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Abstract: This article discusses the influence of fiber
types, including polyvinyl alcohol (PVA) fiber, polyethy-
lene (PE) fiber, and steel fiber (SF), on the compressive
strength, flexural strength, bending toughness, and ten-
sile ductility of lightweight cement-based composites.
The fiber dispersion and the microscopic morphology
were assessed using fluorescence and scanning electron
microscopes. The result showed that the SFs had the
best effect in enhancing the compressive and flexural
strengths of lightweight cement-based composites, and
its compressive and flexural strengths reached 88.9 and
17.6 MPa, respectively. Compared with the PVA and the
SFs, the PE fiber had the most significant effect on the
ductility of lightweight cement-based composites; the ten-
sile strength and the ultimate tensile strain were 3.29 MPa
and 2.56%, respectively, due to a very high bridging cap-
ability provided by the PE fiber. A large amount of hydra-
tion products adhered to the surface of the PVA fiber,
which improved the adhesion between the cement matrix
and the PVA fiber and caused the rupture of most of the
PVA fiber. Overall, lightweight toughness cement-based
composites containing PVA and PE fibers have a good
deformability, which can meet the needs of construction
and transportation engineering applications.
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1 Introduction

Lightweight concrete has many advantages [1-5], such as
low density, high specific strength related to its weight,
thermal insulation capacity, energy saving potentiality,
and environmental protection. Therefore, the amount of
lightweight concrete used in construction and transpor-
tation engineering has increased, and its application
range has also become wider. However, the weaknesses
of lightweight concrete, such as reduced strength, brittle-
ness, and poor ability to control cracks [6-8], restrict its
development in building materials. Recently, due to their
excellent mechanical properties [9-12], fibers have been
used as a common additive for concrete, which effectively
suppress the initiation and propagation of concrete cracks
and improve the toughness of concrete.

Some experiments and studies have been performed
on the mechanical properties of concrete containing fibers.
Wu et al. [13] studied the effect of three types of steel
fibers (SFs) with different fiber contents on the mechan-
ical properties of ultra-high performance concrete and
indicated that the increase in fiber content and the use
of deformed fibers would gradually reduce the fluidity of
concrete, which also had a significant impact on the com-
pressive and flexural properties of concrete. Akca et al.
[14] tested mixtures of O, 1, or 1.5vol% polypropylene
fiber with recycled aggregates and found that the main
factor on compressive strength was the aggregate type,
while the polypropylene fibers had an outstanding influ-
ence on flexural and splitting tensile strengths. Meesala
[15] added three types of fibers, including woolen, glass,
and SFs, in both normal concrete and concrete with
recycled aggregates. The results showed that the SFs
improved the mechanical properties of concrete more
than the woolen or glass fibers. Besides, Bangi and
Horiguchi [16] studied the influence of three fiber types
with different geometries on the maximum pore pressure
measured at different depths in high strength concrete
and found that polypropylene fibers were the most effec-
tive in mitigating the maximum pore pressure develop-
ment compared with polyvinyl alcohol (PVA) or SFs.
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Branston et al. [17] evaluated the merit of two types
of basalt fibers, including bundle dispersion fibers and
minibar fibers, in enhancing the mechanical properties of
concrete and found that the two types of basalt fibers
enhanced the pre-cracking strength, but only minibar
fibers improved the post-cracking behavior. Mastali et al.
(18] characterized the impact resistance and mechanical
properties of self-compacting concrete containing recycled
glass fiber-reinforced polymers, including 0.25, 0.75, and
1.25% of fibers, by experimental and statistical analyses.
The test results showed that adding recycled glass fiber-
reinforced polymers improved the impact resistance and
mechanical properties of the self-compacting concrete. Liu
et al. [19] found that the improvement of mechanical prop-
erties and resistance to chloride ion penetration in hybrid
fiber (glass fiber and polypropylene fiber) reinforced con-
crete was significant.

