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Abstract 11 

 12 

Magnesium-silicate-hydrate (M-S-H) cement has emerged as an alternative binder with 13 

potentially lower energy requirements and emissions. Due to the intrinsically low pH values 14 

of its matrix, however, normal steel reinforcement is not appropriate for M-S-H system. To 15 

toughen the matrix and to overcome the brittle nature of the material, a new strain hardening 16 

magnesium-silicate-hydrate composite (SHMSHC) is developed for the first time by 17 

incorporating 2 vol.% short and randomly oriented polyvinyl alcohol (PVA) microfibers. The 18 

resulting SHMSHC exhibits significant strain hardening with a tensile strain capacity of more 19 

than 3%, a compressive strength beyond 50 MPa and a tensile strength of around 3 MPa. 20 

Remarkably, saturated multiple cracking with a tight crack width less than 10 μm invisible to 21 

the human naked eyes was observed. The newly developed SHMSHC addresses the 22 

fundamental challenge of M-S-H binder and is expected to widen possible application areas 23 

of M-S-H system. 24 

 25 
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1.  Introduction 29 

 30 

Portland cement (PC) production is responsible for around 8% of global annual anthropogenic 31 

carbon dioxide (CO2) emissions [1, 2]. The increasing demand for PC production, coupled with 32 

the associated high energy requirements and significant contribution to greenhouse gas 33 

emissions, has created the need for alternative binders. Reactive MgO-based binders have 34 

emerged as an alternative with potentially lower energy requirements and emissions [5]. Due 35 

to lower calcination temperature requirements in comparison to PC (i.e. ~700 vs 1450°C) as 36 

well as its ability to be obtained from waste resources such as reject brine from desalination 37 

plants [3, 4], reactive MgO strikes as a promising alternative cementitious material. 38 

 39 

Magnesium-silicate-hydrate (M-S-H) cement is one of the systems that involve the use of 40 

MgO-based binders. Unlike carbonated MgO systems that rely on carbonation for strength 41 

gain [6, 7], the M-S-H matrix can gain strength via hydration, thereby not requiring any special 42 

elevated CO2 curing environment. M-S-H formation occurs in the presence of MgO and silica 43 

sources, whose hydration determines the overall strength development. MgO and SiO2 44 

powders dissolve in water as shown in Equations 1 and 2, respectively. Accordingly, the 45 

reaction between the dissolved ions of MgO and silica sources leads to formation of a dense 46 

gel-like M-S-H structure, which results in high levels of strength. The chemical formula of the 47 

formed M-S-H gel is not fixed and depends on several parameters involving the properties of 48 

raw materials, initial Mg/Si ratio, water content, and SHMP content [8, 9]. This system has the 49 

potential to be used in various applications due to its high compressive strengths (e.g., 70 50 

MPa at 28 days [10]) and low pH values that are suitable for chemical waste encapsulation 51 

[11].  52 

 53 

MgO(s) +  H2O → Mg2+
(aq) + 2OH-

(aq)                                                                                                                                                                                                                                                                                                                                                                                                (1) 54 

SiO2(s) + 2H2O →  Si(OH)4(aq)                                                                                                                                                                                                                                                                                                                                                                                                                                                 (2) 55 

Strain hardening cementitious composites (SHCCs) are a group of high performance fiber-56 

reinforced cementitious composites that exhibit exceptional tensile ductility and multiple 57 

cracking behavior [12-15]. The tensile ductility of SHCC is several hundred times that of 58 

traditional concrete [16]. The behavior of SHCC is influenced by the matrix, fiber, and 59 

fiber/matrix interface properties. The design of SHCC is guided by micromechanics-based 60 
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principles [17, 18]. SHCC reinforced with polyvinyl alcohol (PVA) fibers exhibit high levels of 61 

strain capacities, while the crack width is self-controlled, typically with an average crack width 62 

of 40-80 µm [19]. 63 

 64 

Due to the intrinsically low pH values of its matrix, normal steel reinforcement is not 65 

appropriate for M-S-H system. Incorporation of non-metallic fibers could be a feasible option 66 

to overcome the brittle nature of the material and to widen possible application areas of M-67 

S-H binder system. In the current study, a strain hardening M-S-H composite (SHMSHC) 68 

reinforced with short and randomly oriented PVA microfibers was developed for the first 69 

time. Mechanical properties were tested and damage patterns in terms of crack width and 70 

crack spacing were characterized. Single fiber pull-out tests were performed to assess the 71 

interface bond properties between the PVA fiber and the M-S-H matrix. Matrix properties 72 

(i.e., indentation modulus and hardness, and fracture toughness) were evaluated by means 73 

of nano-indentation and three point bending tests. Micromechanics-based models were used 74 

to calculate the fiber bridging behavior and to assess the strain hardening potential of the 75 

resulting SHMSHC. All results were compared with and benchmarked against the most 76 

studied PC-based PVA-SHCC M45 system.  77 

 78 

 79 

2.  Materials and Methodology 80 

 81 

2.1 Materials  82 

 83 

MgO used in this study was obtained from RBH Ltd. (United Kingdom). The undensified (U940) 84 

microsilica (MS) from Elkem Ltd. (Singapore) was used as the amorphous silica (SiO2) source 85 

to prepare the SHMSHC. CEM I 42.5N PC was used to prepare the control SHCC (M45) in this 86 

study. In the SHCC M45 mix, class F fly ash from Bisley Asia Pte. Ltd. (Singapore) and micro 87 

silica sand with an average size of 110 μm were also used. The chemical compositions and 88 

properties of MgO, MS, PC and fly ash are presented in Table 1. Sodium hexametaphosphate 89 

