MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

Experimental Study on Mechanical Properties of Polyurethane
Cement Composite (PUC) Under Various Temperatures

KEXIN ZHANG*, XIAOQING ZHU, YUE CAO
Shenyang Jianzhu University, School of Transportation and Geomatics Engineering, Department of Bridge, Shenyang, No.25
Hunnan Zhong Road, PR of China

Abstract: This paper aims to investigate the mechanical properties of polyurethane cement (different
ratios) at different ambient temperatures. The temperature and proportion which affect the constitutive
relation of the material were analyzed by axial tensile test. The microstructure and failure mode of
polyurethane cement were studied using scanning electron microscope technology. At -40°C ~40°C, the
stress-strain curves of polyurethane cement with different proportions were roughly similar. When the
temperature was higher than 40°C, with the rise of temperature, the ultimate tensile strength of
polyurethane cement specimens would decrease but the ultimate strain would increase. When the
temperature was lower than -40°C, with the decline of temperature, the ultimate strain and tensile
strength of polyurethane cement specimens would decrease. The ultimate stress of polyurethane cement
with different ratios was different. With the rise of the proportion of polyurethane components, the
ultimate stress would increase but the elastic modulus would decrease. Macroscopically, the failure
modes of polyurethane specimens were different with the change of temperature. Brittle fracture
occurred at low temperatures. At high temperatures, the specimen did not fracture, but a large number
of “V’shaped cracks appeared at the edge. The higher the temperature, the more obvious this
phenomenon was. At the microscopic level, the fibers didn't break at high temperatures, and there were
obvious cracks and more stubble on the surface of cracks at room temperature.

Keywords: Polyurethane cement composite material, High temperature mechanical properties,
Cryogenic mechanical properties, Stretch, Constitutive relation

1. Introduction

As the throat of highway traffic, bridges are playing an irreplaceable role [1-3]. Due to the influence
of natural and human factors, the bridge structure has a series of diseases such as stressed cracks,
deterioration of concrete, corrosion of steel bars and so on [4-6]. If the bridge with diseases is dismantled,
it will waste a lot of resources. It has become an urgent need to choose an active and effective
strengthening method to repair and reinforce the bridge.

Common strengthening methods for Bridge include pasting carbon fiber reinforced polymer (CFRP)
plates, pasting steel plates and so on. The construction of pasting CFRP plates is simple, but it does not
significantly improve the stiffness of the reinforced structure, and the cost is high [7, 8]. Sticking steel
plates can improve the bearing capacity and stiffness of the structure, but steel plates rust easily, and it
is difficult to fit with uneven concrete surface [9, 10]. In recent years, polyurethane cement composite
material (PUC) has been used for structural reinforcement due to its characteristics of light weight, high
strength, high toughness and good adhesion. In addition, the material has the characteristics of early
strength, which can realize the rapid recovery of traffic reinforcement [11]. Haleem et al. [12] conducted
an experimental study on bending reinforcement of T-section beams based on PUC material research,
and the test results showed that the bearing capacity increased by about 170% and the crack width
decreased by about 58%. Zhang et al. [13] used polyurethane cement composite (PUC) material to
reinforce a hollow slab bridge and carried out load tests before and after reinforcement. The test results
showed that the maximum bearing capacity and stiffness of the main beam were increased by 20% and
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28% respectively, and the crack width was reduced in different degrees. Sun et al [14] cast 3 cm thick
PUC on the bottom of hollow slab girders and carried out bridge load tests before and after strengthening.
The results showed that the deflection and strain of the bridge were reduced by more than 15%, the
measured section stiffness was increased by about 20%, and the transverse connection of the bridge was
significantly improved after the reinforcement. Zhang et al. [11, 15] also used PUC material as bonding
and anchoring material of prestressed steel wire ropes (PSWRs) and steel wire mesh (WM) respectively
to study the bending reinforcement of T beam. The results showed that PUC material could significantly
improve the yield load, ultimate load and stiffness of the reinforced beams, and effectively inhibit the
propagation of cracks.