However, few research studies were carried out on
the effects of different fiber types on the mechanical pro-
perties of lightweight cement-based composites based on
micromechanical design principles. Lightweight cement-
based composites, as defined in this study, are a new type
of cement-based composites with high toughness and a
density of less than 1,800 ke/m?, which includes cemen-
titious materials, lightweight aggregates, and fibers. In
this study, three types of fibers, including PVA fiber,
polyethylene (PE) fiber, and SF, were selected to prepare
lightweight cement-based composites. For each group,
the composites were mixed with the same volume ratio
of the fibers (2vol%). First, the macroscopic mechanical
properties of lightweight cement-based composites rein-
forced by three fibers were composed, which included
compressive strength, flexural strength, bending tough-
ness, and tensile ductility. Meanwhile, based on micro-
mechanical design principles, tests such as three-point
notched bending and single-crack tensile were used to
characterize the interfacial properties of both the matrix
and the fibers. Finally, the fluorescence and the scanning
electron microscopes were used to analyze the dispersion
of different fiber types in the matrix and the fracture pat-
tern in tension.

2 Experimental program

2.1 Raw materials

In this study, ordinary Portland cement with a specific
surface area of 365.3 m?/kg and a compressive strength of
59.4 MPa at 28 days was used. Silica fume with a specific
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surface area of 20.12m?/g and an SiO, content of 92.26%
was used, which was produced by the Shanghai Elkem
Company. The cenosphere with an apparent density
of 800 kg/m?, an average particle size of 100.7 pm, and
a specific surface area of 171 m?/kg was used as a light-
weight aggregate due to the low density and high
strength. The particle size distribution of the powders is
shown in Figure 1. To improve the flowability of the
cement-based composites, polycarboxylate super plasti-
cizer with a water reduction rate of 24-30% was used in
this study. The composite was added with three different
types of fibers, including PVA fiber, PE fiber, and SF. The
geometric parameters and performance indicators are
shown in Table 1. The morphology of three fiber types
is shown in Figure 2.

2.2 Mix design and preparation of
specimens

The mixtures used in this study are shown in Table 2. The
paste matrix mix ratio of the three groups was the same.
The cementitious binders included 92.5% cement and 7.5%
silica fume by weight. The cenosphere-to-cementitious
binder ratio was kept at 0.2. The water-to-cementitious
binder ratio was kept at 0.32 and the superplasticizer-
to cementitious binder at 0.2%. The PVA-2, PE-2, and
SF-2 indicate that the volume blending of PVA fiber,
PE fiber, and SF was 2%. The mechanical performance
test results of the PVA-2 composite were reported in
the author’s previous study [20], and this present study
focuses on the effect of fiber type on the mechanical
performance and microstructure of lightweight cement-
based composites.
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Figure 1: Particle size distribution of powders.
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Table 1: Mechanical and geometrical properties of fibers

Influence of fiber type on mechanical properties of lightweight cement-based composites

— 251

Type Length (mm) Diameter (ym) Elastic modulus (GPa) Maximum elongation (%) Tensile strength (MPa) Density (g/cm?)
PVA 12 39 42 7 1,250 1.3

SF 13 220 203 — 2,850 7.8

PE 12 24 110 2.42 3,000 0.97

First, the cement, silica fume, and cenosphere were
mixed for 1 min to homogenize the powder mix evenly by
using a mortar mixer. Second, water and super-plasti-
cizer were added, and stirring was continued for 2 min.
Finally, fibers were slowly added and quickly stirred for
2min until they were evenly dispersed in slurry to form
the cement-based composite. The molds were filled with
the fresh cement-based composite, and they were shaken
for 30 s using the shaker. The specimens were removed
from the mold 1 day later and moved to the curing room
for 28 days. The temperature and the relative humidity of
the curing room were 20°C and 95%, respectively.

2.3 Test methods

The mechanical property tests of lightweight cement-
based composites included compressive and flexural tests,
matrix fracture toughness test, uniaxial tensile tests, and

single-crack tensile tests. The microscopic morphology
tests of lightweight cement-based composites, including
scanning electron microscopy (SEM) and fluorescence
microscopy, were carried out in this study.

