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Abstract

To overcome the drawbacks caused by the intrinsic brittleness of cementitious materials, various types of fibres were
incorporated as reinforcements. Extensive research on Ordinary Portland cement indicated that compared with the
use of a single type of fibres, the mixed-use of multiple fibres can significantly improve both strength and toughness
of the cementitious composites, which is referred to as the hybrid effect. However, such hybrid effect in multiple fibre-
reinforced magnesium phosphate cement-based composite (HFRMC) still lack quantitative understanding. Therefore,
this study conducted a series of experiments, including slump flow tests, compression tests, four-point bending tests
and microstructure analysis, to investigate the hybrid effect of micro-steel fibres (MSF) and polypropylene (PP) fibres

respectively.

in HFRMC. Two types of mixed designs of HFRMC were conducted: 1. total fibres fraction (including both PP fibres
and MSF) was fixed to be 1.6%; 2. PP fibres fraction was fixed to be 1.6% with different addition of MSF. Our results
indicated that the slump flow of magnesium phosphate cement mortar varied around 7.6-8.8% with the hybrid

use of MSF and PP fibres, while the flexural strength and toughness increased around 13.7-23.1% and 1.6-45.9%,

Keywords: magnesium phosphate cement, hybrid reinforcing effect, micro-steel fibres, polypropylene fibres

1 Introduction

Cementitious materials, as the most consumed manu-
factured materials in the world, were widely applied in
many infrastructures, such as dams, buildings, bridges,
etc. However, their intrinsic brittleness may result in
many deterioration problems and structural failures. To
overcome these drawbacks caused by the brittleness of
cementitious materials, various types of fibres, such as
steel fibres (Feng et al., 2018a), synthetic fibres (Hu et al.,
2020a, 2020b), basalt fibers (Ghadikolaee and Korayem,
2020) and carbon fibres (Chen et al., 2018), were added
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as reinforcements, making fibre-reinforced cementitious
composites (FRCCs).

Extensive research efforts have been made to improve
the mechanical properties of FRCCs, such as manipula-
tion of the interfaces between fibres and cement (Yang
et al, 2018), modification of the geometry of fibres
(Banthia & Sappakittipakorn, 2007; Dong et al., 2011)
and incorporation of multiple types of fibres into the
cement systems (Banthia et al, 2014). Among all these
approaches, due to the high feasibility of application and
low economic cost, the mix-use of multiple fibres have
attracted great research interests. Previous studies have
shown that mixed-use of multiple fibres can simultane-
ously promote the strength and toughness of FRCCs sig-
nificantly (Chen & Qiao, 2011), which is referred to as
the hybrid effects. For example, Li et al. (2017a, 2017b)
developed a mixed design by incorporating steel fibres
with a diameter of 0.7 mm and PP fibres with a diameter
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of 0.9 mm into concrete. Their experiments showed
that compared with the concrete reinforced by single-
steel fibres or PP fibres, the incorporation of mixed 2.0%
steel fibres and 1.1% PP fibres remarkably enhanced the
mechanical performance of the FRCCs with 30.2%, and
64.3% increase of the flexural strength and ductility,
respectively. Both experiments and theoretical analysis
indicate that the hybrid fibres improving mechanical per-
formance is mainly attributed to the fact that a combina-
tion of fibres with different geometry can resist the crack
propagation at different structural levels, which, there-
fore, leverage the fibres’ reinforcing capacity (Banthia &
Gupta, 2004; Kang & Bolander, 2016; Wang et al., 2017).

As a substitutes for OPC, magnesia phosphate cement
(MPC) has drawn significant interest in recent decades
due to its fast setting speed (Jin, et al., 2020), high early
strength (Ma et al., 2021), excellent bonding perfor-
mance Li et al., (2017a, 2017b), small drying shrinkage
(Ma & Chen, 2016; Wu et al., 2021), good volume sta-
bility (Wu et al., 2021) and excellent durability (Chang
et al., 2014). Therefore, the application of MPC can sat-
isfy the demands of many engineering projects, such
as hub road (Arora et al,, 2019), airport runway (Yang,
2014), important bridge deck that needed be repaired
quickly and open to traffic as soon as possible (Haque
& Chen, 2019). Similarly to OPC-based FRCCs, various
fibres, such as steel fibres and PP fibres, were also intro-
duced into MPC as reinforcements to strengthen their
mechanical properties. Feng et al., (2020) indicated that
the addition of 1% micro steel fibres (MSF) led to the
highest increase (15.0%) of the strength of MPC compos-
ites in comparison with other fibres, such as the cutting
hook steel fibres, milling hook steel fibres and macro-
polypropylene fibres. Jean and Jean, (1998) found that the
incorporation of PP fibres formed a randomly distributed
network of the reinforcements in MPC composites. This
network of PP fibres can effectively inhibit the develop-
ment of micro-cracks, leading to the highest enhance-
ment in toughness (400.1%) in comparison with other
fibres. Given that the low elastic modulus of PP fibres can
reduce the strength of MPC composites (Hu et al., 2020a,
2020b; Sarangi & Sinha, 2006), while the density and cost
of MSEF is relatively high (Khamees et al., 2020; Qian &
Stroeven, 2000), the hybrid effect of PP fibres and MSF in
MPC is, therefore, essential to be investigated for design-
ing the high-performance MPC composites.

Therefore, in the present study, MSF and PP fibres with
different fractions were incorporated into MPC to make
hybrid fibre-reinforced magnesium phosphate cement-
based composites (HFRMC). To comprehensively under-
stand the hybrid effects of these two fibres, a series
of experiments on HFRMC were conducted, includ-
ing slump flow tests, compression tests and four-point
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bending tests. Besides, microstructure analysis was also
performed to release the mechanism of hybrid effects of
MSF and PP fibres in HFRMC. To the best of our knowl-
edge, this is the first time that the hybrid effect of PP
fibres and MSF was studied in MPC composites, which
help guide the design of fibre-reinforced MPC with inte-
grated high strength and high toughness.