Many scholars have studied not only the reinforced concrete beams strengthened by polyurethane
cement composite materials, but also the mechanical properties of the materials. Sun et al. [14]
developed polyurethane cement composite material (PUC) by mixing polyurethane raw material with
ordinary Portland cement and carried out a mechanical properties test of PUC. The results showed that
PUC had high compressive strength, tensile strength and significant tensile deformability. Haleem et al.
[16] conducted experimental studies on the compression, bending, tensile strength and bonding strength
of polyurethane composite materials (PUC), and obtained the stress-strain curve relationship of materials
at different densities. And, compared with ordinary concrete, the compressive strength, flexural strength,
tensile strength and bonding strength of PUC were obviously improved, and the bonding property of
PUC with concrete was good. Zhang et al. [17] studied the fatigue performance of polyurethane cement
composite (PUC) and found that the fatigue life of PUC decreased with the decline of density. In order
to study the bonding property of PUC material and steel bar, the author carried out a pull test of steel
bar. The results showed that with the rise of the thickness of the protective layer, the bonding strength
between steel bar and PUC would increase. And, the results also showed that with the increase of the
anchorage length and diameter of steel bar, the bonding strength between steel bar and PUC would
decrease. Gao et al. [18] prepared PUC specimens with four proportions by controlling the proportion
of polyurethane raw materials and cement and carried out compressive and bending tests. The
experimental results showed that different fit ratios had a great influence on the density and elastic
modulus of PUC, but had little influence on the compressive strength.

In conclusion, the existing studies mainly focus on the preparation of polyurethane cement composite
materials, the bonding property with concrete, the fatigue property, the bonding property with steel bars,
and the influence of the different fit ratios on its mechanical properties. However, there are relatively
few studies on the effect of temperature on the mechanical properties of polyurethane cement
composites.

Polyurethane cement composite material has been applied to a certain extent in actual bridge rein-
forcement, as shown in Figure 1. Because of the large temperature difference between winter and
summer in north China, the study on different temperatures responsible for the constitutive relationships
has practical application significance. In this paper, axial tensile tests were carried out for materials at
different ambient temperatures to compare and analyze the mechanical properties under different
temperatures, so as to obtain the law of the influence of ambient temperature on the constitutive
relationship of materials.

2. Materials and methods

Polyurethane cement, the main component is polyurethane, is a kind of polymer concrete material,
which has good wear resistance, chemical corrosion resistance, fluidity, bonding and molding properties
[19]. Polyurethane, polymerized by isocyanate and polyether polyols, is a kind of excellent polymer.
The main ingredients are shown in Table 1.
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Table 1. Main chemical composition of polyurethane

Chemical composition Percentage (%)
Polyether 49
Polyols Silicone oil 1
Water 0-1
Isocyanate 50-51

Polyurethane raw materials and cement powder, mixed according to the mass ratio 1:1, occur a
polymeric reaction. In order to research the stress and strain characteristics of polyurethane cement in
different mixing ratios, control groups were set for comparison. The high-density polyurethane
composites with the polyurethane-cement ratio of 1.25:1 and 1:1.25 were prepared. For the convenience
of explanation, the three groups of polyurethane cement test blocks were named group A, group B and
group C. The specific ingredients are shown in Table 2.

Table 2. Specific composition of polyurethane material test block

Group Composition Percentage (%)
Group A Polyurethane 50
Cement 50
Polyurethane 55
Group B
Cement 45
Group C Polyurethane 45
Cement 55

As shown in Figure 2, the specimens for this test were dumbbell-type thin sections [20-22]. Polyols,
isocyanates and cement are the main raw materials in the mixture ratio. The dimensions are shown in
Figure 2b. The thickness of the specimen was 10 mm, the middle width was 25 mm, and the width on
both sides was 40 mm. The polyurethane powder composite material and defoaming agent were mixed
and mechanically mixed for 3~5 min. The specimens were molded and cured for 7 d in a dry
environment.
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(b) Size of specimen
Figure 2. Axial tensile specimens and size
of polyurethane cement material (unit: mm)