(SHMP) obtained from VWR Ltd. (Singapore) and polycarboxylate based high range water 90 

reducer (HRWR) were used as superplasticizers in SHMSHC and SHCC M45, respectively. The 91 

effectiveness of the two superplasticizers used within the corresponding systems has been 92 
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demonstrated before [9, 20]. Short PVA microfibers from Kuraray Ltd. (Japan) were used at 93 

an amount of 2% by volume in both the SHMSHC and the SHCC M45 mixes. To determine the 94 

weight of the fibers to be incorporated in the mix, the total volume of the batch was 95 

multiplied by the density of the fibers. The properties of PVA fibers are shown in Table 2. The 96 

mix design details of SHMSHC and SHCC M45 are presented in Table 3. The exact mix design 97 

for SHCC M45 has been utilized previously in several SHCC studies with success [17, 20, 21]. 98 

Similarly, the mix design involving M-S-H matrix with use of MgO:SiO2 with 50:50 weight ratio 99 

has been used in several studies [22-25], however without the use of any fibers. This study 100 

adopts the usage of PVA fibers  2% by volume and incorporates it into a M-S-H based matrix 101 

to obtain SHMSHC. 102 

 103 

Table 1 Chemical composition of MgO, MS, PC and fly ash (as obtained from suppliers). 104 

Material MgO CaO SiO2 Al2O3 R2O3 K2O Na2O 

MgO >91.5% 1.6% 2.0% <0.7% - - - 
MS - - >90.0% - - - - 
PC 0.9% 66.2% 20.9% - >10.0% 0.5% 0.1% 
Fly ash 0.8% 1.2% 58.6% 30.4% >4.7% 1.5% - 

 105 

Table 2 Properties of the PVA fibers (obtained from supplier company). 106 

Length 
(mm) 

Diameter  
(µm) 

Fiber aspect ratio  
(i.e., 
length/diameter)  

Density 
(kg/m3) 

Nominal tensile 
strength (MPa)  

Surface oil-
content (wt.%) 

12 39 307 1300 1600 1.2 

 107 

Table 3 Mix compositions of the SHMSHC and SHCC M45 mixes. 108 

Sample Dry mix (wt.%) w/b Superplasticizer 
(wt.% of total 
binder) 

Fiber 
content  
(vol.%) 

Binder  

MgO MS  PC Fly ash Sand 

SHMSHC 50 50 - - - 0.45 2.0% - SHMP 2 
SHCC M45  - - 33.3 40 26.7 0.24 1.4% - HRWR 2 

 109 

 110 

2.2 Sample preparation  111 

 112 

Preparation of SHMSHC samples that were used for tension and compression tests started 113 

with dissolving SHMP in the pre-determined amount of water. The dissolving process of SHMP 114 

took about 30 min, during which external shaking or stirring was not required. Once the SHMP 115 
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solution was ready, MgO powder was added into the solution and mixed using a Hobart HL200 116 

planetary mixer for 3 min. Afterwards, MS powder was incrementally added into the mixing 117 

bowl while stirring to avoid the formation of any clumps. After all MS powder was added, the 118 

mixing process continued for another 5 min to ensure a homogenous mix was obtained. 119 

Lastly, the PVA fibers were added slowly into the mixing bowl to ensure they were well-120 

dispersed. Afterwards, the fresh mixture was poured into dogbone-shaped moulds and 50 121 

mm cubic moulds in preparation for the tensile and compressive tests, respectively. The 122 

dimensions of the dogbone samples that are used for tensile tests had a 36 mm (W) by 12 123 

mm (D) cross-section in the middle portion while the total length of the samples were 350 124 

mm. 125 

 126 

To prepare SHCC M45, the high range water reducer was first dissolved in water. The binder 127 

mix involving PC, fly ash and silica sand were dry-mixed inside a Hobart planetary mixer for 2 128 

min until all the solids were homogeneously mixed. The superplasticizer solution was added 129 

into the dry mix and the mixing procedure continued for another 5 min. Once the solid and 130 

liquid parts were thoroughly mixed, the PVA fibers were gradually added into the mix and the 131 

mixing procedure continued until all the fibers were well dispersed into the mix. 132 

 133 

SHMSHC and SHCC matrix mixtures (i.e., without the inclusion of PVA fibers) were also 134 

prepared to assess matrix fracture toughness by three point bending test and single fiber pull 135 

out test. For three point bending test samples, the fresh matrix mixtures were cast into 25 (B) 136 

x 50 (H) x 240 (L) mm prism moulds. A notch (a) with notch height-to-sample height (a/H) 137 

ratio of 0.4 was created in the middle of the prism by a diamond saw. To investigate the 138 

fiber/matrix interface properties, single fiber pull-out test specimens were prepared. These 139 

samples involved a single fiber embedded into the fresh matrix with one side of the fiber 140 

perpendicularly protruding out the matrix. The details of the preparation of samples for the 141 

single fiber pull out test can be found in [26]. All samples were cured under 282°C and 953% 142 