2 Experiments
2.1 Materials
Fig. 1 illustrates the appearance of the raw materials used
in this study. MgO (>97% purity) with a specific surface
area of 315.7 m?/kg was obtained from Casting Material
Company, Xinmi, Henan, China. Two types of industrial-
grade KH,PO, with particle sizes of 40 mesh and 80
mesh, respectively, were provided by Ronghong Chemi-
cal Co., Ltd. of Mianzhu, Sichuan, China. 95.0% purified
Borax (Na,B,0,-10H,0) with a particle size of 80-220
mesh was applied as retarded in this study. Besides,
quartz sands of 80—-120 mesh were used to prepare MPC
mortar, and fly ash with a surface area of 200 m?*/kg was
also incorporated as partial replacement of MPC.
Characterization of the raw materials that used in the
study was conducted by analysing the particle size dis-
tribution. Besides, X-ray diffraction analysis (XRD) were
also conducted to analyse the chemical components in
the raw material, as shown in Fig. 2. The major chemi-
cal compositions of the MgO and fly ash are shown in
Table 1. The hybrid effects of two types of fibres, namely,
polypropylene fibres (PP) and micro-steel fibres (MSF),
were investigated in this study. The geometry and
mechanical properties of these fibres are indicated in
Table 2.

2.2 Preparation of Fibre-Reinforced MPC Mortar

MgO, KH,PO,, quartz sand, fly ash and borax were first
dry-mixed by a concrete mixer for 120 s. Then water was
added into the dry content and mixed for another 20 s.
Following by addition of fibres, finally, the MPC mortar
was mixed for an additional 120 s, making fibre-rein-
forced MPC mortar (Jian-ming et al.,, 2009). The mixed
designs of the fibre-reinforced MPC mortar are indicated
in Table 3.

After mixing was completed, the fibre-reinforced MPC
mortars were poured into 50.9 x 50.9 x 50.9 mm cubic
moulds (for compression test) and 400 x 100 x 15 mm
beam moulds (for four-point bending test). Then shaking
table vibration was applied to remove air bubbles in the
slurry. After 2 h of initial hardening, the prepared speci-
mens were demoulded and cured at 25+2 C tempera-
ture, 45+ 5%RH humidity for 1, 7, 28 days.
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2.3 Measurement of the Consistency of MPC Mortar

The slump flow tests consistency of each mixture. First,
the bottom plate was placed on solid level ground, and
the slump cylinder was located at the centre of the bot-
tom plate. The geometry of the slump cylinder is illus-
trated in Fig. 3. Both the slump cylinder and the bottom
plate were prewetted to provide enough lubrication. Then
the slump cylinder was filled with the slurry of HFRMC
three times. After each filling, 25 times of pounds were
applied from inside to the outside of the slump cylin-
der, removing the large voids inside the slurry. When the
slump cylinder is full, the excess slurry was scraped off to
keep the top surface levelled. Finally, the slump cylinder
was vertical lifted, ensuring minimum lateral disturbance.

2.4 Measurement of the Mechanical Properties
of Fibre-Reinforced MPC Mortar

The compressive strength of the prepared MPC mor-
tar specimens was measured according to ASTM C109
(Cao et al., 2016). At least three cubic specimens were
tested for each batch using a pressure testing machine
(YAW-2000B) compression machine at a loading rate of
0.9 kN/s.

Flexural properties of HFRMC were also tested by con-
ducting four-point bending tests according to CECS
13:2009 (Onuaguluchi et al., 2014). As shown in Fig. 4,
a load cell and the linear variable differential transformer
(LVDTs) were installed on the top surface and the middle
of the beam specimen, respectively, which measured the

relationship between deformation and applied force dur-
ing testing. The four-point bending tests were performed
by an electronic universal testing machine (WDW-100)
load frame at 0.3 mm/s loading rate. To calculate the
Lipandly, the load applied on the specimens was recorded
until the mid-span deflection was over 10.5 times the first
crack deflection. Similar to the compression tests, at least
3 beam specimens were tested for each batch to minimize
the deviation. Toughness index (I1pand/yg) was calculated
following the literature (Naaman et al, 1996; Shaikh &
Design 2013). showing the post-crack capacity of energy
absorption of the fibre-reinforced MPC. The expression of
Lipandlyg are shown in Egs. 1 and 2:

Lo = Ts5/TLop (1)

Iyo = T105/TLoP (2)

where T55 and T1g5 are the area under load—mid span
deflection curve until 5.5 and 10.5 times the first crack
deflection, and T1op is the area under load—mid span
deflection curve up to the first crack occurs. Therefore,
to calculate the ;0 and Iy, the load applied on the speci-
mens was recorded until the mid-span deflection was
beyond 10.5 times the first crack deflection. Following the
literature (Committee, 1997), the initial cracking point is
the point at which the slope of the ascending segment of
the load—deflection curve changes significantly (i.e., the
transition point from the straight line to curve). The cal-
culation results of I1g and Io are shown in Tables 4 and 5.
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Fig. 2 Particle size distribution of a magnesium oxide, c quartz sand and e fly ash. Phase composition of b magnesium oxide, d quartz sand and f

Table 1 Major chemical composition of MgO and fly ash.

Composition MgO Fe,0; Sio, CaO Al, 04
MgO Mass fraction (%) 97.0 0.2 04 14 0.1
Composition Sio, Al,0,4 Fe,0, Cao MgO Na,O0
Fly ash Mass fraction (%) 540 31.2 42 40 1.0 0.9
Table 2 Geometry and mechanical properties of MSF and PP fibres.
Fibretype  Fibre profile Length (mm) Diameter (um)  Young's Nominal Elongation (%)  Tensile
modulus strength strength
(GPa) (MPa) (MPa)
PP 12.0 250 35 410.0 120 /
MSF 13.0 2200 2100 / / 2580.0
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Table 3 Mix design of fibre-reinforced MPC mortar.

Hybrid system Specimens m/P w/c s/c Fa% Fibre volume fraction Curing age (days)
PP (%) MSF (%)

PSO 1.6%PP + 0.09MSF 41 0.19 0.2 40 1.6 0.0 7

ps4 1.2%PP + 0.4%MSF 12 04

PS8 0.8%PP 4 0.8%MSF 08 08

pS12 0.4%PP + 1.29MSF 0.4 12

PS16 0.0%PP + 1.6%MSF 0.0 1.6

fPSO 1.6%PP + 0.0%MSF 1.6 0.0

fPS2 1.69%PP +0.2%MSF 1.6 0.2

PS4 1.6%PP + 0.4%MSF 1.6 04

fPS6 1.6%PP + 0.6%MSF 1.6 0.6

Cement is composed of MPC and fly ash. The content of M/P is MgO to KH,PO; mole ratio; s/c is sand to cement ratio; Fa% is the proportion of fly to cement; w/c is

water to cement ratio.

R,=50mm

R,=100mm

300mm

200mm

Fig. 3 Schematic diagram of the slump cylinder. a Top view of the
slump cylinder; b front view of the slump cylinder; ¢ measured slump
flow of HFRMPC slurry.

