0 245 0.561 2.40  

0.55-2-0.4 45.0 231 0.550 1.25  

0.55-3-0.4 43.0 213 0.569 0.66  

0.55-0-0.6 48.5 262 0.554 1.89  

0.55-1-0.6 46.5 238 0.571 1.18  

0.55-2-0.6 45.5 231 0.569 0.95  

0.55-3-0.6 43.0 211 0.579 1.00  

  



Table 4 Hardened properties of the mixes prepared in this study. 

 

Mix 

Compressive strength Flexural strength 

Mean (MPa) S.D. (MPa) Mean (MPa) S.D. (MPa) 

0.55-0-0.0 36.4 0.7 6.93 0.13 

0.55-1-0.0 36.8 2.3 6.96 0.75 

0.55-2-0.0 37.0 1.3 7.37 0.07 

0.55-3-0.0 37.5 0.8 7.59 0.72 

0.55-0-0.2 37.3 1.4 6.98 0.48 

0.55-1-0.2 38.5 2.6 7.54 0.14 

0.55-2-0.2 39.1 1.4 7.74 0.11 

0.55-3-0.2 39.3 1.6 8.11 0.07 

0.55-0-0.4 37.1 1.4 7.52 0.04 

0.55-1-0.4 38.1 0.8 7.71 0.18 

0.55-2-0.4 39.6 2.0 8.12 0.54 

0.55-3-0.4 41.0 0.8 8.59 0.56 

0.55-0-0.6 36.5 0.8 7.65 0.22 

0.55-1-0.6 39.3 1.5 8.61 0.43 

0.55-2-0.6 41.8 1.4 8.42 0.47 

0.55-3-0.6 43.3 0.8 8.89 0.33 

  



Table 5 Percentage increase in the compressive and flexural strengths of the mixes in 

comparison to the plain mix prepared in this study. 

 

The addition of 
Increase in compressive 

strength (%) 

Increase in flexural 

strength (%) 

0.2% BF at 0% EA 2.5 0.8 

0.2% BF at 1% EA 4.6 8.3 

0.2% BF at 2% EA 5.7 5.0 

0.2% BF at 3% EA 4.8 6.8 

0.4% BF at 0% EA 2.0 8.5 

0.4% BF at 1% EA 3.4 10.8 

0.4% BF at 2% EA 7.0 10.2 

0.4% BF at 3% EA 9.3 13.1 

0.6% BF at 0% EA 0.2 10.4 

0.6% BF at 1% EA 6.9 23.6 

0.6% BF at 2% EA 12.9 14.3 

0.6% BF at 3% EA 15.6 17.1 

1% EA at 0.0% BF 1.1 0.5 

1% EA at 0.2% BF 3.1 8.0 

1% EA at 0.4% BF 2.5 2.5 

1% EA at 0.6% BF 7.8 12.5 

2% EA at 0.0% BF 1.6 6.4 

2% EA at 0.2% BF 4.8 10.9 

2% EA at 0.4% BF 6.7 8.0 

2% EA at 0.6% BF 14.6 10.2 

3% EA at 0.0% BF 3.0 9.6 

3% EA at 0.2% BF 5.3 16.2 

3% EA at 0.4% BF 10.4 14.2 

3% EA at 0.6% BF 18.9 16.3 

  



Table 6 Synergistic effect of the simultaneous inclusion of BF and EA on the 

compressive strengths of the mixes prepared in this study. 

 

Mix Increase (%) Synergistic effect (%) 

0.55-1-0.2 5.8 2.3 

0.55-2-0.2 7.4 3.3 

0.55-3-0.2 8.0 2.4 

0.55-1-0.4 4.6 1.6 

0.55-2-0.4 8.8 5.2 

0.55-3-0.4 12.6 7.6 

0.55-1-0.6 8.0 6.9 

0.55-2-0.6 14.8 13.0 

0.55-3-0.6 19.1 15.9 

Note: The values in the last column are determined as the percentage increase arising 

from the combined use of BF and EA minus that arising from the individual use of BF 

at equal VBF minus that arising from the individual use of EA at equal content. 



Table 7 Synergistic effect of the simultaneous inclusion of BF and EA on the flexural 

strengths of the mixes prepared in this study. 

 

Mix Increase (%) Synergistic effect (%) 

0.55-1-0.2 8.8 7.6 

0.55-2-0.2 11.3 4.6 

0.55-3-0.2 24.2 6.7 

0.55-1-0.4 11.7 2.3 

0.55-2-0.4 17.3 2.3 

0.55-3-0.4 21.6 5.8 

0.55-1-0.6 18.4 13.4 

0.55-2-0.6 20.8 4.8 

0.55-3-0.6 25.2 8.3 
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Fig. 1. Photos showing (a) BF and (b) EA. 

 

Fig. 2. Slump measurements of mixes with different BF and EA contents. 

 

Fig. 3. Flow diameters of mixes with different BF and EA contents. 

 

Fig. 4. SSI of mixes with different BF and EA contents. 

 

Fig. 5. Compressive strengths of mixes with different BF and EA contents. 

 

Fig. 6. Compressive strength vs. cement content of mixes with different BF contents. 

 

Fig. 7. Compressive strength/cement ratios of mixes with different BF and EA 

contents. 

 

Fig. 8. Flexural strengths of mixes with different BF and EA contents. 

 

Fig. 9. Flexural strength vs. cement content of mixes with different BF contents. 

 

Fig. 10. Flexural strength/cement ratios of mixes with different BF and EA contents. 

 

Fig. 11. Compressive strength versus workability. 

 

Fig. 12. Flexural strength versus workability. 

 

Fig. 13. Muscle-inspired design of SPC, showing: (a) muscle system [56] and (b) 

illustration of stress distribution in SPC. 

 

Fig. 14. SEM images of the fiber-matrix interface for fiber reinforced mixtures 

containing: (a) 0% EA, (b) 1% EA, (c) 2% EA, and (d) 3% EA. 
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Fig. 1. Photos showing (a) BF and (b) EA. 
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Fig. 2. Slump measurements of mixes with different BF and EA contents. 
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Fig. 3. Flow diameters of mixes with different BF and EA contents. 
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Fig. 4. SSI of mixes with different BF and EA contents. 
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Fig. 5. Compressive strengths of mixes with different BF and EA contents. 
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Fig. 6. Compressive strength vs. cement content of mixes with different BF contents. 
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Fig. 7. Compressive strength/cement ratios of mixes with different BF and EA contents. 
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Fig. 8. Flexural strengths of mixes with different BF and EA contents. 
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Fig. 9. Flexural strength vs. cement content of mixes with different BF contents. 
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Fig. 10. Flexural strength/cement ratios of mixes with different BF and EA contents. 
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Fig. 11. Compressive strength versus workability. 
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Fig. 12. Flexural strength versus workability. 



 
 

Fig. 13. Muscle-inspired design of SPC, showing: (a) muscle system [66] and (b) 

illustration of stress distribution in SPC. 

  



 

 

 
Fig. 14. SEM images of the fiber-matrix interface for fiber reinforced 

mixtures containing: (a) 0% EA, (b) 1% EA, (c) 2% EA, and (d) 3% EA. 

 