relative humidity (RH) for 28 days. 143 

 144 

 145 

2.3Compression test and uniaxial tensile test 146 

 147 
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Load controlled compression tests were performed on 50 mm cube samples to determine the 148 

compressive strengths of SHMSHC and SHCC samples by using a Toni Technik 149 

Baustoffprüfsysteme machine. A constant loading rate of 55 kN/min was applied, after which 150 

the peak load was recorded. At least three samples were tested and the average compressive 151 

strength and standard deviations were reported for each data point.  152 

 153 

Uniaxial tensile tests under displacement control were carried out to quantify the tensile 154 

stress-strain behavior of SHMSHC and SHCC M45 dogbone samples via a 50 kN Instron 5569 155 

universal testing machine (UTM). The deformation rate for the uniaxial tensile tests was 0.5 156 

mm/min. The displacement over the middle section of dogbone shaped samples was 157 

recorded by linear variable displacement transducers (LVDTs) attached on the two sides of 158 

the dogbone samples and the average of the two LVDT readings were taken as the 159 

displacement. At least three samples were tested and recorded for each data point. 160 

 161 

 162 

 163 

2.4 Fracture surface and damage pattern characterization  164 

 165 

After the uniaxial tensile tests, fracture surface and damage pattern (i.e., residual crack width 166 

distribution, average residual crack width, average crack spacing) of unloaded specimens 167 

were characterized using a Nikon DS-Fi2 high resolution CCD camera equipped with high 168 

magnification lenses (OPTEM Zoom 70XL). Post image process and analysis was carried out by 169 

means of an imaging software (NIS-Elements) by Nikon to measure the surface crack width 170 

along the centerline of the dog bone samples. The average crack spacing for each composite 171 

was determined by dividing the gauge length to the number of residual cracks. The field 172 

emission scanning electron microscopy (FESEM) images were taken via JEOL JSM-7600F 173 

instrument. The accelerating voltage for FESEM was 5.0 kV. Prior to FESEM, the samples were 174 

coated with platinum under 20 mA current for 30 s. 175 

 176 

 177 

2.5 Single fiber pull-out test 178 

 179 
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Fig. 1 shows the test setup of the single fiber pull-out test. The thin plate specimen was glue-180 

fixed on a metal plate mounted to the 10 N load cell. The glue was only applied at the four 181 

corners of the thin plate specimen to ensure the fiber at the center of the bottom side of the 182 

specimen did not bond the metal plate. The protruded end of the fiber was glue-fixed to 183 

another metal plate clamp-fixed to the actuator of a MTS Acumen 1 Electrodynamic Test 184 

System. With the help of a precise adjustable x-y table that lies under the load cell, the 185 

position of the sample was carefully adjusted so that the fiber will be pulled out in a vertical 186 

orientation. The fiber was pulled out at a constant rate of 0.5 mm/min. Load versus 187 

displacement data were recorded. 188 

 189 

 190 

Fig.1. Single fiber pull-out test experimental setup 191 

 192 

 193 
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 194 

Fig. 2. Illustration of typical single fiber pull-out load displacement curve 195 

 196 

Fig. 2 shows a representative single PVA fiber pull-out curve of PC matrix. In the debonding 197 

stage, the pull-out load increases up to Pa. After which, a sudden load drop to Pb is observed 198 

due to complete debonding. This moment marks the end of the fiber debonding stage and 199 

the beginning of the fiber slippage stage. In the fiber debonding stage, the pull-out force P is 200 

counter-balanced by the chemical bond Gd at the bonded portion of the fiber, together with 201 

the interface frictional bond τ0 at the debonded portion. After full debonding, the pull-out 202 

behavior is determined by only the frictional bond. During the fiber slippage stage, the soft 203 

fiber is likely to wear out due to the abrasion while slipping inside the hard matrix. This 204 

abrasion results in increased frictional forces which is referred as slip hardening, and the slip 205 

hardening coefficient β is determined by the slope of the curve at slippage stage. Accordingly, 206 

the interface chemical bond Gd, interface frictional bond τ0, and slip hardening coefficient β 207 

can be determined from the single fiber pull-out tests using the Equations 3-5 [27], where Ef 208 

is the fiber Young`s modulus, df is the fiber diameter, Le is the fiber embedment length, u’ is 209 

the fiber displacement after debonding, ΔP/Δu’ is the initial slope of the P versus u curve (u’ 210 

approaches zero as seen in Equation 5).  211 

 212 

Gd =
2(Pa−Pb)2

π2Efdf
3                                                                                                                                            (3) 213 

 214 

τ0 =
Pb

πdfLe
                                                                                                                                                     (4) 215 

 216 
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β =
df

Le
(1 +

1

πτ0df
⋅  

ΔP

Δu′
│

 
 

u'
 