(a) Specimens

In order to study the influence of natural ambient temperature on tensile mechanical properties of
polyurethane cement materials, the test temperature was selected as -70°C~70°C to simulate the natural
ambient temperature. Tensile tests were carried out on 27 specimens (each 9 specimens in groups A, B
and C) at -70°C, -60°C, -40°C, -20°C, 0°C, 20°C, 40°C, 60°C and 70°C respectively. These specimens were
tested using dumbbell-shaped specimens of the dimensions shown in Figure 2. The tensile test was
carried out on a small-range tester. First, clamped both ends of these specimens. Second, tested
temperature environment, lowering the temperature by injecting enough nitrogen into the incubator or
raising the temperature by using a resistive heater, was created. And, temperature stress was manually

Mater. Plast., 60 (2), 2023, 32-42 34 https://doi.org/10.37358/MP.23.2.5659


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro s
https://doi.org/10.37358/Mat.Plast.1964

released by adjusting the loading device. Third, the temperature was kept for at least 15 min. Finally, an
axial load was applied until fracture. The loading speed was 50 N/s. During the stretching process,
resistance strain gauges were pasted in the middle of the specimens and pasted symmetrically on both
sides along the stretching direction to measure variation. Dynamic strain acquisition instrument was used
for data acquisition. These are shown in Figure 3.

(b)
Figure 3. Tensile test under different temperatures:
(@) Small range testing machine, (b) inside of Small range testing machine

At the end of the tensile test, the fractured specimen was micro analyzed by scanning electron
microscopy. The sections of the damaged specimens at different temperatures were enlarged 1000 times
to 5000 times respectively, and the different failure modes were observed and compared with the
macroscopic test phenomena, and the microscopic explanation was given. (Also, analyzed the reasons
for its high durability through microscopic scanning of polyurethane cement materials)

3. Results and discussions

Figure 4 shows the axial tensile stress-strain curves of three groups of polyurethane cement
specimens (different ratios) at different temperatures. It can be seen from the figure that temperature
changes within a certain range have little influence on the tensile properties of specimens. If the
temperature is beyond the range, the elastic modulus will change significantly regardless of whether it
increases or decreases. Stress-strain curves at different temperatures can be roughly divided into the
elastic stage and the parabolic strengthening stage. In the range of -40°C ~40°C, the stress-strain curves
of specimens are roughly the same. The ultimate strength of group A specimens (polyurethane: cement
=1:1) is about 34 MPa, and the ultimate strain is in the range of 7000-7500 pe. The ultimate strength of
group B specimens (polyurethane: cement =1.5:1) is about 37 MPa, and the ultimate strain is in the range
0f 9000~9500 pe. The ultimate strength and ultimate strain of group C specimens (polyurethane: cement
=1:1.25) are about 30 MPa and 7000 pe, respectively. On this basis of -40°C ~40°C, whether the
temperature continued to rise or fall, the curves of groups A, B and C will diverge at some point. When
the temperature is higher than 40°C and continued to rise, the elastic modulus and tensile strength of
polyurethane cement specimens will decrease obviously and the ultimate strain will increase. When the
temperature is lower than -40°C, the ultimate strain and tensile strength of polyurethane cement
specimens will decrease obviously with the decline of temperature.

Taking group B specimens (polyurethane: cement =1.25:1) as an example. The ultimate tensile
strength of the specimens at 20°C is 37.8 MPa and the ultimate tensile strain is about 9450 pe. The
ultimate tensile stress of the specimens at 60°C is 31.3 MPa and the ultimate strength is 17.2% lower
than that at room temperature. The ultimate tensile stress of polyurethane cement specimens at 70°C is
26 MPa, and the ultimate strength is 31.2% lower than that at room temperature. The ultimate tensile
stress of polyurethane cement specimens at -60°C is 35.7 MPa and the ultimate strength is only 5.6%
lower than that at room temperature. The ultimate tensile stress of polyurethane cement specimens at -
700C is 33 MPa and the ultimate strength is 12.7% lower than that at room temperature. Preliminary
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analysis shows that the strength of polyurethane cement will decrease at extremely low or high
temperature, and the ductility will increase along with the rise of temperature, and will decrease as the
temperature goes down. The stress-strain curves of the other two groups of polyurethane cement
specimens with different proportions are similar to the above law.
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Figure 4. Axial tensile stress-strain curves under different temperatures:
(@) (polyurethane: cement =1:1), (b) (polyurethane: cement =1.25:1),
(c) (polyurethane: cement =1:1.25)

