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Magnesium phosphate cement (MPC), as a new type of inorganic cementitious material,
has the advantages of fast curing speed and high early strength. However, MPC still
exhibits poor toughness similar to other cementitious materials. Coconut fiber (CF), a
renewable plant fiber, was found to have the potential to improve the toughness of MPC in
our previous research. As a result, further research should be completed to investigate the
mechanical behaviors of MPC mixed with CF. This paper focused on the effect of CF
volume dosage on MPC’s flexural performances. Flexural strength, load-deflection (L-D)
relationship, fractural patterns, and flexural toughness were obtained by carrying out a
three-point bending test. The results showed that flexural strength first increased and then
decreased with increasing CF dosage, and the optimal CF dosage for flexural strength was
3%. Besides, it could be observed from the L-D relationship that the toughness increased
continuously with increasing CF dosage. Additionally, the technique of scanning electron
microscopy (SEM) was employed to analyze the microstructure of MPC mixed with
different CF dosages.

Keywords: magnesium phosphate cement, coconut fiber, three-point bending, flexural performances, scanning
electron microscope

1 INTRODUCTION

Magnesium phosphate cement (MPC), also known as a chemical binding ceramic (Roy, 1987; Li
et al., 2017), is a new type of inorganic cementitious material, which consists of alkali phosphate salt,
dead burnt magnesium oxide, and admixtures. Due to advantages of high early strength, fast setting
time, large bond strength, and good durability (Sarkar, 1991; Seehra et al., 1993; Abdelrazig et al.,
1988; Yang et al., 2000; Deng, 2003; Ding and Li, 2005; Fan and Chen, 2014), MPC is widely applied
in the rapid repair works of deficient concrete structures, for example, roads, bridges, airport
runways, and military projects (Jiang and Zhang, 2001; Qiao et al., 2010; Deng et al., 2011; Ding et al.,
2014). However, MPC still has drawbacks including poor toughness and easy cracking, just like other
typical cementitious materials. This is because the ionic bonds and covalent bonds in MPC have
strong directionality, which are hard to distort and misplace. The energy is hard to release through
the misalignment of atoms or ions under loading, which lead to the prominent brittleness of MPC
(Sarkar, 1990). As a result, secondary damage to repaired concrete structures under short-term
repeated load easily occurs. Existing research has shown that the brittleness and toughness of MPC
can be improved by adding fibers. Ahmad and Chen (2018) found that basalt fibers could effectively
improve the flexural strength of MPC. Feng et al. (2018) found that micro steel fiber prompted the
failure modes of MPC to change from brittle failure to ductile failure, and improved its flexural
toughness. Fang et al. (2018) found that the flexural strength of MPC first increased and then

Edited by:
Xiangming Zhou,

Brunel University London,
United Kingdom

Reviewed by:
Guoxing Sun,

University of Macau, China
Prakash Gope,

G. B. Pant University of Agriculture and
Technology, India

Gediminas Kastiukas,
Brunel University London,

United Kingdom

*Correspondence:
Liwen Zhang

lwzhang@gzhu.edu.cn

Specialty section:
This article was submitted to

Structural Materials,
a section of the journal
Frontiers in Materials

Received: 30 April 2020
Accepted: 04 January 2021

Published: 08 February 2021

Citation:
Jiang Z, Zhang L, Zhang J, Sun Z and

Li J (2021) Effect of Coconut Fiber
Dosage on Flexural Performances of

Magnesium Phosphate Cement.
Front. Mater. 8:557355.

doi: 10.3389/fmats.2021.557355

Frontiers in Materials | www.frontiersin.org February 2021 | Volume 8 | Article 5573551