→ 0
)                                                       (5) 217 

 218 

 219 

2.6 Nano-indentation tests 220 

 221 

To investigate mechanical properties of M-S-H and M45 matrices, nano-indentation tests 222 

were carried out using a Micro Materials Nanotest Vantage instrument fitted with a Berkovich 223 

tip. Matrix sample collected after the single fiber pull-out test was used as the specimen for 224 

nano-indentation tests. Prior to nano-indentation test, to obtain a smooth surface suitable 225 

for nano-indentation, samples were grinded, polished, and cleaned in isopropanol solution 226 

using a sonicator. For grinding and polishing processes, a rotary machine facing downward, 227 

and an adjustable precise z-axis stage was used [28]. The sample glued to a prespex plate was 228 

fixed on the stage and the rotary machine was used to rotate a lapping wheel with abrasive 229 

paper attached. While the abrasive media was rotating, the height of the stage was carefully 230 

adjusted just high enough for sample to contact the abrasive paper in order to minimize the 231 

normal force, which will cause stress concentration on sample. For grinding, P1200 and P2500 232 

grit abrasive papers were used; and grinding process was performed at several steps with 233 

each step being maximum 5 s to avoid formation of scratches. In between each step of 234 

grinding, an optical microscope was used to observe the evolution of the surface morphology 235 

of the sample. After grinding, the sample was cleaned in isopropanol solution using a 236 

sonicator. After the sample was cleaned, polishing was performed using the same setup, while 237 

instead of the abrasive paper, a synthetic silk polishing cloth charged with 1 µm diamond 238 

paste was used. Additionally, 1:1 ratio mix of ethanol and 1.4 butanediol solution was applied 239 

on the polishing cloth to avoid over heating. In a similar fashion to grinding, the height of z-240 

axis stage was adjusted to contact the surface of the specimen and the polishing was carried 241 

out up to 5 seconds. After polishing, the sample was once again cleaned using sonicator for 1 242 

min [28].  243 

 244 

 245 

A grid of indents was made with a spacing of 20 µm between each indent over an area of  246 

0.0064 and 0.018 mm2 on M-S-H and M45 matrixes, respectively. The maximum indentation 247 
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depth was set to be 1µm. The indentation modulus and indentation hardness for each indent 248 

was obtained from the software which used a polynomial function to calculate the modulus 249 

and hardness values from loading and unloading curves. In total, 25 indents for SHMSHC 250 

specimen and 60 indents for SHCC M45 specimen were produced. More number of indents 251 

were chosen to be implemented on SHCC M45 matrix due to the presence of micro silica sand 252 

in its mix composition. The indents occurred on micro silica sand particles (determined by 253 

microscopy observations) were excluded during data analyses for SHCC M45 matrix. The 254 

indentation modulus and the indentation hardness values were statistically evaluated to 255 

determine their average and standard deviation values for both SHMSHC and SHCC M45 256 

matrices. 257 

 258 

 259 

2.7 Three point bending test 260 

 261 

Three point bending tests on notched prism specimens were performed to determine the 262 

fracture toughness of SHMSHC and SHCC matrices. The prism specimen was placed on two 263 

line supports with a span of 200 mm. A line load with a constant displacement rate of 0.5 264 

mm/min was applied at the middle of the span. The tests were carried out using a 50 kN 265 

Instron 5569 UTM in accordance with ASTM E399-12. The fracture toughness Km was 266 

determined by Equations 6-8, where Pmax is the peak load, S is the loading span length, b is 267 

the width of the beam, d is the depth of the beam, a1 is the notch length [29]. 268 

 269 

Km =
3PmaxS

2bd √πa1F(x)                                                                                                                           (6)                                                                                                    270 

 271 

F(x) =
1

√π

1.99−x(1−x)(2.15−3.93x+2.7x2)

(1+2x)(1−x)3 2⁄                                                                                                          (7)                                                       272 

 273 

x =
a1

d
                                                                                                                                                             (8) 274 

 275 

 276 

 277 
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2.8 Micromechanics-based modelling for fiber bridging behavior and strain hardening 278 

potential assessment  279 

 280 

The fiber bridging behavior, i.e., stress-crack opening relationship σ(δ) as shown Fig. 3, which 281 

governs the multiple cracking and strain hardening of SHCC, can be derived analytically based 282 

on micromechanical parameters obtained from the above tests [18, 30]. A numerical 283 

approach described in Li et al. [20] was used to calculate the fiber bridging curves of the 284 

SHMSHC and compared with SHCC M45. 285 

 286 

Fig. 3. Illustration of the fiber bridging constitutive law [17] 287 

 288 

Once the fiber bridging curve is obtained, pseudo strain hardening (PSH) indices, which are 289 

often used to assess strain hardening potential of the fiber reinforced composites [31], can 290 

be determined according to Equations 9-11, where σ0 is the peak bridging stress; σc is the 291 

matrix tensile cracking strength; J’b is the complementary energy calculated from the fiber 292 

bridging curve [17]; Jtip is the crack tip toughness. For small fiber volumes, Jtip can be expressed 293 

as a function of the matrix fracture toughness Km, and Young’s modulus of matrix Em, using 294 

Equation 11. Composites with larger PSH indices should have better chance of saturated 295 

multiple cracking and thus robust strain hardening performance.    296 

 297 

PSHEnergy = Jb
′ Jtip⁄                                                                                                                                  (9) 298 

 299 

PSHStrength = σ0 σc⁄                                                                                                                        (10) 300 

 301 

Jtip = Km
2 Em⁄                                                                                                                                                                                                     (11) 302 

