
Research Article
Experimental Study on the Mechanical Properties of the Fiber
Cement Mortar Containing Polyurethane

Xijun Zhang ,1,2,3 Hongyuan Fang,1,2,3 Mingrui Du ,1,2,3 Mingsheng Shi,1,2,3

and Chao Zhang1,2,3

1School of Water Conservancy Engineering, Zhengzhou University, Zhengzhou 450001, China
2National Local Joint Engineering Laboratory of Major Infrastructure Testing and Rehabilitation Technology,
Zhengzhou 450001, China
3Collaborative Innovation Center of Water Conservancy and Transportation Infrastructure Safety, Henan Province,
Zhengzhou 450001, China

Correspondence should be addressed to Mingrui Du; mingruidu331@163.com

Received 23 August 2021; Accepted 29 October 2021; Published 11 November 2021

Academic Editor: Zbyšek Pavĺık
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Polymer is a kind of high molecular elastic material. .e polymer cement mortar composite material formed by mixing it with
cement mortar has the advantages of light weight, high strength, and good durability compared with traditional mortar materials.
.e effect of polyurethane polymer content on mechanical properties and microstructure of polyvinyl alcohol (PVA) fiber cement
mortar was studied by compressive test, flexural test, and SEM analysis. .e test results show that as the content of polyurethane
increases, the compressive strength gradually decreases, and the flexural strength gradually increases. .e addition of poly-
urethane helps to optimize the microstructure of PVAmortar, improve the compactness of the material, and enhance the bending
resistance of the mortar. .e mechanical properties of materials obtained from the experiment can provide references for
engineering applications.

1. Introduction

Fiber cement mortar has the advantages of high strength,
good ductility, and superior fracture performance [1, 2].
Polyvinyl alcohol (PVA) fiber is a high-strength and high-
modulus synthetic fiber with low density, good dispersion,
and high bonding strength with cement mortar [3, 4]. It not
only improves the toughness of cement mortar but also
inhibits the generation and development of early cracks in
cement mortar. At present, many scholars study the effect of
PVA fiber on the performance of cement mortar [5, 6]. Yuan
et al. [7] studied the effect of PVA fiber dispersion on the
properties of cement-stabilized macadam. .e results show
that when the mass ratio of PVA fiber to fly ash is greater
than 1 : 50, the dispersion coefficient is greater than 0.95.
PVA fiber can be evenly dispersed in cement-stabilized
macadam, and the compressive strength and splitting
strength of PVA cement-stabilized macadam are

significantly higher than ordinary stabilized macadam. .e
mechanical properties of fiber-reinforced cement-based
materials may vary greatly due to specific loading conditions.
Ranjberian and Mechtcherine [8] studied the influence of
loading parameters on crack bridging of PVA fiber-rein-
forced cement-based materials under cyclic tension com-
pression condition. It was concluded that the bridging
capacity decreased with the increase of cycle times under
reverse tension compression loading. A damage quantifi-
cation method was proposed.

However, the further increase in the strength perfor-
mance of the cement-basedmaterials by adding fibers is hard
to achieve. .is is because the excessive fibers may gather
into clumps.

Polymer enhanced cement-based materials have the
advantages of high tensile strength, good wear resistance,
impermeability, and corrosion resistance and have good
bonding performance with the old concrete [9–11]. Wang
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et al. [12] systematically studied the polymer concrete
materials used for rapid pavement repair, obtained the best
mix ratio, and put it into practical application. .e results
show that it not only has good adhesion with waste cement
blocks but also can be quickly repaired within two hours,
which is superior to the related Chinese standard. Ukowski
and Dbska [13] evaluated the performance of polymer ce-
ment mortar under sulfate attack. .rough the changes in
quality, compressive strength, and microscopic observa-
tions, the polymer cement composite material still has better
sulfate resistance than Portland cement with enhanced
sulfate resistance. Gadea et al. [14] studied the cement with
different quality of rigid polymer foam waste, aggregate, and
water to get different grades of mortar and compared with
lightweight mortar produced by cement-based mixture. .e
results show that the increase of polymer dosage will affect
the density and mechanical properties of mortar and im-
prove the workability and impermeability of mortar. .e
feasibility of this type of polymer mortar material is con-
firmed [15, 16].