ORIGINAL RESEARCH
published: 08 February 2021

doi: 10.3389/fmats.2021.557355

http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.557355&domain=pdf&date_stamp=2021-02-08
https://www.frontiersin.org/articles/10.3389/fmats.2021.557355/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.557355/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.557355/full
http://creativecommons.org/licenses/by/4.0/
mailto:lwzhang@gzhu.edu.cn
https://doi.org/10.3389/fmats.2021.557355
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles
https://www.frontiersin.org/journals/materials#
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.557355


decreased with increasing glass fiber dosage. When the volume
dosage of glass fiber increased to 2.5%, MPC had the maximum
flexural strength of 17.2 MPa. Additionally, the incorporation of
glass fiber could also effectively improve its flexural toughness.
Although the fibers mentioned above can improve the brittleness
and toughness of MPC, the larger energy consumption and
carbon emissions produced in their manufacturing process
pose new problems to environmental protection. As a result, it
is valuable to find renewable resources to improve the properties
of MPC.

Coconut fiber (CF), a green and sustainable natural plant fiber,
is obtained from waste coconut shells after a series of treatments.
Compared with those environmentally unfriendly fibers, coconut
fiber has the advantages of low cost, renewability, etc., and shows
high toughness and outstanding mechanical properties (Paul and
Thomas, 1997; Lecompte et al., 2015). Reis (2006) found that
coconut fiber-reinforced concrete (CFRC) had greater flexural
strength than other natural fiber-reinforced concrete. Thanushan
et al. (2019) demonstrated that CF could greatly improve the
residual strength, ductility, flexural toughness, and energy
absorption of concrete. The research of Islam et al. (2012)
showed that adding 0.5% CF could increase the flexural
strength of concrete by 60%. Besides the flexural strength,
ductility and toughness were also improved significantly when
CF was added. As a result, it is possible to overcome the
drawbacks (poor toughness and easy-cracking) of MPC by
adding CF. However, most existing studies focused on the
effect of CF on common concrete or other fibers on MPC.
Few studies were conducted aiming at the effects of CF on
MPC. Accordingly, a specific study is necessary for
understanding the mechanical properties of CF-MPC.

In this paper, a series of three-point bending tests were carried
out to investigate the effect of CF volume dosage on the flexural
performances of MPC including failure patterns, flexural
strength, secant stiffness, load-displacement relationship, and
flexural toughness. Additionally, the microstructures of MPC
were analyzed by scanning electron microscopy (SEM) in
order to explain the mechanism.

2 EXPERIMENTAL PROGRAMS

2.1 Material Properties
A mixture of basic MPC comprised of dead burned magnesium
oxide (MgO), potassium dihydrogen phosphate (KH2PO4), fly
ash (FA), borax (Na2B4O7·10H2O), and water according to the
following mix proportion: MgO-KH2PO4-FA mass ratio of 1:
0.68:0.25; water-binder (MgO + KH2PO4+ FA) ratio of 15:100;
and borax-MgO mass ratio of 10:100. Five MPC mixtures were
prepared with different CF volume dosages (Vf), which are
summarized in Table 1. Dead burned magnesia powder
(calcined at about 1,500°C for 6 h) was supplied by the
Zhengyang Casting Material Company of Xinmi, Henan,
China, with a specific surface area of 228 m2/kg, a density of
2,650 kg/m3, and an average particle size of 45 µm. The chemical
compositions of MgO are shown in Table 2. Fly ash conforming
to ASTM C618 came from the Hengnuo Co., Ltd. of Gongyi,

Henan, China, the chemical composition of which is shown in
Table 3. Industrial-grade potassium dihydrogen phosphate
(KH2PO4) and borax (Na2B4O7·10H2O), provided by the
Jianghua Chemical Glass Instrument Co., Ltd. of Nanjing,
Jiangsu, China, with a purity of 99.5% and particle size of
350 μm, were used in this paper. CF, produced in Sri Lanka,
was sourced from the Jiagaocheng Import and Export Trade Co.,
Ltd. of Shangrao, Jiangxi, China, with a diameter of 150–350 μm,
and density of 1,200 kg/m3. Table 4 provides a list of the physical
and mechanical properties. Before being mixed in a MPC binder
slurry, the CF was pre-treated with a series of processes as shown
in Figure 1. Firstly, the CF was soaked and washed three times to
remove its impurities. Secondly, the CF was separated and
straightened with a steel comb, and placed in a drying oven to
dry. Thirdly, the CF was boiled for 2 h, and then washed and dried
again. At last, the CF was standardized to a length of 20 ±
0.64 mm (mean ± SD) with a ruler and scissors.