 303 
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 304 

3.  Results and Discussion 305 

 306 

3.1 Macro-scale characterization 307 

 308 

3.1.1 Mechanical properties  309 

 310 

 Fig. 4 shows the tensile stress-strain curves and Table 4 summarizes the mechanical 311 

properties of SHMSHC and SHCC M45. As can be seen, both SHMSHC and SHCC M45 exhibit 312 

tensile strain hardening behavior with more than 2% tensile strain capacity on average, even 313 

though one sample from each mix was below 2%. It should be noted that the SHCC M45 314 

specimen had similar performances with one another, meanwhile the differences between 315 

the performances of SHMSHC specimen were more pronounced. While the two mixes have 316 

comparable 28-day compressive strengths (i.e., 54.3 ± 0.5 MPa for SHMSHC and 53.6 ± 2.7 317 

MPa for SHCC M45), the matrix first cracking strength of SHCC M45 (3.49 ± 0.57 MPa) under 318 

tension is about 81% higher than that of SHMSHC (1.93 ± 0.12 MPa). This suggests the 319 

SHMSHC matrix may be more brittle than the SHCC M45 matrix as increased brittleness 320 

results in reduced cracking resistance and strength [32]. The ratio of average compressive 321 

strength to average matrix tensile strength for SHCC M45 and SHMSHC are 13.7 and 28.2, 322 

respectively, highlighting the brittle nature of M-S-H matrix. Further increase in the tensile 323 

load results in strain hardening behavior for both composites, reaching to strain capacities of 324 

3.11 ± 1.76 % and 2.48 ± 0.73% for the SHMSHC and SHCC M45, respectively. Accordingly, the 325 

SHMSHC possesses a lower average tensile strength (2.93 ± 0.64 MPa) than the SHCC M45 326 

(3.72 ± 0.26 MPa), even though the relatively larger standard deviations hinders a firm 327 

conclusion. The observation suggests SHMSHC may have lower fiber bridging capacity than 328 

the SHCC M45 as the tensile strength of the composite is largely determined by its fiber 329 

bridging properties. 330 

 331 
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 332 

Fig. 4. Tensile stress-strain curves of SHMSHC and SHCC M45 333 

 334 

Table 4 Mechanical properties of SHMSHC and SHCC M45 335 

Sample 
Compressive 
strength 
(MPa) 

Results of uniaxial tensile test 

First cracking 
strength (MPa) 

Ultimate tensile 
strength (MPa) 

Tensile strain 
capacity (%) 

SHMSHC 54.3 ± 0.5 1.93 ± 0.12 2.93 ± 0.64 3.11 ± 1.76 

SHCC M45 53.6 ± 2.7 3.49 ± 0.57 3.72 ± 0.26 2.48 ± 0.73 

 336 

 337 

Fig. 5 compares the morphology of fracture surfaces of SHMSHC and SHCC M45 specimens 338 

after the uniaxial tensile test. It was observed that there were several long fibers stuck out of 339 

the fracture surface of SHMSHC specimen (Fig. 5a) indicating at least a considerable 340 

proportion of fibers were pulled out from the M-S-H matrix, while a mixed fiber pull-out and 341 

fiber rupture were found in the SHCC M45 specimens (Fig. 5b). This suggests the bond 342 

between the PVA fiber and the M-S-H matrix is weaker than that between the PVA fiber and 343 

the M45 matrix, which results in potentially lower fiber bridging strength in the SHMSHC 344 

system.  345 

 346 
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   347 

(a)                                                                               (b) 348 

Fig. 5. Morphology of fracture surfaces of (a) SHMSHC and (b) SHCC M45 specimens 349 

 350 

 351 

3.1.2 Damage patterns 352 

 353 

While both SHMSHC and SHCC M45 have tensile strain capacity in excess of 2%, their damage 354 

patterns are very different. Fig. 6 shows the visual appeals of cracked SHCC M45 and SHMSHC 355 

specimens after the tensile tests. For SHCC M45, multiple cracks were easily observed with 356 

naked human eyes. However, hardly any cracks were noticeable when the SHMSHC 357 

specimens were examined even under microscope with low magnification. Multiple cracks in 358 

SHMSHC were revealed under high magnification using optical microscope or under FESEM 359 

as shown in Fig.7.  The multiple cracks formed in the SHMSHC specimens were very dense 360 

and the residual crack width (i.e., crack width after unloading) was generally less than 10 m, 361 

making majority of the cracks unobservable unless the sample was examined under 362 

microscope using a sufficient level of magnification. The average crack spacing (1.3 mm) in 363 

the SHMSHC is much smaller than that in the SHCC M45 (2.5 mm). 364 

 365 

10 mm 
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        366 

             (a)                 (b)                   367 

Fig. 6. Visual appeal of cracked (a) SHMSHC and (b) SHCC M45 specimens after the uniaxial 368 

tensile tests (scales of both images are in cm) 369 

 370 

   371 

 (a)  (b) 372 

Fig. 7. FESEM images of (a) multiple crack formation and (b) a typical microcrack in the 373 

SHMSHC specimen 374 

 375 

Fig. 8 compares the residual crack width distributions of SHMSHC and SHCC M45 and Table 5 376 

summarizes the average residual crack width and crack spacing of the two mixes. As can be 377 

seen, majority of the cracks in SHMSHC were condensed in narrow crack width ranges, while 378 

cracks within SHCC M45 were more evenly distributed over the different width ranges. For 379 

instance, around 72 ± 11% of cracks were below 10 m and 93 ± 15% of cracks were below 380 

