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1. Introduction
Polymer mortar (PM) is a cementless composite, made 

of inorganic aggregates bonded together by a thermoset resin 
binder, which substitutes the cement. PM was first developed 
in the 1950’s and then became widely known in the 1970’s1. 
The composition of PM is determined by its applications, 
and its strength is influenced by ratio of aggregate to resin 
content2,3. PM is used very efficiently in precast components. 
Indeed, polymer concrete has previously been mainly used 
for industrial flooring, retouching of damaged concrete 
structures and underground pipes. In comparison with 
conventional Portland cement concrete, polymer concrete 
offers many advantages, such as higher strength, better 
chemical resistance and improved fracture toughness4,5.

Since thermoset polymers are derived from petroleum, 
which is a non-renewable resource it will end someday. 
Today’s energy matrix is mainly based on fossil fuels like 
petroleum oil, coal and natural gas, which covers more than 
80% of total worldwide energy consumption6. Petroleum oil 
represents more than one third according to the International 
Energy Agency. Petroleum products derive from crude 
oil and are processed in oil refineries. The majority of 
petroleum is converted several classes of fuels7. Also, 
refineries produce other chemicals, some of which are used 
in chemical processes to produce plastics.

Alternatives to petroleum-based products are one of 
the main interests of researchers8-13. Natural oils occur in 
nature, can be extracted and are renewable. Natural oils 
such as soybean, corn, tung, linseed and castor, when 
synthetized produces natural polymers. Plant oils, which are 
predominantly made up of triglyceride molecules, are ideal 
replacement material to manufacture bio-based polymeric 
matrix as they are renewable, offer comparable performance 
and of low cost when compared with petroleum-based 
polymer matrices. These materials have also environmental 
advantages over petroleum-based materials making them an 

attractive alternative14-18. Castor oil is one of these natural 
polymers. The oil is obtained from extracting or expressing 
the seed of the plant Ricinus Communis. Castor oil is a 
viscous, pale yellow non-volatile and non-drying oil with 
a bland taste and is sometimes used as a purgative. It has a 
slight characteristic odour while the crude oil tastes slightly 
acrid with a nauseating after-taste19. India is the largest 
producer of castor oil followed by China and Brazil20. In 
Brazil, castor oil is locally known as mamona oil and is now 
being mainly used to produce biodiesel. Castor oil is unique 
in that it possesses both unsaturation and nonconjugated 
hydroxyl function. Castor oil was subjected to many familiar 
organic reactions to form useful derivatives, which can 
undergo radical or condensation polymerization reactions21. 
Castor oil can be synthetized as polyurethane resins, which 
are attractive due to their structural versatility (as elastomer, 
thermoplastic, thermosetting, rigid and flexible foams). 
They still present the particularity to be more compatible to 
vegetable fibers in relation to other resins, due to possible 
reaction of hydroxyl groups of the fibers and the isocyanate 
groups of the polyurethane22-27.

The proposal of this work is to study the mechanical 
properties, compressive, flexural and fracture, of polymer 
mortars manufactured with a polyurethane resin derived 
from castor oil and compare to synthetic polymers. The 
fabrication process development and the mechanical 
characterization of this new composite material are essential 
for its structural or functional application, presenting a great 
potential in the construction industry.

2. Material and Methods

2.1 Materials
Polymer mortar formulations were prepared by mixing 

foundry sand and castor oil polyurethane resin. Resin content 
was 10 and 12% in order to optimize mortar formulations.
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The aggregate was foundry sand with a homogeneous 
grain size, with uniform grains and a mean diameter of 
300 μm, with finesses modulus between 3 and 5. The specific 
gravity of the foundry sand was 2.63 g/cm3. The foundry 
sand was previously oven dried and then, added to the castor 
oil resin to reduce moisture content, insuring a good bond 
between the natural polymer and the inorganic aggregate.

The employed thermosetting castor oil polyurethane 
resin was developed by the Group of Analytic Chemistry 
and Technology of Polymers, USP, São Carlos, Brazil and 
was manufactured and provided by Plural Brazil. Table 1 
presents the castor oil polyurethane resin used in this 
research22,23.