2.3.1 Compressive and flexural tests

Compressive and flexural tests were performed according
to the Chinese specification GB/T 17671-1999 [21] to char-
acterize the basic mechanical properties of cement-based
composites. The size of specimens for compression cube
and flexural prismatic testing were 70.7 x 70.7 x 70.7 mm”
and 40 x 40 x 160 mm>, respectively. The compressive
and flexural strengths were obtained as an average of
three specimens at 28 days. The compressive test was
performed using the hydraulic universal testing machine
(WAW-3000) with the loading rate of 0.8 MPa/s. The flex-
ural test was performed using the 250 kN Instron testing

Figure 2: Morphology of three fibers: (a) PVA fiber, (b) PE fiber, and (c) SF.
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Table 2: Proportions of the mixtures
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Mix ID Weight ratio of matrix Fiber (%)
Cementitious binders Cenosphere Water PSP PVA (by volume) PE (by volume) SF (by volume)
PVA-2 1 0.2 0.32 0.002 2 0 0
PE-2 1 0.2 0.32 0.002 0 2 0
SF-2 1 0.2 0.32 0.002 0 0 2

machine with the displacement-controlled loading rate of
0.20 mm/min. The flexural test device is shown in Figure 3.
The flexural deflection at the mid-span of specimens was
measured by two linear variable differential transformers.

2.3.2 Uniaxial tensile test

The uniaxial direct tensile test according to the Japan
Society of Civil Engineers [22] was performed, as shown
in Figure 4. The two linear variable differential transfor-
mers were used to record the tensile deformation of the
specimen, and its measuring range was 80 mm. The size
of the effective cross-sectional dog-bone specimens was
13 x 30 mm? The uniaxial tensile test was conducted
using the same 250 kN Instron testing machine at a dis-
placement speed of 0.2mm/min to obtain the tensile
stress—strain curves of specimens, which could show
the strain-hardening ability of the composites.

2.3.3 Matrix fracture toughness test

To study the micromechanical design principles of the
cement-based composites, the fracture toughness of the
matrix was obtained by performing three-point bending
tests on notched beams, as shown in Figure 5. The

Figure 3: Three-point bending testing set-up.

maximum load was determined by using the electronic
universal testing machine WDW-50 with a speed of
0.2 mm/min according to ASTM E399-12 [23]. The matrix
toughness K, can be calculated using equations (1) and
(2) [24,25] as follows:

1.5(FQ + 2 x 1O3J x 1073 -5 all?

K = f(@) W
" th? “
~ 199 - a(1 - a)(2.15 - 3.93a + 2.70%)
fo) = 1 +20)(1 - a)3?2 "
=4
=

where Fg is the maximum load during the three-point
bending test of notched beam test, m is the mass of spe-
cimen, g is the gravitational acceleration, S is the span of
the beam, a, is the depth of the internal notch of the
beam, t is the width of the beam, h is the thickness of the
beam, and f{a) is the shape parameter of the notched beam.

Figure 4: Uniaxial tensile testing set-up and specimen with LVDT.
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Figure 5: Matrix toughness testing: (a) device of the test and
(b) dimension diagram of the specimen.

2.3.4 Single-crack tensile test

To obtain the important parameters for micromechanical
design of the cement-based composites, including the
maximum bridging stress and the corresponding crack
opening displacement, the single-crack tensile test of
the specimen was conducted. The slit with a width of
less than 0.6 mm on all four sides of dog-bone specimen
was generated using a saw before the single-crack tensile
test. Figure 6 shows the single-crack tension test device
and the dimensions of single-crack tension specimen. To
obtain the tensile stress and crack opening curves of the
specimens, the 250 kN Instron testing machine was used
for the single-crack tensile tests at a displacement-con-
trolled speed of 0.2mm/min. The crack opening of the
dog-bone specimen was recorded using two electronic
extensometers with a measuring range of 10 mm.

2.3.5 Fluorescence microscopy and SEM

To evaluate the dispersion of fibers in the composites,
the inverted fluorescence microscope Olympus IX53 was
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Figure 6: Single-crack tensile testing: (a) device of the test and
(b) dimension diagram of the specimen.

used. A small rectangular block was cut from dog-bone
specimens, the size of which was 13 x 13 x 30 mm?>. The
specimen was coated with a fluorescence agent and
wards after polishing. After hardening for 15 min, the
residual fluorescent agent was washed away using a
toothbrush. The fluorescence image was captured using
a CCD digital camera through a 40x magnification trans-
mission polarizing microscope filter.