20 m for SHMSHC, while distribution of cracks in the <10 m and  between 10-20 m ranges 381 
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for SHCC M45 were 19 ± 18% and 22 ± 10%, respectively. Additionally, more than 11% of the 382 

cracks in SHCC M45 were in the relatively larger crack width ranges such as >50 m, 383 

meanwhile only 1% of the cracks in SHMSHC were larger than 50 m.  As a result of the above-384 

mentioned crack width distributions, the average residual crack width of the SHMSHC (9.7 385 

m) was much smaller than that of the SHCC M45 (31.4 m). This suggests that cracked 386 

SHMSHC may possess lower transport properties when compared to cracked SHCC M45. 387 

Furthermore, it implies that SHMSHC may present higher chances of engaging autogenous 388 

healing, as cracks with tighter widths have better chances of being healed faster and 389 

completely as opposed to larger cracks [33].  390 

 391 

 392 

Fig. 8. Residual crack width distributions of SHMSHC and SHCC M45 specimens 393 

 394 

Table 5 Average residual crack width and average crack spacing of SHMSHC and SHCC M45 395 

Sample Average residual 
crack width (µm) 

Average crack 
spacing (mm) 

SHMSHC 9.7 ± 10.7 1.3 

SHCC M45 31.4 ± 17.7 2.5 

 396 

 397 

3.2 Micro-scale characterization 398 

 399 
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3.2.1 Fiber/matrix interface properties 400 

 401 

Fig. 9 compares typical single fiber pull-out curves of 1.2% surface oil-coated PVA fibers from 402 

the M-S-H and PC matrices and Table 6 summarizes the calculated interface chemical bond 403 

Gd, interface frictional bond τ0, and slip hardening coefficient β.  Even though the pull-out load 404 

and displacement values for the two curves representing single fiber pull-out behavior of 405 

SHMSHC and SHCC M45 notably differ, these two curves have certain resemblance. As can be 406 

seen, both curves show a clear debonding stage followed by a slippage stage. This indicates 407 

surfaces of PVA fibers chemically react and bond with both the PC and the M-S-H matrices. It 408 

is known that PVA fibers are hydrophilic due to the presence of hydroxyl (OH-) functional 409 

groups on the fiber surface. The hydroxyl functional groups on the fiber surfaces are able to 410 

chemically bond with Ca2+ in the PC matrix [27, 34] and similarly with Mg2+ in the M-S-H 411 

matrix. However, the interface chemical bond Gd for SHMSHC was 43% less than that of SHCC 412 

M45 (Table 6). The lower interface chemical bond Gd in SHMSHC might be attributed to less 413 

abundance of available Mg2+ ions in comparison to Ca2+ ions to chemically bond with the OH- 414 

functional groups on the fibers. It is known that solubility of brucite is three orders of 415 

magnitude lower than that of portlandite [35, 36]. Furthermore, Mg-OH may have a lower 416 

bond energy than Ca-OH as the entropy of brucite was reported to be about 5% lower than 417 

that of portlandite [37].  418 

 419 

  420 
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Fig. 9. Load-displacement curves of a single PVA fiber pulled out from the M-S-H (or PC-421 

based M45) matrix. 422 

 423 

 424 

While the two systems had similar fiber debonding behavior, the single fiber pull-out curves 425 

showed significant differences in the fiber slippage stage. As can be seen in Fig. 9, when a 426 

single fiber was pulled out from the M45 matrix, the load picked up sharply after full 427 

debonding of fiber from the surrounding matrix. In the M-S-H system, however, after the 428 

breaking of the chemical bonds, the pull-out load decreased slightly and gradually picked up 429 

after a long fiber slippage (around 0.5 mm as shown in Fig. 9). In the current study, two slip 430 

hardening coefficients (i.e., initial slip hardening coefficient β1 and second slip hardening 431 

coefficient β2) were used to describe the delayed slip hardening in the M-S-H system while 432 

only the initial slip hardening coefficient was used for the M45 matrix. 433 

 434 

Table 6 Fiber/matrix interface bond properties of SHMSHC and SHCC M45 obtained from 435 

single fiber pull-out tests 436 

Matrix 
type 

Gd  
(J/m2) 

τ0  
(MPa) 

β1 β2 

SHMSHC 0.61±0.26 1.66±0.42 0.03±0.01 0.25±0.07 
SHCC M45 1.08±0.80 1.31±0.50 0.58±0.17 - 

β1: Initial slip hardening coefficient 
  437 

Slip hardening in single fiber pull-out behavior is often observed in the soft fiber and hard 438 

matrix system and is associated with abrasion of soft fiber due to fiber slippage against 439 

surrounding hard matrix [27, 38]. Accumulation of fiber debris in the tunnel (i.e., space 440 

between debonded fiber and surrounding matrix) makes fiber slippage more difficult (i.e., 441 

jamming effect) and thus a higher load is necessary to further pull out the fiber [39, 40].  442 

 443 

The significantly delayed slip hardening behavior in the M-S-H matrix might be an indication 444 

of lower abrasion of the PVA fibers within the M-S-H matrix during the early periods of pull-445 

out stage. This may be attributed to the following three mechanisms. First, the lower interface 446 

chemical bond Gd between PVA fibers and M-S-H matrix allows the tunnel crack to propagate 447 

along the interface without branching into the fiber or the surrounding matrix, and thus 448 
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resulting in a smooth debonded interface. Fig. 10 shows the typical fiber groove after the PVA 449 

fiber was pulled out from the M-S-H matrix. As can be seen, a rather smooth morphology of 450 

the fiber groove without indications of debris accumulation was observed in the M-S-H 451 

system. Secondly, the M-S-H matrix may have a lower modulus than the PC matrix, and thus 452 

resulting a lower gripping force to the fiber from the surrounding M-S-H matrix. Thirdly, the 453 