Fig. 4 lllustration of the four-point bending test for fibre-reinforced
MPC mortar.

Table 4 Effects of curing age on ductile index and toughness
index of fibre-reinforced MPC.

Specimens lo Iy

PS8-1d 88403 189417
Ps8-7d 112406 236408
Ps8-28d 114£10 258403
fPS4-1d 59402 119411
fPS4-7d 70+£02 188£16
fPS4-28d 6.7+04 151403

Table 5 Hybrid effects of PP fibres and MSF on ductile index and
toughness index of fibre-reinforced MPC mortar.

Specimens Lo Iy

PSO 65+0.1 143+15
pPs4 63+0.1 136403
PS8 86+04 170£07
PS12 80+£10 14.9£09
PS16 94406 170+14
fPSO 65+05 143£12
fPS2 57401 114407
PS4 7806 156403
fPS6 83+£0.2 171+£19

3 Results and Discussion
3.1 Influence of Hybrid Fibres on the Consistency of MPC
Mortar

Fig. 5 shows the slump flow of fresh HFRMC with differ-
ent mix designs. As shown in Fig. 5a, the increase of MSF
proportion from 0 (PSO) to 1.6% (PS16) improve 7.7% of
the slump flow, which is mainly attributed to the corre-
sponding reduction of the fraction of PP fibres. Due to
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Fig. 5 Slump flow of HFRMC with the a total volume of fibres volume of 1.6%, b PP fibres volume of 1.6%.

their hydrophobic surface and low elastic modulus, PP
fibres tend to entangle with each other during mixing.
This entanglement consequently raise the viscosity of
HFRMC (Zebarjad et al., 2003).

To further investigate the influence of hybrid PP fibres
and MSF on the consistency of MPC, Fig. 5b shows the
slump flow of MPC mortar with a fixed fraction (1.6%
in volume) of PP fibres. Different from HFRMC with a
total fibres fraction of 1.6%, the increase of MSF from 0
(fPS0) to 0.6% (fPS6) results in a reduction of slump flow
from 261 to 240 mm. This reduction is caused by the
increasing steel fibres’ amount generally leads to lower
consistency of the composites (Figueiredo and Ceccato,
2015) and interweave between PP fibres and MSF during
cement mixing, which exacerbates the fibres’ entangle-
ment and decreases the consistency. Similar phenomena
of OPC based cementitious composites have also been
reported by Eaha et al,, (2020), where they found con-
sistency of steel-polypropylene hybrid fibre-reinforced
cement was also relatively poor in comparison with the
single type fibre-reinforced composites, which is consist-
ent with our results.

3.2 Effects of Hybrid Fibres on Compressive Strength

Fig. 6a shows the development of the compressive
strength of MPC mortar after different curing ages. The
compressive strength of HFRMC increases dramatically
by about 35.1% after the initial 7 days’ curing, which
shows a rapid hydration process of MPC mortar. Since
the hydration reaction of MPC mortar is an exothermic
reaction of acid-base neutralization, the temperature
inside MPC mortar increases rapidly at an early stage.
This temperature increase would intensify the hydration
reaction of MPC mortar by dissolving phosphate quickly,
leading to a further rise of the temperature (Liu et al,
2014). Consequently, the growth rate of early strength
of MPC mortar is significantly greater than that of late
strength (Soudée and Péra, 2000), which explained why
the increase of compressive strength of HFRMC slowed
down with further curing after 7 days.

The hybrid effects of PP fibres and MSF on the com-
pressive strength of MPC mortar were investigated
by mixing MSF and PP fibres with different fractions
into MPC mortar. As indicated in Fig. 6b that after
curing for 7 days, the compressive strength of hybrid
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Fig. 6 a Compressive strength of PS8 and fPS4 at different curing ages and b, ¢ compressive strength of MPC mortar with 1.6% hybrid fibres and
1.6% PP fibres, respectively, after curing for 7 days.
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fibre-reinforced MPC mortar improved greatly from 32.2
to 46.1 MPa when the fraction of MSF increased from
0 to 1.6%. Similar results were also reported in previous
studies that due to its high stiffness and excellent bonding
with cement, MSF could significantly promote the elastic
modulus of the cementitious composites before matrix
cracking, leading to a high compressive strength (Feng
et al,, 2018b). However, it is noticed that this increase of
MSEF fraction does not lead to a continuous enhancement
of the compressive strength. For example, an increase of
MSF fraction from 0.4 (PS4) to 0.8% (PS8) resulted in a
slight 0.6% reduction of the compressive strength. This
slight reduction is likely to be caused by the interweav-
ing between PP fibres and MSF inducing uneven fibre
distribution (Atea, 2019), which was overcome by a con-
tinuing replacement of PP fibres with MSF. Similarly, for
the HFRMC with a fixed fraction of PP fibres, as shown
in Fig. 6c, a small addition of MSF from 0 to 0.4% has a
limited influence on the compressive strength with a
fluctuation of 1.2% during 7 days of curing. This can also
be attributed to the fact that the increase caused by the
addition of MSF was offset by the interweaving between
MSF and PP fibres. Therefore, with the addition of MSF,
the compressive strength of magnesium phosphate
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cement-based composites shows an overall upward trend,
but the overall increase is relatively limited due to the
interweave between PP fibres and MSF. It is also worth
noting that in comparison between the hybrid systems
with fixed total fibres fraction and with fixed PP fibres
fraction, for example, PS8 and fPS4, despite a lower total
fibres fraction in PS8, its compressive strength is about
8.6% higher than that of fPS4. This can be attributed to
the higher amount of MSF in PS8, which can more effec-
tively improve the mechanical properties of cementitious
composites than PP fibres (Li et al., 2017a).

3.3 Effects of Hybrid Fibres on Flexural Properties

Apart from compressive strength, more importantly, the
flexural behaviour of hybrid fibre-reinforced MPC mortar
were investigated by conducting the four-points bend-
ing tests. Three specimens were tested for each batch of
mixed design, the load—mid-span deflection curves of
each test were shown in the Additional file 1. Similar to
the compressive strength, the flexural strength of MPC
mortar also grows with the curing age. As indicated in
Fig. 7a, b, the increase of curing age from 1 to 7 days
leads to a significant improvement of the ultimate flex-
ural strength (from 5.4 to 7.9 MPa) of PS8. However, on
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Fig. 7 Load-mid-span deflection curves of a PS8 and b fPS4 at different curing ages. Flexural strength for MPC mortar with b PS8 and ¢ fPS4.
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the other hand, 34.6% of the maximum mid-span deflec-
tion reduces as the curing age grows from 1 to 7 days.
This is because with a low fibre fraction, the flexural
behaviour of fibre-reinforced composites is mainly gov-
erned by the MPC matrix (Pacheco-Torgal & Jalali, 2011).
As MPC mortar hydration proceeds, hydrated product
crystal nuclei grow and are interconnected, gradually
forming a crystalline structure network (Lai et al., 2014).
This crystalline structure network increases the strength
of the MPC matrix on the one hand while reducing its
toughness (Yao et al., 2020). Consequently, an increase of
strength and reduction of maximum mid-span of MPC
composites were observed simultaneously as the curing
age grows for 1-7 days.