To observe the morphology and the mechanisms of
fibers after the specimen was destroyed, the field emis-
sion SEM (Quanta FEI) was used. The fracture surface of
the dog-bone specimens was obtained. The microscopic
morphology of specimens was observed using field emis-
sion SEM at a voltage of 10 kV after the crushed specimen
was sputtered with gold under vacuum.
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Figure 7: The density and specific strength of lightweight cement-
based composites.

3 Results and discussion

3.1 Compressive and flexural strengths

The density and specific strength of the mixtures with
different types of fibers are shown in Figure 7. The SFs
had a negative influence on the density of the composites
due to their greater density, and the density of SF-2 com-
posite reached 1774.79 keg/m>. However, the SF-2 compo-
site had the highest specific strength as shown in Figure 8,
and the strength was 88.9 MPa. The compressive strength
of the PVA-2 and PE-2 composite at 28 days was 63.2 and
75.5 MPa, respectively, which were decreased by 28.92
and 15.07% compared to those of the SF-2 composite.
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Figure 8: Compressive and flexural strengths of lightweight cement-
based composites.
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Figure 9: The flexural stress—deflection behavior of lightweight
cement-based composites: (a) PVA-2 [20], (b) PE-2, and (c) SF-2.
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Figure 10: The flexural failure morphology of lightweight cement-
based composites: (a) PVA-2, (b) PE-2, and (c) SF-2.

The improvement of the compressive strength of the com-
posites could be explained by the fact that the incorpora-
tion of fibers reduced the lateral tensile strain and improved
the energy absorption capacity under the action of compres-
sive load. In addition, the fibers could restrict the expansion
of the specimen compression toward the lateral sides [26].

Besides, Figure 8 shows that the flexural strength of
the SF-2 composite was higher than that of the PE-2 com-
posite, which was higher than that of the PVA-2 compo-
site for the fiber volume dosage. All the results illustrated
that the SF had the most significant enhancement effect

Influence of fiber type on mechanical properties of lightweight cement-based composites
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Figure 11: The uniaxial tensile stress—strain curves of lightweight
cement-based composites: (a) PVA-2 [20], (b) PE-2, and (c) SF-2.
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on the flexural strength of cement-based composites
due to the highest modulus. The high tensile strength
of the PE fiber could increase the resistance of cement-
based composites against initiation and propagation of
the crack. The high bridging stress of the fibers ensured
that the cement-based composites had high flexural
strength. Previous studies [27-29] reported that the
matrix and the fiber start to debond at the interface due
to the tensile stress being perpendicular to the predicted
crack development direction [27-29]. Cracks initiate, pro-
gress, and cross the fibers during flexural loading. As the
crack propagates, the stress concentration at the crack tip
decreases due to the action of the faces and the crack
width also decreases.

3.2 Bending toughness

The flexural stress—deflection curves of lightweight tough-
ness cement-based composites were determined by three-
point bending tests, as shown in Figure 9. Obviously,
all specimens exhibit remarkable hardening in bending.
The maximum deflection corresponding to the ultimate
strength of the PE-2 composite reached 3.02 mm, which
was 2.74 times and 5.49 times that of the PVA-2 composite
and the SF-2 composite, respectively. Compared with the
PVA fibers, the PE fibers had a relatively large effect on
the bending toughness of cement-based composites, and
the bending toughness of the SF-2 composite was the
smallest.

The crack propagation and the width of crack were
controlled and limited by the randomly oriented fibers in
the cement-based composites. The flexural failure pic-
tures of lightweight toughness cement-based composites
are shown in Figure 10. The PE-2 composite exhibited
saturated multi-cracks, the PVA-2 composite had mul-
tiple cracks near the main crack, and the SF-2 composite
had only one failure crack with a larger crack width. This
phenomenon could be explained by the fact that the PVA

Table 3: Fracture toughness of the matrix

Sample Mass/(g) Peak Matrix fracture Fracture
load/ toughness K,/ energy Jiip/
(N) (kPa m*/?) (/m?)