M-S-H matrix may be softer than the PC matrix. All of these mechanisms may lead to less 454 

abrasion of PVA fibers and delayed slip hardening in the M-S-H system.  455 

 456 

Overall, the bonding behaviour is influenced by several parameters including fiber properties 457 

(e.g. length, diameter, volume, Young`s modulus, tensile strength), matrix properties (i.e. 458 

modulus of elasticity, cracking strength, matrix toughness) as well as the fiber/matrix 459 

interface properties (i.e. Gd, τ0 , β, f, f`). Further studies can help to better understand and 460 

improve the bonding between fibers and the newly introduced M-S-H matrix. 461 

 462 

    463 

Fig.10. Typical morphology of fiber groove in M-S-H system after the pull-out of a PVA fiber.  464 

 465 

 466 

3.2.2 Matrix properties 467 

 468 
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SHMSHC and SHCC M45 matrix properties in terms of indentation modulus and hardness 469 

measured from the nano-indentation tests and fracture toughness determined from the 470 

three-point bending test on notched specimens are reported in Table 7. Fig. 11 shows the 471 

indentation modulus and indentation hardness values of indents on SHMSHC and SHCC M45 472 

specimens. As can be seen, vast majority of the indents on SHMSHC matrix had lower 473 

indentation modulus values in comparison to indents on SHCC M45 matrix. The average 474 

indentation hardness (H) for M-S-H matrix was 1.04  0.27 GPa, which was around 37% lower 475 

than the average indentation hardness value of 1.66  0.54 GPa for the SHCC M45 matrix. The 476 

average hardness value for SHCC M45 matrix was similar with one reported earlier (i.e., 1.78 477 

GPa) [41]. As discussed in the previous section, the lower average hardness of the M-S-H 478 

matrix can potentially reduce abrasion of PVA fiber and delay the slip hardening during the 479 

fiber slippage stage as shown in Fig. 9. 480 

 481 

Table 7 Matrix properties of SHMSHC and SHCC M45 obtained from nano-indentation and 482 

three point bending on notched specimens  483 
 

Indentation 
hardness  
(H, GPa) 

Indentation 
modulus 
(M, GPa) 

Fracture 
toughness 
(Km, MPa-m½) 

Toughness 
(Jtip, J/m2) 

SHMSHC matrix 1.04 ± 0.27 21.07 ± 3.76 0.10±0.02 0.45±0.17 

SHCC M45 matrix 1.66 ± 0.54  41.65 ± 6.93  0.35±0.04 2.89±0.64 

 484 

 485 

The indentation modulus (M) of M-S-H matrix was found out to be 21.07  3.76 GPa, which 486 

was 49% lower than the indentation modulus value of 41.6 GPa for SHCC M45. Similar 487 

indentation modulus of SHCC M45 matrix was reported in the literature (i.e., 43.2 GPa) [42]. 488 

As discussed, the lower indentation modulus of the M-S-H matrix could induce less gripping 489 

force to the fiber from the surrounding matrix which also reduces abrasion of PVA fiber and 490 

delays slip hardening (Fig. 9).  491 

 492 
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 493 

Fig.11. Indentation modulus and indentation hardness of indents on SHMSHC and SHCC 494 

M45 495 

     496 

As can be seen from Table 7, toughness of SHMSHC matrix (0.45 ± 0.17 J/m2) determined from 497 

the notched beam bending tests was much lower than that of SHCC 45 matrix (2.89 ± 0.64 498 

J/m2). This indicates that the M-S-H matrix was much more brittle than the SHCC M45 matrix 499 

(Table 4). The higher brittleness of the M-S-H matrix results in a lower matrix cracking strength 500 

under tension as observed in the composite test (Fig. 4 and Table 4). The crack tip toughness 501 

Jtip can be then calculated using Equation 11. In the current study, the indentation modulus 502 

(instead of the bulk matrix modulus of elasticity) was used as the input (Em) for the calculation 503 

of crack tip toughness Jtip. Young’s modulus determined from macro-scale testing (such as 504 

compression test) is a bulk material property and is influenced by macro-defects in the matrix, 505 

while the elastic modulus obtained from nano-indentation tests is a localized material 506 

property. Since the crack tip toughness is governed by the localized material properties 507 

around the crack tip, indentation modulus should better reflect the modulus of elasticity for 508 

crack tip toughness calculations. 509 

 510 

 511 

 512 
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3.3 Meso-scale characterization: Fiber bridging analysis and strain hardening potential 513 

assessment 514 

 515 

The fiber bridging behavior of SHMSHC and SHCC M45 can be calculated based on the 516 

measured micromechanical parameters as summarized in Table 8. The resulting fiber bridging 517 

curves for both SHMSHC and SHCC M45 are plotted in Fig. 12. Compared to SHCC M45, 518 