.erefore, it holds a great potential to add the polymer
into the fiber enhanced cement-based materials to furtherly
increase the strength performance. In this study, the self-
developed nonaqueous reactive polyurethane material was
prepared, which is formed by the reaction of polyether
polyol and isocyanate [6] and polyurethane with PVA fiber
cement mortar as a new repair material was carried out. .e
research compares the performance of polyurethane-mod-
ified PVA cement mortar and ordinary PVA cement mortar
through compressive test, tensile test, and microstructure
analysis.

2. Experimental Processes

2.1. RawMaterials. In this study, ordinary Portland cement
(OPC, Type P.O. 52.5), wollastonite, and silica fume were
used as the binder materials, and the commercially available
quartz sand with particle size of about 0.18–0.40mm was
used as fine aggregate [17]. Wollastonite and silica fume are
commonly used additives in concrete [18] and their in-
corporation in cement-based composites not only can re-
duce the carbon footprint [19] but also can improve the
shrinkage resistance and water retention [20]. .e main
chemical compositions of OPC, wollastonite, and silica fume
are listed in Table 1.

High-strength polyvinyl alcohol (PVA) fiber with elastic
modulus of over 35GPa, polyether polyol (Type WANEFO
AM®9100-2A), and isocyanate (TypeWANEFOAM® 9100-2B)were also incorporated. Polyether polyol and isocyanate were
bought from Wanhua Chemical Group Co., Ltd., in Shandong
Province, China, and when they are mixed at a mass ratio of 1 :
1, the nonfoaming polyurethanematrixwith high flexibility and
high yield strength can be obtained [21]. PVA fiber and
polyurethane components mainly worked as the reinforcing
materials in the cement-based composites [22, 23]. Besides, the
high performance polycarboxylate water-reducer (Type PCA®-I) and industrial defoamer (Type J-198) were also incorporated
as extra additives to regulate the workability of fresh cement-
based composites.

2.2. SamplePreparation. In order to make the polyurethane-
PVA fiber enhanced cement-based composite materials
(PFCBCM), first, OPC, wollastonite, silica fume, and fine
aggregates were uniformly mixed using a JJ-1 Type electrical
mixer and then pouring the water solutions containing
water-reducer and defoamer into the powdered mixtures
and stirring the fresh composites for another 1 minute.
Afterwards, PVA fibers were added into the mixtures as they
were stirred in the next 3 minutes of mixing. Next, the
mixture of polyether polyol and isocyanate (at a mass ratio of
1 :1) was poured into the fresh cement-based composites
containing PVA fibers, and the obtained mixtures were
stirred for another 1 minute. .e mixing design of the
polyurethane-PVA fiber enhanced cement-based compos-
ites is as shown in Table 2.

.e prepared PFCBCM were poured into the molds and
then vibrated for about 2 minutes to release the residual air
bubbles. .e inner walls of the molds had been coated with
demolding agent. After vibration, the excess composites
were removed from the top of molds. .e composites were
cured in an environment with temperature of 23°C and
relative humidity of 56% for 24 hours before demolding.
After demolding, the hardened samples were cured in the
same environment before conducting the mechanical
properties tests. Cubic samples and prismatic samples were
prepared for testing the uniaxial compressive strength and
flexural strength of the composites, respectively. .e geo-
metric dimensions and tests of these two types of samples are
shown in Figure 1.

2.3. Mechanical Properties Testing and Characterization.
Both the uniaxial compression test and three-point bending
test were carried out on the PFCBCM for characterizing their
compressive strength and flexural strength, respectively
[24, 25]. .e testing procedure was conducted according to
the requirements of Chinese standard GB/T17671-1999 [26],
and the electro-hydraulic servo testing machines with type of
WHY-2000 and WHY-300/10 were adopted for the uniaxial
compression test and three-point bending test, respectively.
.e loading rates for the compressive strength and flexural
strength characterizations were 2400N/s and 50N/s, re-
spectively. Figure 2 shows the force diagram of the samples
during the three-point bending test. Some petroleum jelly was
used to reduce the friction action where the samples and
testing machines contact. .e compressive strength and
flexural strength of the PFCBCM at the age of 7 days, 14 days,
and 28 days were experimentally measured, and three samples
were used for the mechanical properties’ characterization.