However, with the incorporation of more PP fibres
(fPS4: 1.6% PP + 0.4% MSF), the flexural properties, espe-
cially the post-crack behaviour of HFRMC, is mainly
dominated by the interfaces between fibres and matrix
(Uskokovic et al., 1999). As interfacial bonding between
fibre and MPC mortar developed rapidly at early cur-
ing age (1-7 days) (Li et al,, 2016), consequently, shown
in Fig. 7c, d, the maximum mid-span deflection of fP-S4
extends remarkably for about 170.1%, and ultimate flex-
ural strength increases about 64.3%. However, since the
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interfacial bonding between fibres and MPC mortar has
been well-developed after 7 days’ curing, longer cur-
ing age from 7 to 28 days has little improvement in both
the ultimate flexural strength and maximum mid-span
deflection.

Fig. 8a, b shows the hybrid effect of PP fibres and
MSF on the flexural properties of HFRMC. The ulti-
mate flexural strength increases from 6.81 to 10.8 MPa
with the increase of MSF fraction from 0 to 1.6%, while
the maximum mid-span deflection decreases from 9.2
to 6.2 mm. This increase in ultimate flexural strength
and decrease in maximum mid-span is also attributed
to the conflicts between strength and toughness of the
cementitious composites that contain a low fraction of
fibres (Yao et al., 2020). Besides, it is also interesting to
find that comparing PSO-PS4, a slight increase of MSF
content leads to a slight decrease of ultimate flexural
strength from 6.8 to 6.5 MPa. Previous studies (Fantilli
et al., 2018) also reported that the incorporation of multi-
ple types of fibres in cementitious composites can induce
the interweaving among fibres, which is likely to lead to
an uneven fibre distribution. Consequently, this uneven
fibres distribution is believed to result in a reduction of
flexural strength (Banthia & Gupta, 2004). However, with
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the continuing increase of the fraction of MSF from PS4
to PS16, cracking strength and ultimate strength increase
about 28.4 and 77.9%, respectively. This is because the
MSF has strong mechanical properties (e.g., elastic mod-
ulus of 210 GPa) (Igbal et al., 2015) and excellent inter-
facial bonding with cement matrix (Ranjbar et al., 2016),
increasing the content of MSF can effectively enhance the
flexural strength of MPC mortar. Similar effects of MSF
was also reported in previous studies (Shin et al., 2014).

To further explore the hybrid effects of these two
fibres on MPC composites, flexural tests on other mix
designs were conducted by fixing the fraction of PP fibres
to be 1.6% and gradually changing the fraction of MSF.
Although the addition of MSF is expected to improve
the mechanical performance of MPC mortar due to its
high mechanical properties and excellent bonding with
cement, this improvement caused by a small addition of
MSE (less than 0.6%) can be comprised by the lower rein-
forcing efficiency and air voids induced by the uneven
fibre distribution (Igbal et al., 2015). Consequently, as
demonstrated in Fig. 8d, the small addition of MSF from
0 to 0.6% has limited effects on both ultimate flexural
strength and cracking strength with fluctuations of 5.6
and 5.7%, respectively, which shows a similar trend with
the compressive strength of fPS samples as mentioned
before.

As shown in Table 4, in terms of PS8, I, and I,
increased significantly about 26.6 and 25.0%, respectively,
after 7 days of curing. However, further curing from 7
to 28 days only slightly improved 1.8% of I}, and 9.2%
of I,,. This is mainly attributed to the rapid hydration of
MPC mortar leading to well-developed interfacial bond-
ing between fibre and matrix at an early stage (Nuaklong
et al., 2020).

Investigation of the hybrid effect of PP fibres and
MSF on the toughness of MPC mortar were conducted
by calculating I, and I,, for different mixed designs of
MPC, as listed in Table 5. With little addition of MSF
(PS4), the value of I1p and Ig reduced slightly about 3.2
and 4.6%. However, a further increase of the proportion
of MSF (PS16) remarkably improved the toughness of
MPC mortar with 44.9% of I,, and 19.1% of I,,, suggest-
ing that MSF showed better reinforcing effects than PP
fibres (Feng et al., 2020). This enhancement can be attrib-
uted to the reduced PP fibres agglomeration due to the
decrease in the fraction of PP fibres. Besides, previous
studies (Wongprachum et al.,, 2018) also demonstrated
that in comparison with steel fibres, PP fibres has a low
elastic modulus and relatively weak interfacial bonding
with cementitious matrix, which also explained the rea-
son why replacing PP fibres with MSF can enhance the
mechanical performance of HFRMC. On the other hand,
as for the batch of MPC mortar with a fixed fraction of PP
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fibres, a slight increase of MSF with 0.2% (fPS2) resulted
in a 12.3% and 20.3% reduction of I1p and Iy, respec-
tively. This slight reduction is likely to be attributed to the
uneven distribution of fibres when incorporating mul-
tiple fibres in the cementitious composites (Yang et al.,
2020), which could harm the toughness. However, this
slight reduction in toughness was overcome by the addi-
tion of more MSF. In comparison with fPS0, the addition
of 0.6% of MSF (fPS6) significantly improved 27.4% of I1o
and 120.