The castor oil polyurethane resin consists of two 
components, polyol and pre-polymer. The polyol was 
synthesized from the castor oil and the tri-functional 
polyester with hydroxyl index of 330 mg KOH/g 
was obtained. The pre-polymer was synthesized from 
diphenylmethane diisocyanate (MDI) and pre- polymerized 
with a polyol also derived from castor oil, keeping a 
percentage of isocyanate free for posterior reaction. The 
approximate densities of the pre-polymer and polyol were 
1.17 and 0.98 g/cm3, respectively. The castor oil resin was 
processed mixing the procepolyol and pre-polymer in a 
weight ratio of 1:1.

Castor oil polyurethane polymer mortars fracture 
specimens were compacted in a steel mold. The specimens 
were cured at 110ºC for 3 hours following manufacturer 
recommendation.

2.2 Test method
To determine the compressive properties, cylindrical 

polymer mortar specimens with ϕ50 x 100 mm were tested 
at a loading rate of 1.25 mm min-1, according to the ASTM 
C39-0528 standard. Prismatic polymer mortar beams with 
40 mm x 40 mm x 160 mm were tested in by three-point 
bending up to failure at a loading rate of 1 mm min-1, 
with a span length of 100 mm, according to the RILEM 
specification TC113/PCM-829. Despite the very short span 
compared to the thickness, shear effect was disregarded. 

Polymer mortar is considered an isotropic material and the 
plane cross-section theory was assumed.

To determine the fracture properties, the Two Parameter 
Method (TPM)30 was used. This method is a direct method 
to calculate critical stress intensity factor, KIc, which is a 
measurement of a material’s resistance to crack extension 
when the stress state near the crack tip is predominantly 
plane strain, limiting the plastic deformation, and the 
opening mode monotonic load is applied. Also the fracture 
energy was calculated according to RILEM31. Fracture tests 
were conducted using a universal testing machine with a 
cross- head speed of 0.5 mm min–1. The crack mouth opening 
displacement (CMOD) was measured using a COD gauge 
clipped at the bottom of the beam and held in position by 
two 1.5 mm steel knife edges glued to the specimen.

3. Results and Discussion
Polymer mortars manufactured with castor oil test 

results are presented in Table 2 and are compared to previous 
work done by the author where synthetic polymer resins 
were used as polymer matrix32,33.

According to Table 2 it can be seen that, as happen to 
synthetic polymer mortars, epoxy and polyester26, increasing 
the quantity of resin content mechanical properties increase. 
Increasing from 10% to 12% of resin content compressive 
strength increases 16.6%, an elevation of 15.9% in the 
flexural strength is observed, 6% in the fracture toughness 
increment and 98.5% increase in the fracture energy is 
reported.

Comparing 12% castor oil polymer mortars to 12% 
epoxy polymer mortars, the compressive strength is similar, 
castor oil polymer mortars has 2.2% lower compressive 
strength and 1.5% less fracture toughness. Despite 
compressive strength and fracture toughness slight decrease, 
flexural strength significantly increases, 39.1%, and fracture 
energy, where the work, which is the area under load vs. 
displacement curve, takes much importance, increases 
243.2%, indicating lower crack propagation. Analyzing 
castor oil polymer mortars test results and comparing to 
12% polyester polymer mortars properties the increase is 
significantly high. Comparing the results of 10% castor 
oil resin content, an increase in the compressive, flexural 
strength, fracture toughness and energy is reported. Castor 
oil polymer mortar compressive strength is 33.1% higher, 
flexural strength is 143.9% higher, 57.3% elevation in the 
fracture toughness and 314.7% higher fracture energy is 
observed. Calculating the results of 12% castor oil resin 
content and comparing to 12% of polyester resin content 
the increase in the mechanical properties are even higher.

Table 1. Castor oil polyurethane resin properties.

Property Castor oil 
polyurethane

Color Dark yellow
Density (g/cm3) 1.1
Hardness shore D 70
Modulus of elasticity (GPa) 2.0
Glass transition temperature – Tg (°C) 60

Table 2. Castor oil polymer mortar test results.