1 433.8 519.5 257.63 6.27

2 432.2 513.5 254.73 6.13

3 432.0 503.5 249.97 5.91

Average 432.7 512.2 254.11 6.10
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fibers were easily broken under the action of tensile stress
due to the relatively low fiber modulus and the high
adhesion between the PVA fiber and the matrix. There-
fore, the width of the crack in the PVA-2 composite was
small. However, the PE and SF composites were prone to
slip damage due to the smooth surface and the high mod-
ulus. The load remains during the sliding process about
constant, and the crack width would continue to increase
as the fibers were pulled out. The mechanism of fiber
action is described in the following section.

3.3 Tensile ductility

The uniaxial tensile stress—strain curves of specimens
with different fibers are shown in Figure 11. The peak
stress corresponding to the first falling section in the
curve was the initial crack strength. Although the matrix
of the three mixtures was the same, the initial crack
strength of the SF-2 composite was higher than that of
the PVA-2 and the PE-2 composite. This illustrates that a
difference in fiber diameter, elastic modulus, strength,
and elongation causes different initial crack strength of
the mixtures. Besides, the porosity of the matrix near the
fiber was smaller because the PVA fiber was more hydro-
philic than the PE fiber, and therefore the initial crack
strength obtained by the test was higher.

The tensile strength and the ultimate tensile strain
of the PVA-2 composite reached 4.14 MPa and 1.56%,
respectively, which was 1.17 times and 39 times than
that of the SF-2 composite. The tensile strength and the
ultimate tensile strain of the PE-2 composite were the
highest, which were 3.29 MPa and 2.56%, respectively.

o J=0,8,-[ o)

A 4

Figure 12: Typical 0-0 curve of the cement-based composites.
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Figure 13: The single-crack tensile curves of lightweight cement-
based composites: (a) PVA-2 [20], (b) PE-2, and (c) SF-2.
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The PE-2 composite exhibited distinguished strain-hard-
ening behavior and multiple cracking was observed,
which illustrates that the PE fibers had good bridging
effects. When the matrix was cracked, the PE fiber at
the crack completely bore the stress generated by the
matrix cracking. The stress is transmitted to the sur-
rounding matrix without cracking through the bonding
between the fiber and the matrix [30,31]. As the load
increased, the stress transmitted by the fibers continued
to increase until the surrounding matrix reached the
cracking load, and a new crack appeared, and the spe-
cimen showed multiple cracks after repeating this pro-
cess. The sum of bonding forces between the PE fibers
and the matrix was lower than the cracking stress of the
matrix; the main cracks began to expand and the bearing
capacity of the specimen gradually decreased, and the
specimen reached the failure state.

To investigate the mechanism of high ductility based
on the micromechanical design theory, the fracture
toughness of the specimen was obtained by the three-
point bending test of the notched beam. The calculated
fracture toughness of the matrix is listed in Table 3.
To achieve the pseudo-strain hardening behavior of a
cement-based composite, two important criteria need to
be fulfilled. The first one is that the maximum fiber brid-
ging stress should be more than the first-crack strength of
the matrix. The second one is that the complementary
energy must be more than the fracture energy of matrix.
The fracture energy of matrix J;, and the complementary
energy J,,’ can be calculated using equations (3) and (4)
[32,33] as follows:

8o
Jip < T = 0o - IG(5)d5, (3)
0
KZ
Jip = E—“‘ (4)

where ot and §, are the maximum fiber bridging stress
and the corresponding crack opening displacement,
respectively. K, is the fracture toughness of matrix and
E,, is the Young’s modulus of the matrix. The schematic
diagram of equation (3) is shown in Figure 12.

The single-crack tensile tests of the dog-bone spe-
cimen were performed to obtain the fiber bridging com-
plementary energy and the maximum bridging stress.
The test curves are shown in Figure 13. The calculated
complementary energy, the corresponding crack open-
ing displacement, and the maximum bridging stress are
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Table 4: Results of notched uniaxial tensile test
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Sample Maximum bridging stress Maximum crack opening

Complementary energy Jp’ First-crack strength of the

;. (MPa) displacement §, (mm) (J/m?) matrix o, (MPa)
PVA-2 5.19 (0.099) 0.20 (0.166) 194.70 (0.181) 2.82 (0.061)
PE-2 6.71 (0.154) 0.84 (0.629) 1152.40 (0.153) 2.30 (0.097)
SF-2 4.16 (0.043) 0.21 (0.493) 191.37 (0.562) 2.87 (0.054)

Note: The numbers in parentheses are the coefficients of variation of the corresponding parameter.