3.4 Microstructure Analysis
Fig. 9a shows the microstructure at the interface between
PP fibres and MPC mortar. Large voids are noticed at
this interface, indicating a weak adhesion between PP
fibres and the MPC matrix (Lawler et al., 2003). This is
because the surface of PP fibres is smooth and hydropho-
bic, MPC hydration products can hardly grow on fibre
surface to form strong chemical bonds (Li et al., 2010).
Consequently, shown in Fig. 9c, PP fibres are pulled out
easily when subjected to external force, leaving a smooth
hole on the MPC matrix. Furthermore, several large
voids and cracks on MPC mortar were noticed near the
interface between PP fibres and the matrix, which further
confirmed the relatively weak interactions of PP fibres
with MPC mortar (Feng et al., 2022). On the contrary,
as shown in Fig. 9b, MSF and MPC matrix were densely
bonded with MPC hydration particles growing on the
fibre surface, suggesting a strong interface between
MSF and MPC matrix. As result, a large external force
is required to break this strong interface between MSF
and MPC mortar, which lead to a rough hole on the MPC
matrix after MSF pull-out, as shown in Fig. 9d. There-
fore, in comparison with PP fibres, MSF shows a much
higher reinforcing efficiency due to its strong interface
with MPC mortar (Chanh 2004). This also explained the
reason why the addition of MSF can significantly improve
the post-cracking behaviour of hybrid fibre-reinforced
MPC mortar as observed in our four-point bending tests.
To further investigate the hybrid effect of PP fibres and
MSF on MPC mortar, the microstructure of the hybrid
fibre-reinforced MPC mortar (0.8% PP and 0.8% of MSF)
was investigated. As shown in Fig. 10a, PP fibres were
densely distributed around MSE, suggesting the entan-
glement of these two types of fibres. Since the distribu-
tion of MSF in MPC mortar is relatively uniform (Maha
et al., 2019), the entanglement of PP fibres with MSF can
impede concentrated fibre agglomeration at the local
area (Li et al.,, 2018). Furthermore, this entanglement will
also enhance the snubbing effect of PP fibres during fibre
pull out (Zhong & Zhang, 2020), increasing the bridging
stress at the crack surface and consequently improving
the mechanical properties of HFRMC.
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4 Conclusions

To understand the hybrid effect of PP fibres and MSF
in magnesium phosphate cementitious composites,
experiments were conducted to investigate the consist-
ency, mechanical properties and the microstructure of
HFRMC with the various proportion of PP fibres and
MSE. Our slump flow tests indicated that the increase of
the proportion of 1.2% PP fibres lead to an 8.1% decrease
in the slump flow of HFRMC. Such decrease is mainly
attributed to the hydrophobic surface of PP fibres result-
ing in a fibres agglomeration. Besides, results from the
slump flow tests of the samples with a fixed fraction of
PP fibres demonstrated that the interweave between
MSF and PP fibres had a negative impact on the consist-
ency, leading to a 5.4% reduction of the slump flow with
a slight addition of 0.6% MSE. To further understand the
hybrid effects of MSF and PP fibres on the performance
of HFRMC, compressive strength and flexural strength
were also tested. Results showed replacing 1.6% of PP
fibres with MSF in HFRMC can significantly improve
compressive strength and flexural strength for about 43.2
and 67.7%, respectively, indicating the reinforcing effects

of MSF is better than that of PP fibres in MPC mortar.
Furthermore, mechanical tests of the HFRMC with fixed
content of PP fibres showed that a slight addition of MSF
(less than 0.4%) can barely enhance the mechanical prop-
erties of HFRMC. This can be attributed to the fact that
the enhancement caused by the MSF was offset by the
interweave between MSF and PP fibres.

To provide an insight into the mechanism of the
hybrid effects of MSF and PP fibres in MPC mortar,
microstructure analysis of HFRMC was conducted
using SEM. The SEM images confirmed that the hybrid
effect of PP fibres and MSF is caused by interweaving
between MSF and PP fibres, leading to a dense dis-
tribution of PP fibres around MSFE. It is believed that
although the fibre entanglement has a negative effect
on mechanical properties with a small addition of MSF,
a further increase of MSF fraction can prevent the
large-scale agglomeration of PP fibres in local areas.
Furthermore, this fibre entanglement can also enhance
the snubbing effects of PP fibres, which consequently
enhances the post-crack performance of HFRMC with
an up to 27.7 and 19.6% increase of I1p and Ig. With a
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Fig. 10 a Mixed distribution of PP fibres and MSF, surface morphology. b PP fibres pull-c MSF after pulled out from MPC matrix.

deep understanding of the hybrid effect in HFRMC, the
findings in this study can help guide the design of high-
performance fibre-reinforced MPC mortar.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540069-022-00528-6.

Additional file 1: Figure S1. Load-mid-span deflection curves of PS8
with the curing age of a 1 day, b 7 days and c 28 days. Figure S2. Load—
mid-span deflection curves of fPS4 with the curing age of a 1 day, b

7 days and c 28 days. Figure S3. Load-mid span deflection curve for MPC
mortar with 1.6% hybrid fibres in total (PS). Figure S4. Load-mid span
deflection curve for MPC mortar with fixed 1.6% PP fibres, respectively.

Acknowledgements
The authors wish to acknowledge the National Natural Science Foundation of
China (Grant No. 52178258).

Author contributions

QS and LL were responsible for data collection, analysis and interpretation.
HF, XY and CY helped perform the analysis with constructive discussions. All
authors read and approved the final manuscript.

Authors’information

Hu Feng, Associate Professor, School of Civil Engineering, Zhengzhou Univer-
sity, Henan, 450001, China.

Qi Shao, Student, School of Civil Engineering, Zhengzhou University, Henan,
450001, China.

Xupei Yao, Postdoctoral Researcher, Department of Civil Engineering, Monash
University, Clayton 3068, Australia.

Lulu Li, Lecturer, Department of Construction Engineering, Jiyuan Vocational
and Technical College, Henan, 454650, China.

Chengfang Yuan, Senior Engineer, School of Civil Engineering, Zhengzhou
University, Henan, 450001, China.

Funding
The National Natural Science Foundation of China (Grant No. 52178258). The
authors declare that they have no conflict of interest.

Availability of data and materials
The data sets used and analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Civil Engineering, Zhengzhou University, Henan 450001, China.
’Department of Civil Engineering, Monash University, Clayton 3068, Australia.
*Department of Construction Engineering, Jiyuan Vocational and Technical
College, Henan 454650, China.

Received: 20 January 2022 Accepted: 10 April 2022
Published online: 12 July 2022



https://doi.org/10.1186/s40069-022-00528-6
https://doi.org/10.1186/s40069-022-00528-6

Feng et al. Int J Concr Struct Mater (2022) 16:35

References

Arora, A, Singh, B., & Kaur, P. (2019). Novel material ie magnesium phosphate
cement (MPC) as repairing material in roads and buildings. Materials
Today: Proceedings. https://doi.org/10.1016/j.matpr.2019.06.402

Atea, R. S. (2019). A case study on concrete column strength improvement
with different steel fibers and polypropylene fibers. Journal of Materials
Research and Technology, 6, 6106-6114.