2.2 Test Specimens
A three-point bending test was used to investigate the effect of CF
volume dosages (0%, 1%, 2%, 3%, 4%) on the failure patterns,
flexural strength, flexural secant stiffness, load-displacement, and
flexural toughness of MPC. Note that the length of the CF was
defined as 20 mm in reference to most studies about fiber and
cementitious material (Wang et al., 2006; Gao and Zhang, 2007).
A total of fifteen specimens divided into five sets were employed,
with a prism of 40 mm × 40 mm × 160 mm (Figure 2A). Each
specimen was marked according to the following sequence: test
method-CF volume dosage-curing age-serial number of the
specimens in its set. For example, FT-CFC1-T28–1
represented the first specimen of the set with a CF volume
fraction of 1% used to investigate the flexural performances at
a curing age of 28 days. Table 4 displays the detailed parameters
of specimens.

As shown in Figure 1, specimens were prepared according to
the following steps: firstly, MgO, KH2PO4, borax, and FA were
putted into a shaft mixer and stirred at 140 ± 5 r/min for 30 s.
Water was added into the mixture and stirred continuously at
140 ± 5 r/min for 30 s. Then, the CF was scattered uniformly into
the mixed MPC binder slurry and agitated at 285 ± 10 r/min for
60 s. Finally, the MPC binder slurry with the CF was poured into
molds within 3–4 min and the molds were vibrated for 60 s, to
ensure good dispersion of the CF throughout the matrix.
Specimens could be demolded after 1 h and cured in a room
at an approximate relative humidity (RH) of (45 ± 5) % under
(20 ± 3) °C. In order to observe cracking propagation in the test,
each specimen was polished before the test and painted white, as
shown in Figure 1.

2.3 Testing Methods
A three-point flexural test was conducted according to ASTM
C293/C293M-16 (2016) and ASTM C1609/C1609M-10 (2010)
using a universal testing machine (MTS-E45.305) with a capacity
of 300 kN, as shown in Figure 2A. Each specimen was placed on
two hinge supports with a span length of 100 mm, as presented in
Figure 2B. In order to obtain a comparatively whole curve of
load-displacement (L-D), the test was controlled by vertical
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displacement with a rate of 2.0 mm/min. Besides, when the
loading force declined to 10% of its peak value, the specimens
were considered as failed and the test was stopped (Pan et al.,
2012; He et al., 2020; Zhou et al., 2020). Load-displacement curves
in the midspan of specimens were recorded synchronously by
sensors in the load cell.

In this paper, the flexural strength of specimens was
determined according to ASTM C293/C293M-16 (2016), as
shown in Eq. 1:

fp � 3Ppl

2bd2 (1)

where fp is flexural strength (MPa); Pp is peak load (kN); b is
specimen width (mm); d is specimen height (mm); and l is
distance between the supports (mm). The secant stiffness of
L-D curves, shown in Figure 10B, was calculated using Eq. 2:

K � Pp

δp
(2)

where K is secant stiffness (kN/mm); Pp is peak load (kN), and δp
is displacement at peak load (mm).

In this paper, the energy absorption of the load-displacement
(L-D) curves was used to reflect the flexural toughness of CF-

MPC, which could be divided into two parts according to
ASTM C1609/C1609M-10 (2010) and Khan and Ali (2016).
As described in Figure 3, the area filled by red diagonals, i.e., the
area enclosed by the L-D curve in stage O-A was specified as
effective flexural energy absorption (EFE), which meant energy
absorption in the approximate elastic stage O-A; the area filled
by blue diagonals was defined as residual flexural energy
absorption (RFE), which represented energy absorption in
the softening stage A-E; and the sum of the two areas was
the total flexural energy absorption (FE) in the test, which
described the flexural toughness of specimens. Additionally, δp
was the displacement at peak load; δ150 was the displacement of
l/150, and l was distance between the supports.