PSH,
PSH,

188.77

PE-2
Sample type

Figure 14: Two pseudo-strain hardening indexes of lightweight
cement-based composites.

listed in Table 4. The maximum bridging stress of the
PE fiber composite reached 6.71 MPa, which was much
higher than that of the PVA and the SFs. Besides, the
calculated complementary energy and the corresponding
crack opening displacement of the PE fiber were 1152.40 J/m?
and 0.84 mm, respectively, which were also much greater
than that of the PVA and the SF composites.

The two indicators to quantify the robustness of
tensile ductility of the composites were proposed by
Marshall and Cox [34], which include the strength index
pseudo-strain hardening PSHg (= 0t./0,) and the energy
index pseudo-strain hardening PSHg, (= J,'/Jsip). The cal-
culated pseudo-strain hardening indexes of lightweight
cement-based composites are shown in Figure 14. Kanda
and Li [35] reported that PSHg > 3 and PSHg > 1.2 were
the basic condition for ensuring saturated multi-crack
cracking. The calculated results of lightweight cement-
based composites with different fiber types in this study
met the above requirements. The strength index of the
PE-2 composite was 58.70 and 100.01% higher than those
of the PVA-2 composite and the SF-2 composite, respec-
tively. The energy index of the PE-2 composite was 5.92
times and 6.02 times than that of the PVA-2 composite
and the SF-2 composite, respectively. The result illustrates

(b)

Figure 15: Fiber dispersion in lightweight cement-based composites.
(a) PVA; (b) SF.

that the PE fiber had the largest effect on the tensile
ductility of lightweight cement-based composites due to
its very high bridging capability.

3.4 Fiber dispersibility

Due to the hydrophobic character and small diameter of
the PE fibers, the dispersion of PE fibers in cement-based
composites was difficult to observe. The PVA and the SFs’
dispersion diagram in lightweight cement-based compo-
sites are shown in Figure 15. The dispersion of the PVA
and the SF fibers was good due to the moderate viscosity
of the matrix in this study. It was reported in the literature



DE GRUYTER

HV det
20.00 kV|ETD

1mm——

Zhejiang University

HV | det [spot|mag O] WD |x -1
1

20.00 kV. ETD‘ 30| 90x [7.0mm]y: -

(©)

Figure 16: SEM image of the fracture specimen with different fiber
types. (a) PVA; (b) PE; (c) SF.

[36] that the cement mortar with a viscosity within the
optimal range had a higher shear force, which was
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beneficial to the dispersion of fibers. A good dispersion
of fibers helps improve the tensile ductility of lightweight
cement-based composites.

3.5 Microstructure

Figure 16 shows the fracture shape of the specimens after
the tensile test. It can be seen that most of the PVA fibers
ruptured, while most of the PE and the SFs were pulled
out. This was the result of the high strength and modulus
of the PE fibers, and they were pulled out during the
multi-cracking process. Therefore, stable multiple cracking
and strain-hardening behavior were easier to achieve.
Due to the smooth surface of the SF and the low adhesion
between the SFs and the matrix, the stress level with the
surrounding substrate through the bonding was limited.
Therefore, multiple cracking behavior of lightweight
cement-based composites incorporated with SFs was
not obtained.

To further explore the mechanism of fiber to increase
the ductility, the fracture morphology of the fiber and the
adhesion of the fiber with the cement paste were ana-
lyzed. The elemental analysis was carried out at the fiber
surface by using energy spectrometer. Figure 17a shows
that the PVA fibers ruptured due to the jagged fracture,
and many particles adhered to the surface of the PVA
fibers. The energy spectrum test was carried out on points
1 and 2 as indicated in Figure 17a, and the results are
shown in Figure 18 and Table 5. The particles adhering
to the surface of the PVA fiber were hydration products
with high calcium content. Figure 17b shows that PVA
fiber adhered well to the cement paste, and the interface
transition zone is covered with some hydration products.
The cement paste adhered to the PVA fiber under the
action of stretching, and the cement paste showed micro-
cracks, which also confirms the strong adhesion between
the PVA fibers and the cement paste.

