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ABSTRACT 

 
The estimated amount of plaster wastes in the construction industry is 45%. The reduction of this waste is of 

concern, because the cost of lost material and the waste management can affect the competitiveness of the 

company. The mixture of plaster with a particular resin generates a composite, which gives the pre-molded 

obtained from this mixture, special properties. In this case, the plasticity of the plaster generates pre-molded 

products with wealth of details. Additionally, the use of nuclear techniques for the initiation of polymerization 

reaction for obtaining this type of composite can eliminate the need for a heat source which is the conventional 

way to obtain polymerization, considerably reducing the costs of the process. As a function of the availability 

and the cost of styrene monomer, in the initial phase of the research test samples were prepared from plaster 

composites with this type of material. The test samples, composed of plaster and styrene, were irradiated in the 

presence of a Cs-137 (662 keV) gamma source for a period of time of two days in an air pressurized chamber. 

Tests of resistance to compression, tensile strength in bending and water absorption, were based on a type of 

experimental design, CCRD (Central Composite Rotatable Design). The percent average weight of polymer by 

weight of the test sample was 14.0%. The presence of a polymerized resin gives the sample qualities such as 

being highly impervious to water and high mechanical strength, allowing its use in the manufacture of different 

types of materials. 
 

 

1. INTRODUCTION 

 

The location of the Plaster Pole of Araripe is very privileged. Positioned in the high semi-arid 

region of the state of Pernambuco it is distant about 800 km from 8 major Brazilian capitals 

(Recife, Salvador, Fortaleza, Aracaju, Maceió, Joao Pessoa, Natal and Terezina). The current 

12 thousand direct jobs and 64 thousand indirect are distributed in 36 mining sites, 139 

calcinations plants and 456 pre-molded industries, working with a gypsum ore of high purity 

(mean 96%), and being the largest open-cast operation in the world. 
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Such an important pole also holds titles as the one of the most polluted in the world and has 

given rise to a real desertification by indiscriminate use of firewood to feed most of the 400 

gypsum calcinations furnaces. A key solution for such a situation is the development of 

processes that give rise to materials with higher aggregated value than the current ones, 

raising the mechanical strength of the precast gypsum plaster, expanding the use of this 

material in building and contributing to reduce the production of tailings, with benefit to the 

environment. 

 

Several studies concentrated in the development of new composite materials incorporating 

granulated cork, cellulose fibers from waste paper and fibers from the recycling of used tires 

[1]. To improve the water resistance and mechanical properties of composites tests were 

carried out for incorporation in small quantities of certain minerals or polymer additions. 

Tests with two different processes for production of composites by simple molding or 

pressing were also accomplished. 

 

A method to reduce the absorption of water was tested which consisted in shaping the test 

samples of mixtures based on gypsum by pressing. With this procedure it was possible to 

minimize gaps and reduce the amount of water required for mixing. The mixture produced 

was much more compact and, consequently, its performance was significantly improved [2]. 

A mixture of plaster with only 20% water (by weight of plaster), which corresponds to the 

minimum amount of water for hydration, was prepared. A small amount of retarder was also 

added to increase the setting time. Using a manual hydraulic press, cylindrical samples were 

produced under a pressure of about 275.8 kPa. Test samples were made with two different 

temperatures (room temperature of about 25 °C and 50 °C) and both were retained after 

molding at room temperature for up to 7 days. To be tested, the samples were kept in a 

chamber at 40 °C in order to stabilize the moisture content. After this period, the samples 

were subjected to tests of compression and absorption of water by immersion for up to 2 

hours. The immersion tests were performed according to the Portuguese standard NP 762, 

1969. The water saturated samples were also subjected to compression tests 

 

According to Eires, Jalali and Camões [2] the incorporation of granular cork or textile fibers 

from used tires in plasters and plasterboards of pressed gypsum is possible, but reduces its 

mechanical performance. However, this limitation can be compensated, given the reduction 

in density and improvement of conventional cast in terms of thermal and acoustic 

performance - properties that would be tested with the continuity of work. The study showed 

that it is possible to significantly reduce the absorption of water by immersion, allowing the 

application of the plates in humid areas. The addition of cellulose fibers improves the 

bending behavior of the blends with higher amount of granulated cork or textile fibers, 

causing a smaller reduction of resistance compared to the plaster without additions. It also 

allows better cohesion and finishing of gypsum boards. 

 

This work aims to contribute to the development of a production process for obtaining a new 

material derived from gypsum - gypsum-polymer composites, with high strength and low 

absorption of water. The polymerization process is of a mass type and is usually controlled 

through the control of the parameters temperature and pressure. 

 

The use of gamma radiation, as a mechanism for reaction initiation and accelerator of 

polymerization of monomer in the matrix of gypsum, can bring considerable advantages to 

the process. As this process is done at room temperature there is much economy of heat 

energy, besides the reduction in costs to keep the system under pressure. The pressure is used 
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to keep much of the monomer (usually high-volatility) filling the interstices of the matrix of 

gypsum during the conversion to polymer. 

 

The expected low cost and high value added to end materials could bring benefits to the Pole 

of Araripe plaster, including to mechanisms for environmental preservation - smaller amount 

of solid wastes, since the mechanical properties of precast plaster are much lower when 

compared to the gypsum-polymer composites. 