The stress-strain curves of axial tension under different temperatures are compared, as shown in
Figure 5. During the initial load, the specimens undergo a linear elastic stage at various temperatures.
After the initial load, the specimens show different trends at different temperatures. At -70 and - 60°C,
the stiffness of polyurethane cement specimens is obviously greater than that of other temperatures, the
whole process is a linear elastic stage, and specimens fractured directly after loading to a certain extent.
Since the stress-strain curves of -40°C~40°C are similar, only the stress-strain changes at 20°C are listed
in this paper, as shown in Figure 5c. Its stiffness is lower than that in Figures 5a and b. The initial stage
of the specimen is linear elasticity, and with the increase of axial tension load, the specimens began to
enter the plastic stage. As shown in Figures 5d and e, at 60 and 70°C, the specimens began to enter the
linear elastic stage and then enter the elastic-plastic deformation stage. Due to the higher test
temperature, the ductility of the specimens is enhanced, and the deformation capacity is further
increased. Finally, the specimens enter the stage of local failure. It is found that the material became
softer and had better ductility at 70°C.
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Figure 5. Axial tensile stress-strain curves at different ratios:
(@) (-70°C), (b) (-60°C), (c) (20°C), (d) (60°C), (e) (70°C)

The elastic modulus of polyurethane cement specimens under axial tension is shown in Figure 6a, b
and c. It can be seen from the Figure 6 that with the increase of temperature, the elastic modulus of
polyurethane cement at the same ratio will decrease gradually. When the temperature is -70 and 70°C,
the elastic modulus reaches the maximum value and the minimum value respectively. At the same
temperature, the elastic modulus of polyurethane cement specimens with different proportions is also
different. The elastic modulus of group C (polyurethane: cement =1:1.25) is the largest, and that of group
B (polyurethane: cement =1.25:1) is the smallest. Compared with group B, group C specimens increase
by 32.8% at -70°C, 30.2% at 0°C and 48.4% at 70°C.
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Figure 6. Comparison of modulus of elasticity of specimens under different temperatures:
(@) (polyurethane: cement =1:1), (b) (polyurethane: cement =1.25:1),
(c) (polyurethane: cement =1:1.25)

The ultimate tensile strength of polyurethane cement specimens is shown in Table 3. As the ultimate
stress of -40~40°C is roughly similar, it is replaced by 20°C at room temperature. It can be seen from
Table 3 that the ultimate stress of polyurethane cement specimens at the same mixture ratio is the highest
at 20°C, and the ultimate stress gradually decreases when the temperature continues to rise or fall. At the
same temperature, the ultimate stress of polyurethane cement specimens with different proportions is
also different. The ultimate stress of group B (polyurethane: cement =1:1.25) is the largest, while that of
group C (polyurethane: cement =1.25:1) is the smallest. Compared with group C, the ultimate stress of
group B specimens increases by 19.2% at -70°C, 17.0% at 20°C, and 8.3% at 70°C.

Table 3. Comparison of ultimate stress of specimens at different temperatures

Temperature (°C) Ultimate stress (MPa
Group A Group B Group C
-70 30.5 335 28.1
-60 33.1 35.7 29.7
20 33.1 36.1 315
60 29.8 313 27.2
70 24.3 26.1 24.1

Figures 7 and 8 are failure patterns of specimens at 60 and 70°C respectively. At high temperatures,
the failure mode of polyurethane cement specimens is mainly that the strain increases sharply, the stress
remains unchanged, and the specimen does not fracture, but a large number of “V” shaped cracks appear
at the edge. The higher temperature can bring more obvious phenomena. Because the loading point is
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under the dual action of axial tension and high temperature, the mobility and resistance to crack
propagation of polyurethane components are enhanced. The full play of its cementation effectively
prevents the brittle fracture of the specimen at the weak point and increases its tensile strength.

However, other temperature conditions are quite different from the high-temperature conditions.
Under the condition of extremely low temperatures, the tensile strain of the specimens is smaller. And,
brittle fracture is happened and accompanied by sound when loaded to a certain extent. At room
temperature, a small “V” shape crack appears in the middle of the specimen and expand gradually.
Finally, the specimens fracture directly and are accompanied by sound.