Polymer Mortars Compressive Strength 
(MPa)

Flexural Strength 
(MPa)

KIc (MPa) Gf (Nm)

10% Castor Oil 32.46 ± 0.81 19.08 ± 0.64 1.84 ± 0.16 635.97 ± 22.97
12% Castor oil 37.86 ± 0.75 22.11 ± 2.26 1.95 ± 0.20 1262.61 ± 89.02
12% Epoxy32,33 38.73 ± 1.82 15.87 ± 0.57 1.98 ± 0.04 367.91 ± 30.23
12% Polyester32,33 24.39 ± 3.25 7.82 ± 0.96 1.17 ± 0.22 153.37 ± 11.94
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Figure 1 presents the typical compressive stress vs. 
strain of castor oil polymer mortars and the synthetic 
polymer mortars.

According to Figure  1 it can be seen that castor oil 
produces less brittle failure compared to epoxy and polyester 
polymer mortars. Polymer mortars containing 12% of castor 
oil polyurethane resin displays similar high compressive 
strength to epoxy polymer mortars but strain at failure is 
almost 2 times higher. Also, compressive stiffness of 12% 
castor oil polymer mortar is similar to epoxy ones. Figure 2 
displays the typical flexural stress vs. strain of castor oil 
polymer mortars and the synthetic polymer mortars.

Analyzing Figure 2 it can be seen that castor oil polymer 
mortars have similar flexural stiffness to epoxy polymer 
mortars but higher flexural strength following the concept 
that higher resin content higher strength. Polyester polymer 
mortars present the worst flexural result, low flexural 
stiffness and strength in comparison to castor oil polymer 
mortars. Typical load vs. CMOD curves of castor oil and 
synthetic polymer mortars are presented in Figure 3.

From Figure 3, when fracture mechanics parameters are 
analyzed, it can be seen that 12% castor oil polymer mortars 
display lower stiffness compared to 10% castor oil, epoxy 
and polyester polymer mortars, but a significant decrease in 
brittleness is observed. This can be visualized by the slope 
angle in the linear section. As castor oil content increases 

in polymer mortars mixture, less brittle polymer mortars 
become. Again, polyester polymer mortars displays low 
resistance to crack propagation, despite the stiffness. The 
typical load vs. mid-span displacement curves of castor oil 
and synthetic polymer mortars are presented in Figure 4.

Analyzing Figure 4, increasing castor oil resin content 
in polymer mortars mixture higher energy can be absorbed 
since the area under the load vs. mid-span displacement 
is higher than epoxy and polyester polymer mortars, 
thus, elevating the resistance to create a fracture surface 
area. Also, less brittle behavior can be reported as castor 
oil content increases in the polymer matrix. This can 
be explained by the higher elongation at break23 from 
polyurethane resins compared to epoxy and polyester.

4. Conclusions
In this research work, the effect of using natural polymer 

resin produced from castor oil seeds as substitute of synthetic 
polymer resins, epoxy and polyester in polymer mortars 
matrix was analyzed. The compressive, flexural and fracture 
behavior were calculated and quantified.

Substituting synthetic polymer resins by natural resin 
produces a composite material that brings economical and 
energy saving benefits from an ecological point of view.

As content of castor oil increases better mechanical 
properties are observed. 12% castor oil polymer mortars 

Figure 1. Typical compressive stress vs. strain of castor oil and 
synthetic polymer mortars.

Figure 2. Typical flexural stress vs. strain of castor oil and synthetic 
polymer mortars.

Figure 3. Typical Load vs. CMOD of castor oil and synthetic 
polymer mortars.

Figure 4. Typical load vs. mid-span displacement curves of castor 
oil and synthetic polymer mortars.
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produce similar results to epoxy polymer mortars in 
numbers. However, significant less brittle failure and a 
considerably increase in the flexural strength and fracture 
energy is observed, especially when compared to polyester 
polymer mortars. Mechanical properties of castor oil 
polymer mortars are higher than polyester polymer mortars 
even for 10% castor oil resin composites.

A significant improve in the fracture energy of castor 
oil polymer mortars is reported when compared to synthetic 
polymer mortars, increasing the resistance to create a 
fracture surface area producing a composite material with 

high energy absorbing, which is very important for structures 
under dynamic and impact conditions.
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