Scanning electron microscope (SEM) experiment was
carried out to characterize the microstructure properties of
PFCBCM at age of 28 days. .e micromorphology of the
samples was observed at an accelerating voltage of 20 kV and
amplification factor of 200X-2000X at a KYKY-EM6200
SEM system. Before observation, a gold layer was sprayed on
the surface to increase the conductivity.

X-ray diffraction technique (XRD) was adopted to find
out the influences of polyurethane on the phase composi-
tions of the hardened composites.
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Table 1: Chemical components of OPC, wollastonite, and silica fume.

Chemical components SiO2 Al2O3 Fe2O3 CaO MgO Particle size (μm) Loss on ignition (%) Whiteness (%)
OPC 20∼24 4∼7 2.5∼6.0 62∼67 3.5 3∼32 — -
Wollastonite 48∼52 — ≤0.5 45∼48 — 2∼4 ≤2.5 ≥90
Silica fume 92.75 0.28 0.59 0.28 0.89 0.5∼1.5 3.26 —

Table 2: Mix ratio of polyurethane-PVA fiber cement mortar (kg/m3).

Material Cement Wollastonite Silica fume Quartz sand Polyurethane PVA PCA Defoamer Water
P-0 750 37.9 99 1100 0 14.3 8.25 0.55 297
P-5 736 37.2 97 1079 37.4 14.3 8.25 0.55 297
P-10 722 36.5 95 1059 74.3 14.3 8.25 0.55 297
P-15 708 35.8 93 1039 111.7 14.3 8.25 0.55 297
P-20 694 35.1 92 1018 148.5 14.3 8.25 0.55 297
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Figure 1: .e geometric dimensions and tests of cubic samples and prismatic samples.
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Figure 2: Schematic diagram and cross-section of three-point bending test.
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3. Results and Discussion

3.1. Mechanical Properties of PFCBCM Samples under
Uniaxial Compression. .e damage pattern of the PFCBCM
specimen with a curing age of 28 days is shown in Figure 3. As
shown in Figure 3, the damage forms of unmodified PVA
mortar and polyurethane-modified PVA mortar are different.
.e mortar matrix contains pores, moisture, microcracks, etc.
.e damage form is more complicated. .e nature of com-
pressive failure occurs on the plane of maximum principal
stress. In the compressive stress-strain curve, when the stress
level is low, thematrix will not produce cracks.When the stress
level is higher, the microcracks will grow in the matrix. As the
stress level increases, the size and number of microcracks will
gradually increase. Finally, the shear failure surface is formed in
the direction of 30°∼60°with the load after several microcracks
are penetrated. .e polyurethane is added into the mortar
matrix to prevent the propagation of the original defects in the
matrix and improve the deformation ability of the matrix,
toughness, and impact resistance. .erefore, penetrating
cracks, elastic failure will not be formed. During the loading
process, according to Griffith microcrack strength theory
(formula (1)), the elastic modulus decreases with the increase of
polyurethane content, so the fracture stress also decreases with
the increase of polyurethane content [27].

σc �

�����
Ec

4c
 



, (1)

where σc is the fracture strength; E is the elastic modulus; c is
the surface energy density; and 4c is the (hole) crack length.

Figure 4 shows the representative stress-strain curve of
PFCBCM samples with different contents of polyurethane at
the age of 28 days. From Figure 4, one can read that the
entire stress-strain curves of the PFCBCM samples can be
divided into five different sections. OA: initial compaction
section, the addition of polyurethane makes the initial
compaction stage relatively lagging, filling the pores and
cracks of the mortar structure. In the initial loading stage,
the stress-strain curve is concave, which is caused by the
internal pores of the material being compacted and closed;
AB: in the linear elastic stage, the stress increases almost
linearly with the strain, but the slope of the curve of the
unmodified material is significantly greater and the failure
threshold is not reached; BC: strain softening stage, in which
microcracks begin to form and spread, indicating that plastic
deformation has occurred. .e addition of polyurethane
effectively inhibits and reduces the occurrence of cracks so
that the specimens produce small cracks without forming
through seams (as shown in Figure 3). When the polyure-
thane content changes, the yield stage of the specimen before
reaching the peak strength is longer; CD: the stress drop
stage is caused by the coalescence of microcracks in the
sample, and the specimen enters the yield failure stage. In
contrast, the postpeak stress-strain curve of the unmodified
material decreases rapidly, indicating that there is brittle
failure; DE: residual strength section, in which the axial
strain of the samples increases while the stress keeps almost
unchanged.