Figure 7. Failure mode of the specimen at 60°C

Figure 8. Failure mode of the specimen at 70°C

The following figure shows the microscopic scanning electron microscope image of polyurethane
cement specimens. At room temperature (20°C), the main failure mode of the specimens is that a small
“V” ‘crack first appears in the middle of the specimen and expands gradually. Eventually, specimens are
directly destroyed and are accompanied by sound. The specimen (20°C) at the microscopic level can be
seen in Figure 9. In the figure, it can be observed obvious cracks that have more stubble on the surface
and rough fractures that have more honeycomb holes. This indicates that the bearing capacity is weak at
this part. At high temperature (70°C), the specimen is mainly characterized by no fracture but a large
number of “V” shaped cracks at the edge. Figure 10 shows the microscopic view of the specimen at
70°C. At this temperature, the specimen had a tendency to change to a high elastic state. The molecular
fluidity of the specimen is enhanced. The structural surface of the specimen is dense. In the center of the
specimen, there is a large range of membrane material produced by tensile fiber material, but the fiber
did not break.

In addition, it can be seen from the scanning electron microscope that the polyurethane cement
specimen has less void and high structural density, which is due to the small order of magnitude of
polyurethane polymer, cement structure can play a gap-filling role, resulting in poor connectivity of pore
structure network of polyurethane cement. Thus, the pore structure of cement mortar is improved and
the ability to resist liquid and gas penetration is enhanced Therefore, the durability of polyurethane has
been greatly improved.
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(c) Scanning image at 3ults (d) Scanning image at 5u|t
Figure 9. Microstructure photos of polyurethane cement
fracture (20°C) at the loading point

(c) Scanning image at 300 multipls (d) Scanning image at 5000 multiples

Figure 10. Morphology photos of polyurethane cement
fracture (70°C) at the loading point

Mater. Plast., 60 (2), 2023, 32-42 40 https://doi.org/10.37358/MP.23.2.5659


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

Acknowledgments: Financial support for this research provided by the 2021 Liaoning Province
Doctoral Research Start-Up Fund Project (2021-BS-168) is greatly appreciated.

4. Conclusions

In this paper, through the axial tensile test of materials at different ambient temperatures, the
mechanical properties are compared and analyzed. Thus, the influence law of ambient temperature on
material constitutive relation is obtained, and the following conclusions are drawn:

- the stress-strain curves of polyurethane cement with different proportions are roughly similar at -
40°C~40°C. As the temperature increases or decreases, the strength of the material will change. After
40°C, with the rise of temperature, the elastic modulus and tensile strength of polyurethane cement
specimens will decrease obviously, and the limit strain will increase. When the temperature is below -
40°C, the ultimate strain and tensile strength of polyurethane cement specimens decrease obviously with
the decline of temperature;

- the limit stress of polyurethane cement (different proportions) is not the same. Group B
(polyurethane: cement =1:1.25) has the largest elastic modulus, followed by Group A (polyurethane:
cement =1:1) and group C (polyurethane: cement =1.25:1);

- with the increase of temperature, the modulus of elasticity of specimen will decrease gradually. The
modulus of elasticity of polyurethane cement specimens (different proportions) at the same temperature
is also different. Group C (urethane: cement =1:1.25) has the largest elastic modulus, followed by Group
A (urethane: cement =1:1) and Group B (urethane: cement =1.25:1);

- due to the dual action of axial tension and high temperature at the loading point, the fluidity of
polyurethane components is enhanced, which can effectively prevent the brittle fracture of specimens.
The failure mode of polyurethane cement specimen shows that the strain increases sharply and the stress
remains unchanged. The specimen does not fracture, but a large number of “V” shaped cracks appear at
the edge. The higher temperature can bring a more obvious situation;

- scanning electron microscopy analysis showed that at room temperature, the component fractured
in a weak place with more pores, rough fracture, and more stubble on the surface. At high temperature,
the polyurethane cementation is fully reflected in the specimen, and the unbroken polymer fibers are
seriously stretched and deformed.
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