3 RESULTS AND DISCUSSION

3.1 Failure Patterns
The specimen without coconut fiber, group F1 (Figure 4A),
showed an obvious brittle failure. After a short time of
loading, a crack occurred on the bottom of the specimen at
mid-span and developed rapidly upward to penetrate the whole
specimen. Then, the specimen was separated into two individual
parts with a clear breaking sound without obvious sign. The
specimen in group F1 had a relatively smooth fracture surface,
just as presented in Figure 5A.

When 1.0% CF was added to the specimen, i.e., group F2, the
specimen still showed brittle failure, and a crack still developed
quickly and displayed a zigzag shape (Figure 4B). However, the
width of the fissure atmid-spanwas smaller than that of the specimen
in group F1, this could be attributed to the CF located bilateral of
the matrix, which restrained the extending crack. Additionally, the
specimen did not break into two individual portions like the
specimen in group F1. A small amount of CF could be found in
the crack, which connected the two parts of the specimen.

As CF was added continuously, some initial signs of ductile
failure could be observed from the specimens. When the CF

TABLE 1 | Specimen parameters.

Group Specimen number MPC binder (mass ratio) B/M (%) W/BM (%) Volume fraction
(Vf, %)MgO KH2PO4 Fly ash

F1 FT-CFC0-T28–1 1.0 0.68 0.25 10 15 0.0
FT-CFC0-T28–2
FT-CFC0-T28–3

F2 FT-CFC1-T28–1 1.0
FT-CFC1-T28–2
FT-CFC1-T28–3

F3 FT-CFC2-T28–1 2.0
FT-CFC2-T28–2
FT-CFC2-T28–3

F4 FT-CFC3-T28–1 3.0
FT-CFC3-T28–2
FT-CFC3-T28–3

F5 FT-CFC4-T28–1 4.0
FT-CFC4-T28–2
FT-CFC4-T28–3

*Note: B/M is the mass ratio of borax to MgO; W/BM is the mass ratio of water to binder.

TABLE 2 | Chemical composition of dead burned magnesium oxide.

Compositions MgO Al₂O₃ Fe₂O₃ CaO SiO₂ Loss

Mass of concentration (%) 96.25 0.29 1.09 1.18 1.16 0.03

TABLE 3 | Chemical composition of fly ash.

Compositions SiO₂ Al₂O₃ Fe₂O₃ CaO TiO₂ Loss

Mass of concentration (%) 56.74 24.58 6.55 4.87 1.86 5.4
ASTM C618 (%) ≥70 - - ≤6
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increased to 2.0%, the specimen of group F3 (Figure 4C) took
longer to fail compared with F1 and F2. A visible crack
propagated at the top of the specimen at pace and expanded

with increasing load. The sound of the CF being pulled out or
ruptured could be heard in the test. More CF was found in the
crack of the group F3 specimen, and the fracture surface was more

FIGURE 1 | Coconut fiber (CF) treatment process and specimen preparation.

TABLE 4 | Coconut fiber properties.

Diameter (µm) Density (kg/m3) Moisture content
(%)

Tensile strength
(MPa)

Tensile modulus
(GPa)

Elongation at
break (%)

247.0 ± 55.7 1,200 10.9 ± 0.6 142.9 ± 8.4 4.69 ± 0.53 30.9 ± 5.9
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uneven than the fracture surfaces of F1 and F2, as presented in
Figure 5C. Group F4 and group F5 showed a similar failure mode
to group F3, which is illustrated in Figures 4D,E, respectively.
Moreover, a typical ductile failure could be observed from those
specimens. A crack appeared with a significant deflection and
eventually developed into a wider interstice when the specimens
broke into two parts. Lots of CF was visible inside the crack and
more CF, seen on the fracture surface, was pulled out (Figures
5D,E), leading to more ductile failure and preventing the
specimens from being broken. Exceptionally, a porous surface
fracture and aggregation of the CF occurred in the specimen of
group F5 due to an uneven distribution of CF as shown in
Figure 5E.