Banthia, N., & Gupta, R. (2004). Hybrid fiber reinforced concrete (HyFRC): Fiber
synergy in high strength matrices. Materials and Structures, 10, 707-716.

Banthia, N., Majdzadeh, F, Wu, J, & Bindiganavile, V. (2014). Fiber synergy in
hybrid fiber reinforced concrete (HyFRC) in flexure and direct shear.
Cement & Concrete Composites. https://doi.org/10.1016/j.cemconcomp.
2013.10.018

Banthia, N., & Sappakittipakorn, M. (2007). Toughness enhancement in steel
fiber reinforced concrete through fiber hybridization. Cement & Concrete
Research, 9, 1366-1372.

Cao, Y, Tian, N,, Bahr, D,, Zavattieri, P. D., Youngblood, J,, Moon, R. J,, & Weiss, J.
(2016). The influence of cellulose nanocrystals on the microstructure of
cement paste. Cement & Concrete Composites. https://doi.org/10.1016/j.
cemconcomp.2016.09.008

Chang, Y, Shi, C, Yang, N., & Yang, J. (2014). Research progresses on durability
of magnesium phosphate cement based materials. Journal of the Chinese
Ceramic Society., 4, 486-493.

Chen, Y, & Qiao, P. (2011). Crack growth resistance of hybrid fiber-reinforced
cement matrix composites. Journal of Aerospace Engineering, 2, 154-161.

Chen, Y, Wu, C, Chen, C, & Chen, F. (2018). Effect of using magnesium phos-
phate cement on the strengthening of concrete bonded with different
fiber cloths. IOP Conference Series Earth and Environmental Science. https://
doi.org/10.1088/1755-1315/186/2/012065

Committee, A. (1997). ASTM C1018 Standard test method for flexural toughness
and first-crack strength of fiber reinforced concrete (using beam with third-
point loading). American Society of Testing Materials.

de Figueiredo, A. D., & Ceccato, M. R. (2015). Workability analysis of steel fiber
reinforced concrete using slump and Ve-Be test. Materials Research.
https://doi.org/10.1590/1516-1439.022915

Dong, J. K, Park, S. H,, Ryu, G. S, & Koh, K. T. (2011). Comparative flexural
behavior of hybrid ultra high performance fiber reinforced concrete with
different macro fibers. Construction & Building Materials, 11, 4144-4155.

Eaha, A, Bhab, A, Imha, A, & Hma, B. (2020). Experimental investigation on
mechanical properties of plain and rubberised concretes with steel-
polypropylene hybrid fibre. Construction and Building Materials. https://
doi.org/10.1016/j.conbuildmat.2019.117194

Fantilli, A. P, Kwon, S., Mihashi, H., & Nishiwaki, T. (2018). Synergy assessment
in hybrid ultra-high performance fiber-reinforced concrete (UHP-FRC).
Cement & Concrete Composites. https://doi.org/10.1016/j.cemconcomp.
2017.10.012

Feng, H., Li, L, Wang, W, Cheng, Z, & Gao, D. (2022). Mechanical properties of
high ductility hybrid fibres reinforced magnesium phosphate cement-
based composites. Composite Structures. https://doi.org/10.1016/j.comps
truct.2022.115219

Feng, H., Neaz, S. M, Hadi, M., Feng, L, Gao, D., & Zhao, J. (2018a). Interface
bond performance of steel fibre embedded in magnesium phosphate
cementitious composite. Construction and Building Materials. https://doi.
0rg/10.1016/j.conbuildmat.2018.07.107

Feng, H., Sheikh, M. N., Hadi, M. N., Gao, D., & Zhao, J. (2018b). Mechanical prop-
erties of micro-steel fibre reinforced magnesium potassium phosphate
cement composite. Construction and Building Materials. https://doi.org/
10.1016/j.conbuildmat.2018.07.037

Feng, H. Shen, S, Pang, Y, Gao, D,, & Sheikh, M. N. (2020). Mechanical proper-
ties of fiber and nano-Al,Oj reinforced magnesium phosphate cement
composite. Construction and Building Materials. https://doi.org/10.1016/].
conbuildmat.2020.121861

Ghadikolaee, M. R, & Korayem, A. H. (2020). Simultaneous effects of nano-silica
and basalt fiber on mechanical properties and durability of cementitious
mortar: An experimental study. Canadian Journal of Civil Engineering.
https://doi.org/10.1139/cjce-2020-0129

Haque, M. A, & Chen, B. (2019). Research progresses on magnesium phos-
phate cement: A review. Construction and Building Materials. https://doi.
0rg/10.1016/j.conbuildmat.2019.03.304

Hu, F A, LL A, Yp, A, Zw, A, Dga, B, & Zhe, Z. A. (2020a). Experimental study
on the effects of the fiber and nano-Fe,O5 on the properties of the

Page 12 of 13

magnesium potassium phosphate cement composites. Journal of Materi-
als Research and Technology, 6, 14307-14320.

Hu, FE A, LL A, Yp, A, Zw, A, Dga, B, & Zhe, Z. A. (2020). Experimental study on
the effects of the fiber and nano-Fe,O; on the properties of the mag-
nesium potassium phosphate cement composites. Journal of Materials
Research and Technology., 6, 14307-14320.

Igbal, S., Ali, A, Holschemacher, K., & Bier, TA. (2015). Effect of change in micro
steel fiber content on properties of High strength Steel fiber reinforced
Lightweight Self- Compacting Concrete. Civil Engineering, 122, 88-94.

Jean, P, & Jean and A,. (1998). Fiber-reinforced magnesia-phosphate cement
composites for rapid repair. Cement & Concrete Composites. https://doi.
0rg/10.1016/50958-9465(97)00067-X

Jian-ming, Y, Chun-xiang, Q, Yong, X. U. N,, Yue, Z,, & Xiao-bo, Y. A. N. (2009).
Mechanical performance of glass fiber reinforced magnesia-phosphate
cements in accelerated aging. Journal of Building Materials, 5, 590-594.

Jin, B, Chen, L., & Chen, B. (2020). Factors assessment of a repair material for
brick masonry loaded cracks using magnesium phosphate cement. Con-
struction and Building Materials. https://doi.org/10.1016/j.conbuildmat.
2020.119098

Kang, J,, & Bolander, J. E. (2016). Multiscale modeling of strain-hardening
cementitious composites. Mechanics Research Communications. https://
doi.org/10.1016/j.mechrescom.2015.08.004

Khamees, S. S, Kadhum, M. M., & Nameer, A. A. (2020). Effects of steel fibers
geometry on the mechanical properties of SIFCON concrete. Civil Engi-
neering Journal, 1, 21-33.