SHMSHC possesses lower bridging strength perhaps due to the lower initial slip hardening 519 

coefficient β1 which results in minimum slip hardening after fiber debonding. Furthermore, 520 

after the first peak, the bridging stress reduces first and then maintains at a certain stress 521 

level with increasing crack opening. This may be attributed to the long sliding before entering 522 

the hardening stage (i.e., delayed slip hardening) as observed in the single fiber pull-out test 523 

of SHMSHC (Fig. 9). As can be seen on Fig. 12, the crack opening corresponding to first cracking 524 

strength for SHMSHC is smaller than that of SHCC M45, which is line with the actual crack 525 

width values discussed in section 3.1.2. 526 

 527 

Table 8 Micromechanical parameters of SHMSHC and SHCC M45 528 

Mix Fiber Interface Matrix 
Ef 
(GPa) 

Lf 
(mm) 

df 
(µm) 

σfu 
(MPa) 

Vf  
(%) 

f f' Gd 

(J/m2) 
τ0 

(MPa) 

β1 β2 Em 
(GPa) 

Km 
(MPa) 

SHMSHC 25.8 12 39 900 2 0.2a 0.33a 0.61 1.66 0.03 0.25 21 0.1 
SHCC M45 25.8 12 39 900 2 0.2a 0.33a 1.08 1.31 0.58 0.58 43 0.35 

a: assumed value 529 

 530 
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   531 

Fig. 12. Fiber bridging curves of SHMSHC and SHCC M45 532 

 533 

Table 9 summarizes Jb
’, Jtip, σ0, and σc values and corresponding PSH indices of SHMSHC and 534 

SHCC M45. As can be seen, both SHMSHC and SHCC M45 possess PSH indices larger than one. 535 

This suggests both materials satisfy criteria of achieving the strain hardening performance. 536 

However, large margins between Jb
’ and Jtip and between σ0 and σc are often necessary to 537 

accommodate expected variability and inhomogeneity of the material. SHMSHC possesses 538 

much higher values of PSH indices, which suggests it has a much higher strain hardening 539 

potential and chances of forming saturated multiple cracking than SHCC M45. Furthermore, 540 

with lower toughness and cracking strength of M-S-H matrix under tension and comparable 541 

stiffness of the fiber bridging to SHCC M45 before the peak bridging stress, multiple cracks in 542 

SHMSHC would initiate and propagate in a steady state mode at a much lower stress level 543 

(Fig. 12inset), which results in tighter crack width and closer crack spacing in SHMSHC as 544 

shown in the composite tensile tests (Table 4). 545 

 546 

Table 9 Comparison of PSH indices of SHMSHC and SHCC M45 547 
 

Jb
’ (J/m2) Jtip σ0 (MPa) σc (MPa) PSHenergy 

= Jb’/Jtip 
PSHstrength 

= σ0/ σc 

SHMSHC 54.4 0.45 4.9 1.93 121 2.54 
SHCC M45 88.0 2.89 5.2 3.49 30 1.49 

 548 
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 549 

4.  Conclusions 550 

 551 

In this paper, a new SHMSHC was developed for the first time by incorporating 2 vol.% short 552 

and randomly oriented PVA microfibers. The resulting SHMSHC exhibits remarkable strain 553 

hardening under tension with a tensile strain capacity of more than 3%, a compressive 554 

strength beyond 50 MPa, and a tensile strength of around 3 MPa. While SHMSHC and SHCC 555 

M45 show comparable mechanical performance, they possess distinctive damage patterns 556 

where SHMSHC exhibits much tighter crack width (9.7 μm vs 31 μm) and closer crack spacing 557 

(1.3 mm vs 2.5 mm) invisible to the human naked eyes. This is attributed to the lower 558 

toughness and cracking strength of M-S-H matrix together with higher PSH indices, and thus 559 

saturated multiple cracks could initiate and propagate at a much lower stress level in 560 

SHMSHC. Furthermore, average chemical debonding between PVA fiber and M-S-H matrix is 561 

significantly lower than that between PVA fiber and PC matrix (0.61 vs 1.08 J/m2). Slip 562 

hardening is significantly delayed when a single PVA fiber is pulled out from the M-S-H matrix, 563 

suggesting abrasion of PVA fiber during sliding against the M-S-H matrix is reduced due to 564 

lower hardness and modulus of the M-S-H matrix.  565 

 566 

While M-S-H cement has emerged as an alternative binder with potentially lower energy 567 

requirements and emissions, its intrinsically low pH values makes incorporation of normal 568 

steel reinforcement not feasible. The newly developed SHMSHC addresses the fundamental 569 

challenge of M-S-H binder and is expected to widen possible application areas of M-S-H 570 

system. Furthermore, SHMSHC have great potential to be a sustainable alternative to PC 571 

based strain-hardening composites in certain applications. The industry would significantly 572 

benefit from a bendable concrete with satisfactory mechanical properties and lower 573 

environmental impact. A challenge for SHMSHC could be considered as relatively low ultimate 574 

tensile strengths reached, which can be attributed to the intrinsically low matrix cracking 575 

toughness. Further investigations can focus on the improvement of SHMSHC properties via 576 

microstructure optimization by means of component tailoring and ingredients selection. 577 

Additionally, life cycle analysis (LCA) and life cycle cost analysis (LCCA) would provide a clearer 578 

picture on the feasibility and environmental impact of SHMSHC. 579 

 580 
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