3.2 Flexural Strength
Figure 6A shows the flexural strength of specimens. It could be
observed that flexural strength first increased and then
decreased with increasing CF dose. When the CF volume

dosage was 3%, flexural strength increased to the maximum
value of 13.49 MPa and grew by 15.7% relative to the flexural
strength of specimens without CF, as described in Figure 6B.
However, flexural strength appeared to decline after CF was
larger than 3%. When CF increased to 4%, flexural strength
dropped to 13.21 MPa and its relative increment reduced
to 13.2%.

These observations were attributed to the following reasons:
the main hydration product of the MPC binder is potassium
phosphate magnesium (MgKPO4·6H2O) also named “K-
struvite”, the dominant component providing the mechanical
strength of MPC. K-struvite performs well in resisting
compression but behaves poorly in resisting tension stress.
Micro-cracks are prone to occur throughout MPC that is not
reinforced with fiber, as shown in Figure 7A. Therefore, the
ability of withstanding flexural load for MPC without fiber is
less than CF-reinforced MPC. The enhancement in flexural
strength may be ascribed to the "bridge effect" resulting from
good dispersion of CF throughout the matrix, as depicted in
Figure 8. Figure 9A offers the SEM of the CF at its interface with
the MPCmatrix. A rough surface and close fit of the CF with the
MPC matrix could be found which resulted in a greater bonding
between the CF and MPC, this helped to increase the interaction
or adhesion at the matrix interface, as shown in Figure 9. This
perfect bonding meant that CF could play a prominent role in
hindering the extension of micro-cracks in MPC and delaying
the appearance of macro-cracks, as illustrated in Figure 7. This
perfect bonding performance ensured a strong connection
between the CF and matrix, which provided the necessary
conditions for CF to resist tensile force together with MPC.
For that reason, the flexural strength of MPC was improved with
the addition of CF.

However, the flexural strength of MPC dropped from
13.49 MPa to 13.21 MPa, when excess CF (Vf ≥ 4.0%) was
added to MPC in association with the agglomeration of CF. A
reason for this could be: excess CF content was incorporated

FIGURE 2 | Test setup (A) test machine; (B) test setup.

FIGURE 3 | Schematic of energy absorption.
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resulting in increased viscosity, poor dispersion, and porosity
(Figure 5), which decreased the fiber bond and mechanical
properties (Alomayri et al., 2013; Wu et al., 2018) such as a
loose structure, as depicted in Figure 10.

3.3 Load-Displacement Relationship
Figure 11 shows the load-displacement (L-D) curves of the
specimens. They could be divided into two types, as presented
in Figure 12A. L-D curve type I consisted of an approximately
linear ascending branch (O-A) and a softening descending

branch (A-B’); type II comprised three stages including an
approximate elastic stage (O-A), stable softening stage (A-B-
C), and unstable softening stage (C-D).

For specimens with CF less than 1%, their L-D curves
presented the obvious configuration of type I. Curves raised
approximately linearly in the O-A branch at a rapid speed and
dropped sharply after peak load (point A) in the A-B’ branch.
When CF was larger than 1%, specimens appeared to have L-D
curves of type II. Similarly, force applied to the specimens also
increased approximately linearly along O-A and then dropped to

FIGURE 5 | Fracture surface of specimens (A) F1; (B) F2; (C) F3; (D) F4; (E) F5.

FIGURE 6 | Flexural strength and relative increment (A) flexural strength; (B) flexural strength relative increment.

FIGURE 4 | Failure patterns (A) F1; (B) F2; (C) F3; (D) F4; (E) F5.
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point B after point A. However, the specimens did not fail and still
showed an ability to resist load. The force raised again from point
B and increased until point C. Then, the force gradually dropped
to point D, meanwhile, the specimens were broken. In addition to
the general characteristics of the L-D curves mentioned above,
each stage of the curves had different performances as the CF
volume dosage varied.