Lai, Z.Y, Zou, Q. L, Ly, Z.Y, &Li, Q. (2014). Quantitative analysis of hydration
products in magnesium phosphate cement with rietveld whole pattern
fitting. Jiliang Xuebao/acta Metrologica Sinica, 4, 398-402.

Lawler, J. S, Wilhelm, T, Zampini, D., & Shah, S. P. J. M. (2003). Fracture processes
of hybrid fiber-reinforced mortar. Materials and Structures, 257, 197-208.

Li, B, Yin, C, Xu, L, Shi, Y, &Li, C. (2018). Experimental investigation on the
flexural behavior of steel-polypropylene hybrid fiber reinforced concrete.
Construction and Building Materials. https://doi.org/10.1016/j.conbu
ildmat.2018.09.202

Li, G. Z, Ning, C, Yuan, H.Y,, & Chen, J. J. (2010). Effect of modified polypropyl-
ene fiber on mechanical properties of cement mortar. Materials. https://
doi.org/10.3390/ma14133690

Li, J, Niu, J, Wan, C, Liu, X, & Jin, Z. (2017). Comparison of flexural property
between high performance polypropylene fiber reinforced lightweight
aggregate concrete and steel fiber reinforced lightweight aggregate
concrete. Construction and Building Materials. https://doi.org/10.1016/j.
conbuildmat.2017.09.149

Li, Y, Bai, W, & Shi, T. (2017). A study of the bonding performance of magne-
sium phosphate cement on mortar and concrete. Construction and Build-
ing Materials. https://doi.org/10.1016/j.conbuildmat.2017.03.090

Li, Z, Pei, H., & Yang, Q. (2016). Early-age performance investigations of mag-
nesium phosphate cement by using fiber Bragg grating. Construction &
Building Materials. https://doi.org/10.1016/j.conbuildmat.2016.05.089

Liu, R.Q, Ding, Q. C, &Tian, B. H. (2014). Study on Preparation and Mechani-
cal Properties of Magnesium Phosphate Cement. Advanced Materials
Research. https://doi.org/10.4028/www.scientific.net/AMR.1049-1050.416

Ma, C, & Chen, B. (2016). Properties of magnesium phosphate cement con-
taining redispersible polymer powder. Construction and Building Materials.
https://doi.org/10.1016/j.conbuildmat.2016.03.053

Ma, C, Chen, G, Jiang, Z, Zhou, H,, Yao, H., Zhou, R, & Ren, W. (2021). Rheologi-
cal properties of magnesium phosphate cement with different M/P
ratios. Construction and Building Materials. https://doi.org/10.1016/j.conbu
ildmat.2021.122657

Maha, B, Bing, C, Mra, A, & Sfas, A. (2019). Evaluating the physical and strength
properties of fibre reinforced magnesium phosphate cement mortar
considering mass loss. Construction and Building Materials. https://doi.org/
10.1016/j.conbuildmat.2019.05.081

Naaman, A. E, Reinhardt, H.W. J. E, & Spon, F. (1996). Characterization of high
performance fiber reinforced cement composites. CRC Press.

Nuaklong, P, Chittanurak, J, Jongvivatsakul, P, Pansuk, V., Lenwari, A., & Likitler-
suang, S. (2020). Effect of hybrid polypropylene-steel fibres on strength
characteristics of UHPFRC. Advances in Concrete Construction, 1, 1-11.

Onuaguluchi, O, Panesar, D. K., & Sain, M. (2014). Properties of nanofibre rein-
forced cement composites. Construction & Building Materials. https://doi.
0rg/10.1016/j.conbuildmat.2014.04.072


https://doi.org/10.1016/j.matpr.2019.06.402
https://doi.org/10.1016/j.cemconcomp.2013.10.018
https://doi.org/10.1016/j.cemconcomp.2013.10.018
https://doi.org/10.1016/j.cemconcomp.2016.09.008
https://doi.org/10.1016/j.cemconcomp.2016.09.008
https://doi.org/10.1088/1755-1315/186/2/012065
https://doi.org/10.1088/1755-1315/186/2/012065
https://doi.org/10.1590/1516-1439.022915
https://doi.org/10.1016/j.conbuildmat.2019.117194
https://doi.org/10.1016/j.conbuildmat.2019.117194
https://doi.org/10.1016/j.cemconcomp.2017.10.012
https://doi.org/10.1016/j.cemconcomp.2017.10.012
https://doi.org/10.1016/j.compstruct.2022.115219
https://doi.org/10.1016/j.compstruct.2022.115219
https://doi.org/10.1016/j.conbuildmat.2018.07.107
https://doi.org/10.1016/j.conbuildmat.2018.07.107
https://doi.org/10.1016/j.conbuildmat.2018.07.037
https://doi.org/10.1016/j.conbuildmat.2018.07.037
https://doi.org/10.1016/j.conbuildmat.2020.121861
https://doi.org/10.1016/j.conbuildmat.2020.121861
https://doi.org/10.1139/cjce-2020-0129
https://doi.org/10.1016/j.conbuildmat.2019.03.304
https://doi.org/10.1016/j.conbuildmat.2019.03.304
https://doi.org/10.1016/S0958-9465(97)00067-X
https://doi.org/10.1016/S0958-9465(97)00067-X
https://doi.org/10.1016/j.conbuildmat.2020.119098
https://doi.org/10.1016/j.conbuildmat.2020.119098
https://doi.org/10.1016/j.mechrescom.2015.08.004
https://doi.org/10.1016/j.mechrescom.2015.08.004
https://doi.org/10.1016/j.conbuildmat.2018.09.202
https://doi.org/10.1016/j.conbuildmat.2018.09.202
https://doi.org/10.3390/ma14133690
https://doi.org/10.3390/ma14133690
https://doi.org/10.1016/j.conbuildmat.2017.09.149
https://doi.org/10.1016/j.conbuildmat.2017.09.149
https://doi.org/10.1016/j.conbuildmat.2017.03.090
https://doi.org/10.1016/j.conbuildmat.2016.05.089
https://doi.org/10.4028/www.scientific.net/AMR.1049-1050.416
https://doi.org/10.1016/j.conbuildmat.2016.03.053
https://doi.org/10.1016/j.conbuildmat.2021.122657
https://doi.org/10.1016/j.conbuildmat.2021.122657
https://doi.org/10.1016/j.conbuildmat.2019.05.081
https://doi.org/10.1016/j.conbuildmat.2019.05.081
https://doi.org/10.1016/j.conbuildmat.2014.04.072
https://doi.org/10.1016/j.conbuildmat.2014.04.072

Feng et al. Int J Concr Struct Mater (2022) 16:35

Pacheco-Torgal, F, & Jalali, S. (2011). Cementitious building materials reinforced
with vegetable fibres: A review. Construction and Building Materials, 2,
575-581.