Figure 4 also shows that when the mass content of
polyurethane in the composites increases, the axial strain at
which the initial compaction section is over becomes larger
and the strain softening stage becomes more obvious;
meanwhile, the slope of the liner elastic stage and the peak
stress declines. .ese observations indicate the reduced
strength of polyurethane-PVA enhanced cement-based
composites under compression.

As shown in Figure 5, the peak strain depends on
polyurethane-cement ratio and curing time. When the mass
content of polyurethane in the composites increases, the
axial strain at which the initial compaction section is over
becomes larger and the strain softening stage becomes more
obvious; meanwhile, the slope of the liner elastic stage and
the peak stress declines. .ese observations indicate the
reduced strength of polyurethane-PVA enhanced cement-
based composites under compression. Because the mortar
material structure itself has different initial defects, but
polyurethane will affect the uniformity and continuity of the
material microstructure and then affect the mechanical
properties of the material. Based on the stress-strain curves,
the compressive strength and elastic modulus of the
PFCBCM can be obtained, and their variations versus the
mass content of polyurethane are as shown in Figure 6. It can
be seen from Figures 6(a)–6(c) that the peak strength shows
a decreasing trend with the increase of polymer content. .e
main reason is that the elastic modulus of polymer materials
is lower than that of cement and fine aggregates, which can
only withstand tensile stress and have poor ability to
withstand compressive stress. When the polymer content is
0–20%, themaximum peak strain of the HPMPCM sample is
3.0%. .at is to say, when it reaches 3.0%, these materials
enter the crack propagation stage and begin to slowly fail,
which is the CD stage in Figure 4.

Figure 6(d) depicts the relationship between the peak
strength of the PFCBCM sample and the elastic modulus.
Elastic modulus can be regarded as an index to measure the
difficulty of elastic deformation of materials. .e larger the
value is, the greater the stress of certain elastic deformation
will be, that is, the greater the material stiffness, the smaller
the elastic deformation will be under the action of certain
stress. As shown in Figures 6(a)–6(c), the elastic modulus of
PFCBCM samples with the same curing age is greater than
that of unmodified PVA mortar. For polyurethane-modified
mortar materials, the peak strength initially decreases with
the increase of polyurethane content and then increases (the
critical point is 10%). However, the change pattern of elastic
modulus is not uniform. It can also be seen from Figures 6(a)
and 6(b) that the peak strength of the 7 days and 14 days
samples decreases with the increase of the polyurethane
content, and the maximum reduction is 40.6% and 45.4%,
respectively. Although the peak strength of the 28 days
sample also showed a decreasing trend (Figure 6(c)), the
relative reduction degree was relatively weak, with the
maximum value of 18.1%. When the polyurethane content
was 5%, the peak strength of the sample was 60.2MPa, which
was only 1.6% lower than that of the sample without
polyurethane. .e peak strength and elastic modulus of
mortar materials with different curing times were analyzed
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Figure 3: Damage mode of PFCBCM (a) without polyurethane and (b) with polyurethane.
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by regression statistics analysis (Figure 6(d)). .e elastic
modulus and peak strength are consistent with the linear
regression equation (y � a + bx). .e correlation coefficient
is 0.939, and the complex correlation coefficient is 0.883..e
extension of the curing time increases the compressive
strength of the PFCBCM sample, thereby increasing the
elastic modulus.