For stage (O-A): in this stage, the peak load (point A) of the
specimens increased with an increase of CF, and reached the
maximum value of 5.76 kN when CF was 3%. Similar to that of
flexural strength, however, peak load decreased to 5.64 kN with
4% CF in turn. This could be explained using the same reason
described in Section 4. Figures 11, 13A offer the enlarged view of
this stage and the secant stiffness of specimens in order to
investigate the effect of CF on behaviors in this stage. It could

be observed that the slop of curves and secant stiffness decreased
with increased CF. When CF increased to 4%, secant stiffness
decreased to the minimum value of 18.90 kN/mm. This decrease
in secant stiffness could be illustrated using the composite
material theory (Swamy, 1970). In CF-MPC, the CF had a
smaller elastic modulus than MPC. The higher elastic modulus
of MPC was compromised by this smaller value, which led to the
elastic modulus decreasing for MPC specimens. As a result, the
secant stiffness of the specimens was reduced after adding CF.

For stage (A-B-C): when specimen strain exceeded the value of
which the MPC matrix could resist, internal cracks in the MPC
began to expand. Cohesion of the matrix would decrease rapidly
due to these cracks. Correspondingly, the L-D curves dropped
rapidly after peak load due to the reduction of MPC capacity
caused by the decrease of cohesion. For specimens without CF,

FIGURE 7 | SEM of MPC (A) MPC without CF; (B) after incorporating CF.

FIGURE 8 | Bridge effect of CF (A) connection of CF to MPC; (B) schematic.
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this drop would continue to point B’ which meant the complete
failure of the specimen; but for specimens with CF added, the
curves ascended again and then appeared to have a longer
softening stage. This phenomenon was also attributed to the
“bridge effect” of fiber. When the cracks developed on the "bridge
area" of CF at point B, CF connected the MPC matrix on both
sides of the cracks depending on its greater bonding with MPC,
which restricted the extension of the cracks, as shown in
Figure 8B. Meanwhile, bond stress σ f between the CF and
MPC matrix produced a stress field opposite to tensile stress.
The stress intensity factor of the stress field, Kf, neutralized the
stress intensity factor Kt caused by tensile stress σt. Therefore, the
total stress intensity factor K was reduced as expressed in Eq. 3,
which resulted in the improvement of MPC matrix capacity.

K � Kt − Kf＜Kt (3)

In consequence, the curves raised from point B to point C. And,
this improvement increased with an increase of CF. Figures
13B,C present forces at two points and the displacement of
B-C, respectively. It was obvious that the forces and the
displacement both increased with the increase of CF.

For stage (C-D): after loading increased to point C, the bond
stress between CF and MPC, or tensile stress in CF, reached their
maximum strength, and cracks developed unsteadily but the curves
still showed a gradual softening stage under the effect of CF.
Obvious signs of ductile failure could be observed from the
curves. In this stage (C-D), the L-D curve dropped continuously
and finally reached point D. The observation could be ascribed to
“bridge effect” failure, the CF slipped out or was pulled out from the
matrix, as described in Figure 12B, which caused a connection
failure between the CF and matrix. Besides, with continuous
loading, the specimen can still bear some load until the interface

FIGURE 9 | Boundary of coconut fiber and MPC (A) interface between CF and MPC; (B) rough surface of CF.

FIGURE 10 | SEM results of MPC with excess CF.
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bonding between the CF and matrix becomes completely invalid as
fibers debone and rupture. Thus, for the specimen with CF ≥ 2.0%,
an obvious softening stage could be observed in the L-D curve,
which represents a ductile failure process. Moreover, the capacity of
withstand load in stage C-Dwasmore significant with an increase of
CF. Figure 13D presents the displacement of C-D which was used
to evaluate the capacity of plastic deformation in this stage. It could
be observed that the displacement of C-D increased with an increase
of CF, which indicated that the plasticity of CF-MPC increased as
the CF dosage increased. This was due to the “bridge effect” and the
better bonding performance of CF and MPC when enough CF was
added, which made the curves decrease more slowly and showed
better plastic characteristics in this stage.