Figure 17c and d shows that the PE fiber was pulled
out due to the flat fracture, and the surface of the PE fiber
was smooth and clean. Besides, there was a certain gap
between the PE fiber and the cement paste. According to
Figure 18 and Table 5, the energy spectrum test of the PE
fiber surface showed that carbon quality accounts for
more than 90% in the surface element, which confirmed
that no hydration product adhered to the PE fiber surface.
The chemical bonding ability between the PE fibers and
the cement paste was relatively weak due to the hydro-
phobic PE fiber, which causes the fiber and the cement
paste debonding. This phenomenon helped the fiber play
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Figure 17: Different types of fiber morphology in lightweight cement-based composites after the uniaxial tensile test. (a) PVA; (b) PVA;
(c) PE; (d) PE; (e) SF; (f) SF.
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Figure 18: EDS spectrum of the fiber surface: (a) point 1, (b) point 2, (c) point 3, (d) point 4, (e) point 5, and (f) point 6.

Table 5: Element mass percentage of fiber surface

Element Point1 Point2 Point3 Point4 Point5 Pointé

Ca
Si
Al
(0]
C
Cu
Fe

29.11
6.58
2.97

40.99

20.35

26.70
3.45
3.45

46.61

10.21

0.51
0.78
0.89
7.22
90.60

4.16
1.59
0.96
1.25
92.03

0.94
0.67
0.53
3.75
1.26
56.13
36.72

0.66
0.26
0.11
3.94
2.21
50.06
42.76

a bridging role after the initial cracking of the cement
paste. Therefore, the strain-hardening characteristics exhib-
ited during the tensile process show that the multiple cracks
occurred macroscopically.
It is observed from Figure 17e and f that the SFs were
pulled out due to the flat fracture similar to the PE fiber.
However, there was the large gap between the SF and the
cement paste. The layer of copper coating on the surface
of the SF prevents rust. Therefore, the elements of the SF
surface are mainly copper and iron, which illustrates that
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no hydration product adhered to the SF surface. The brid-
ging effect of the SFs was not strong due to the much
lower adhesion between the SFs and cement paste, which
caused it difficult to achieve multiple cracks behavior.

4 Conclusion

The mechanical properties of lightweight cement-based
composites containing PVA, PE, or SFs have been studied
in this article. Besides, this article explored the tough-
ening mechanism of different types of fibers. The results
show that SFs have the most significant effect in improving
the strength of lightweight cement-based composites.
The specific strength and compressive strength of light-
weight cement-based composites containing SFs were
50.07 kPa/kg m~ and 88.86 MPa, respectively. Meanwhile,
its flexural strength reached 17.58 MPa. However, com-
paring the contribution of PVA and SFs, the PE fiber
improvement reached more toughness and ductility. The
maximum flexural deflection and the ultimate tensile strain
were 3.02 mm and 2.56%, respectively. Lightweight cement-
based composites containing PE fibers exhibit remarkable
strain-hardening behavior and multiple cracking in the uni-
axial tensile test due to very high bridging capability pro-
vided by the PE fibers. Besides, the dispersion effect of the
PVA and the SFs was good due to the moderate viscosity of
the cement matrix in this study. A larger amount of hydra-
tion products adhered to the surface of the PVA fiber,
which improved the adhesion between the cement matrix
and the PVA fibers and caused most of the PVA fibers to
rupture. However, the chemical bonding ability between
the PE fibers and the cement paste was relatively weak
due to the hydrophobic character, which causes fibers
and the cement paste debonding and helps the fibers
play a bridging role during pull-out after the initial
cracking of the cement paste. In general, the superior
tensile ductility of lightweight cement-based composites
can meet the needs of construction and transportation
engineering for material deformability. The findings of
this study provide a good reference for future research
and the application of new lightweight cement-based
composites in real constructions.
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