Qian, C. X, & Stroeven, P. (2000). Development of hybrid polypropylene-steel
fibre-reinforced concrete. Cement & Concrete Research, 1, 63-69.

Ranjbar, N, Mehrali, M., Mehrali, M., Alengaram, U. J,, & Jumaat, M. Z. (2016).
High tensile strength fly ash based geopolymer composite using copper
coated micro steel fiber. Construction and Building Materials. https://doi.
0rg/10.1016/j.conbuildmat.2016.02.228

Sarangi, S., & Sinha, A. K. (2006). Mechanical properties of hybrid fiber rein-
forced concrete. Indian Journal of Science and Technology, 30, 1.

Shaikh, F. (2013). Deflection hardening behaviour of short fibre reinforced fly
ash based geopolymer composites. Materials & Design. https://doi.org/10.
1016/j.matdes.2013.03.063

Shin, H. O, Yang, J. M., &Yoon, Y. S. (2014). Material and bond properties of
ultra high performance fiber reinforced concrete with micro steel fibers.
Composites Part B: Engineering. https://doi.org/10.1016/j.compositesb.
2013.10.081

Soudée, E,, & Péra, J. (2000). Mechanism of setting reaction in magnesia-phos-
phate cements. Cement and Concrete Research. https://doi.org/10.1016/
S0008-8846(99)00254-9

Uskokovic, P. S., Miljkovic, M., Krivokuca, M., Puticl, S. S., & Aleksici, R. (1999).

An intensity based optical fibre sensor for flexural damage detection in
woven composites. Advanced Composites Letters, 2, 55-58.

Van Chanh N. (2004). Steel fiber reinforced concrete. Seminar
Material, 108-116.

Wang, S, Le, H,, Poh, L. H., Quek, S. T, & Zhang, M. H. (2017). Effect of high strain
rate on compressive behavior of strain-hardening cement composite in
comparison to that of ordinary fiber-reinforced concrete. Construction
and Building Materials. https://doi.org/10.1016/j.conbuildmat.2016.12.183

Wongprachum, W.,, Sappakittipakorn, M., Sukontasukkul, P, Chindaprasirt, P, &
Banthia, N. (2018). Resistance to sulfate attack and underwater abrasion
of fiber reinforced cement mortar. Construction and Building Materials.
https://doi.org/10.1016/j.conbuildmat.2018.09.043

Wu, J, Lai, Z, Deng, Q, &Liu, M. (2021). Effects of various curing conditions on
volume stability of magnesium phosphate cement. Advances in Materials
Science and Engineering. https://doi.org/10.1155/2021/6652363

Yang, QB. (2014). Durability and applications of magnesium phosphate mate-
rial for rapid repair of pavements. Advanced Materials Research, 857, 81-89.

Yang, B, Tang, X, Kang, X,, Fu-Zhen, X, Yanxun, X, & He, L. (2018). Temperature
effect on graphene-filled interface between glass-carbon hybrid fibers
and epoxy resin characterized by fiber-bundle pull-out test. Journal of
Applied Polymer Science. https://doi.org/10.1002/app.46263

Yang, Y, Zhou, Q, Deng, Y., & Lin, J. (2020). Reinforcement effects of multi-
scale hybrid fiber on flexural and fracture behaviors of ultra-low-weight
foamed cement-based composites. Cement and Concrete Composites.
https://doi.org/10.1016/j.cemconcomp.2019.103509

Yao, X, Shamsaei, E,, Wang, W, Zhang, S., & Duan, W. (2020). Graphene-based
modification on the interface in fibre reinforced cementitious composites
for improving both strength and toughness. Carbon. https://doi.org/10.
1016/j.carbon.2020.08.051

Zebarjad, S. M., Bagheri, R, Reihani, S. M. S., & Forunchi, M. (2003). Investiga-
tion of deformation mechanism in polypropylene/glass fiber composite.
Journal of Applied Polymer Science, 13,2171-2176.

Zhong, H., & Zhang, M. (2020). Experimental study on engineering properties
of concrete reinforced with hybrid recycled tyre steel and polypropylene
fibres. Journal of Cleaner Production. https://doi.org/10.1016/j.jclepro.2020.
120914

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.conbuildmat.2016.02.228
https://doi.org/10.1016/j.conbuildmat.2016.02.228
https://doi.org/10.1016/j.matdes.2013.03.063
https://doi.org/10.1016/j.matdes.2013.03.063
https://doi.org/10.1016/j.compositesb.2013.10.081
https://doi.org/10.1016/j.compositesb.2013.10.081
https://doi.org/10.1016/S0008-8846(99)00254-9
https://doi.org/10.1016/S0008-8846(99)00254-9
https://doi.org/10.1016/j.conbuildmat.2016.12.183
https://doi.org/10.1016/j.conbuildmat.2018.09.043
https://doi.org/10.1155/2021/6652363
https://doi.org/10.1002/app.46263
https://doi.org/10.1016/j.cemconcomp.2019.103509
https://doi.org/10.1016/j.carbon.2020.08.051
https://doi.org/10.1016/j.carbon.2020.08.051
https://doi.org/10.1016/j.jclepro.2020.120914
https://doi.org/10.1016/j.jclepro.2020.120914

	Investigating the Hybrid Effect of Micro-steel Fibres and Polypropylene Fibre-Reinforced Magnesium Phosphate Cement Mortar
	Abstract 
	1 Introduction
	2 Experiments
	2.1 Materials
	2.2 Preparation of Fibre-Reinforced MPC Mortar
	2.3 Measurement of the Consistency of MPC Mortar
	2.4 Measurement of the Mechanical Properties of Fibre-Reinforced MPC Mortar

	3 Results and Discussion
	3.1 Influence of Hybrid Fibres on the Consistency of MPC Mortar
	3.2 Effects of Hybrid Fibres on Compressive Strength
	3.3 Effects of Hybrid Fibres on Flexural Properties
	3.4 Microstructure Analysis

	4 Conclusions
	Acknowledgements
	References