3.4 Flexural Toughness
Flexural toughness is used to evaluate the specimen’s capacity of
energy absorption under bending loading until the specimen fails.

Figure 14 shows the energy absorption mentioned in Section 2.3
(Figure 3). It was obvious that FE, i.e., the flexural toughness of
specimens, increased from 400.6 N mm to 1,679.4 N mm with an
increase of CF, which was improved significantly when compared
with specimens without CF. These signs could ascribe that the
specimens with CF require higher energy consumption before the
occurrence of deboning (CF slipped out or pulled out of the
matrix) between the CF and matrix, and rupture (Section 3.3;
Figure 12B).

Furthermore, EFE still grew as CF increased, but the growth
had slowed after the CF content went over 2%. For F2, its EFE
increased by 25.7% relative to the EFE of F1, from 400.6 N mm to
503.7 Nmm, as illustrated in Figure 14. As for F5, its EFE relative
increment to F4 reduced to 6.2%, only from 743.4 N mm to
789.4 N mm. These results demonstrate that CF plays a
significant part in improving the micro-crack resistance of
MPC in the elastic behavior stage. The mechanism and

FIGURE 11 | Flexural load-displacement curve and enlarged view.

FIGURE 12 | Load-displacement curve configuration and sketch of failure mechanism (A) curve configuration; (B) sketch of failure mechanism.
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micrograph (Figure 7) is discussed in Section 3.2. Exceptionally,
excess CF (larger than 4%) incorporation could weaken the
contribution of CF in the elastic behavior stage, as shown in
Figure 10.

However, this excess CF excelled in the stages after peak load
(point A). A significant increase of RFE could be found from
Figures 14A,B. When CF increased from 2 to 3%, RFE increased
by 20.1%, from 645.4 N mm to 774.9 N mm; when CF increased

FIGURE 13 | Experiment result and analysis (A) secant stiffness of O-A; (B) loading force at points B and C; (C) the displacement of B-C; (D) the displacement
of C-D.

FIGURE 14 | Energy absorption and flexural toughness (A) energy absorption; (B) energy absorption increment; (C) energy absorption proportion in FE (*Note:
The abscissa represents the relative increment for specimens with CF of the numeral before en dash to specimens with CF of the numeral after the en dash. For example,
3-2 is the relative increment for specimens with 3% CF to specimens with 2% CF.).
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from 3 to 4%, RFE increased by 14.9%, from 774.9 N mm to
890.0 N mm. Additionally, the proportion of RFE in FE grew
from 48.4 to 53.0% as CF increased from 2 to 4%, as shown in
Figure 14C (Note that RFE herein was represented only using the
area of a curve segment from δp to δ150 according to ASTM
C1609, which would be larger in practice.) This suggested that the
plastic deforming performance of MPC was also improved by
adding CF.

CONCLUSION

This study focused on the flexural performances of MPC with CF.
A three-point flexural test was carried out to investigate the effects
of CF volume dosage on MPC’s flexural strength, L-D behaviors,
and flexural toughness. Conclusions were summarized as follows:

(1) As CF increased, the specimen’s failure patterns transformed
from brittleness failure to ductileness failure. The flexural
strength of the specimen was improved significantly with the
incorporation of CF, and the maximum flexural strength was
13.49 MPa, which grew by 15.7% when compared with that
of the specimen without CF.

(2) CF contributed to enhance the flexural strength of MPC, but
its effectiveness was restricted by its volume dosage. In this
study, when the volume dosage was larger than 3%, the
effectiveness was reduced. Further tests need to be executed
to find out the precise threshold of CF volume dosage.

(3) CF could improve the flexural toughness of MPC
significantly and continuously. Compared with the
specimens without CF, the specimen with 4% CF had a
flexural toughness which was approximately 4.19 times
higher than that of the specimens without CF.
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