It can be seen from Figure 7 that after blending the
polyurethane slurry, with the increase of polyurethane con-
tent, the residual compressive strength of each group of
mortar specimens increases first and then decreases. .e
change is greatest when the content is 10%, and compared
with the unmodified mortar material, the early residual
strength is almost higher than that of the unmodified mortar.
.e mortar specimens mixed with polyurethane showed
ductile failure to varying degrees in the compression test,
which improved the brittleness and toughness. .e filling of
the polyurethane in the mortar helped to inhibit and slow
down the occurrence of internal defects in the mortar.

3.2. Bending Mechanical Properties of PFCBCM. It can be
seen from Figure 8 that the flexural strength of the mortar
first increases and then decreases with the increase of the
polyurethane content. .e improvement of flexural strength
is mainly due to the polyurethane emulsion fills the pores of
cement mortar materials, increases the compactness, re-
duces the formation of cracks, and improves the bonding
between aggregate and cement matrix. When cracks are
generated during the loading process, the polyurethane plays
a role in inhibiting the propagation of the cracks, thereby
improving the flexural strength of the mortar. It can be seen
from Table 3 that the bending/compression ratio of the
mortar increases due to the incorporation of high poly-
urethane, which indicates that the high polyurethane im-
proves the plasticity and toughness of the mortar.

3.3. Microstructure Properties of PFCBCM Composites. In
order to observe more accurately, the SEM test was carried
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out. As shown in Figure 9, there are microcracks and holes in
the cement mortar material without high polyurethane,
unevenness, and fast hydration reaction speed will lead to
cracks and defects. It can be seen from Figure 9(b) poly-
urethane content that a layer of polyurethane film is formed
on the surface of the particles. .e formation of the poly-
urethane film inhibits cement hydration, reduces the in-
ternal pores of the material, and improves the bond between
aggregate and cement matrix. .us, a more compact

microstructure is formed and therefore has a higher flexural
strength. In order to verify that the polyurethane inhibits the
cement hydration, the research carried out XRD tests. It can
be seen from Figure 10 that regardless of whether poly-
urethane is added or not, the hydration products of Ca(OH)2
and C-S-H gel are present, as well as C3S. Since high
polyurethane can inhibit cement hydration, the diffraction
peak intensity of Ca(OH)2 and CSH gel in cement mortar
material without polyurethane is higher than PFCBCM (P5),
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which indicates that adding high polyurethane will inhibit
the production of Ca(OH)2 and C-S-H gel. In other words,
calcium ions and hydroxide ions may accumulate in the
solution, but Ca(OH)2 precipitation will not be generated.

4. Conclusions

Compared with traditional mortar materials, polyurethane
cement mortar composite materials have the characteristics

of light weight, high strength, and good durability. .e
research on it through mechanical and microscopic tests
summarizes as follows:

(1) .e compressive strength of PFCBCM decreases
with the increase of the polyurethane content. Be-
cause the polyurethane occupies a certain volume in
the cementmortar material, its elastic modulus is less
than that of cement and fine aggregates, and its
ability to withstand compressive stress is poor.

(2) After the cement mortar material is mixed with high
polyurethane, it prevents the expansion of micro-
cracks in the matrix and improves the deformability
of the matrix, toughness, and impact resistance.

(3) .e addition of high polyurethane improves the
flexural strength of PVA cement mortar, increases
the compactness of the structure, and inhibits ce-
ment hydration. In the microcracks generated dur-
ing the loading process, the polyurethane plays a role
in inhibiting the crack propagation.

(4) .e increase of polyurethane determines the im-
provement of mechanical properties and durability
of modified cement mortar.

(5) According to XRD analysis, the formation of a small
amount of C-S-H gel in polyurethane-modified PVA
cement mortar is the main reason for improving the
mechanical properties of cement mortar.

Data Availability

.e data used to support the findings of this study are
available from the first author upon request.
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Figure 9: SEM pattern (a) without polyurethane and (b) with polyurethane.
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Table 3: Flexural/compression strength ratio of mortar.

Number
Flexural/compression strength (MPa)

7 days 14 days 28 days
P0 0.18 0.18 0.18
P5 0.29 0.27 0.22
P10 0.28 0.25 0.23
P15 0.24 0.28 0.23
P20 0.23 0.28 0.20
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