 

 

2. MATERIAL AND METHODS 

 

Composite materials are obtained from the combination of two or more materials of different 

origins, in order to meet the specific needs of certain applications for the final material. The 

composites are generally made from a matrix and one or more filling materials. In most cases 

the matrix gives the composite a high tensile strength in compression. One example is the 

reinforced concrete. Cement, sand and gravel are mixed resulting in a filling to the matrix of 

steel rods. In the case of the composite gypsum / polymer, the porous structure of gypsum is 

the matrix to receive the monomer, which is polymerized to become responsible for the 

increase in mechanical properties of composite [3, 4]. 

 

Due to its low density (about 14% of the total mass of the composite is polymer), applications 

for a material of the type gypsum / polymer, can be as gypsum block walls, external coatings, 

sanitary utensils, coating for environments with high humidity (bathrooms), tools for gardens, 

kitchen counter, and others. The presence of a polymerized resin gives the sample qualities 

such as being highly impervious to water and having high mechanical strength, allowing its 

use in the manufacture of artifacts for gardens, external coatings, high floors, shelves, table 

and desk tops, ceramics for floors, columns (structural material), external coatings and 

electrical insulation, among others. 

 

 

2.1.  Preparation of composite 

 

The methodology used for the production of test samples of the composite gypsum / polymer 

was to prepare a paste with 70% w/w in water. The test samples were molded using forms 

suitable for tests of resistance to compression and bending [5], for 30 hours. Following this 

time the test samples were then maintained for 24 hours in an oven at 50 ° C. 

 

The monomer used for filling the test samples was styrene. After the absorption of the 

monomer the samples were packaged in a hermetically sealed container and then irradiated 

(gamma radiation, 0.9 kGy.h
-1

), for a period of 48 hours (total of 43.2 kGy). The radioactive 

source used was Cs-137 (E = 662 keV). 

 

The way in which the test samples were irradiated followed a Central Composite Rotational 

Design. Twelve irradiation tests were carried out: 2
2
 full factorial, four irradiations related to 

the central point and four irradiation tests related to the axial points. Table 1 shows the values 

of the variables coded for DCCR 
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Table 1. Levels and factors of the DCCR applied 

Factors -1.41 -1 0 1 1.41 

Pressure, atm 0.7 0.8 1.0 1.2 1.3 

Amount of 

monomer, % w/w 
12 13 15 17 18 

 

 

Experimental data, obtained from CCR experimental design [6], were fitted to a 

second order polynomial function. Response surface methodology (RSM) was used, which 

allowed the building of models, evaluation of the effects of factors, and searching optimum 

conditions [7,8]. RSM with a two-level CCR experimental design was applied to study the 

effect of two factors (work pressure and percent of monomer) on samples of plaster-

monomer. Three response variables were measured: compressive strength, modulus of 

rupture in flexion and water absorption. A design with five codified levels, including stars 

points, was used (Table 1). A value of α = 1.41421 and three replicates in the centre chosen in 

this work ensure the orthogonality and rotatability of the experimental design. The quality of 

obtained model was measured using the significance of each parameter through an F-test 

(calculated p-value), and the lack of fit of the model. Coefficients with a p-value lower than 

0.05 were considered significant.  

  

  

2.2. Characterization of composite gypsum / styrene 

 

The samples were tested for characterization of the physical properties of resistance to 

compression, resistance to traction and flexion and absorption of water. The procedure for 

obtaining the absorption of water was based on the standard ABNT NBR 6458: 1984 [9]. The 

dry weight of the samples was estimated, which were then immersed in water for 24 hours. 

After immersion the excess water was removed using a clean and humid cloth and then the 

weight was determined. Mathematically: 

 

                                                    (%) 100×
P

PP
=AA

S

SU
                                                    (1) 

Where: 

AA - absorption of water, % 

UP - wet weight of sample, g 

SP - dry weight, g 
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3. RESULTS AND DISCUSSION  

 

Table 2 presents a matrix of the design variables and the responses for all runs of the 

experimental design. These results were well represented by response surfaces and 

mathematical models for each of the three dependent variables. Figures 1 to 3 show the 

response surfaces. These three figures show the existence of optimum regions for 

compressive strength, modulus of rupture in flexion and water absorption. This is an 

important feature, as it allows operating in a condition near the optimum values for the 

independent variables. 

 

 

 

Table 2. Codified values of the variables and dependent variables for the CCRD 
  

 

Run 

 

Pressure 

 

 

Monomer 

 

 

Compressive 

Strength - 

CS (MPa) 

Rupture in 

Flexion -  

RF (MPa) 

 

Water 

Absorption - 

WA (%) 

 

1 1 1 29.2 8.4 0.57 

2 -1 1 23.7 6.9 0.95 

3 1 -1 23.4 6.8 0.94 

4 -1 -1 18.5 5.1 1.15 

5 1.41 0 27.0 7.5 0.67 

6 0 1.41 26.5 7.3 0.69 

7 -1.41 0 23.4 7.9 0.95 

8 0 -1.41 23.1 8.1 0.93 

9 0 0 25.6 7.8 0.88 

10 0 0 25.5 7.7  0.89 

11 0 0 25.4 7.8 0.89 

12 0 0 25.4 7.9 0.88 
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Figure 1. Fitted response surface for the compressive strength 

 

 

 

 
Figure 2. Fitted response surface for the modulus of rupture in flexion  
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Figure 3. Fitted response surface for the water absorption experimental data 

 

 

 

It is evident the considerable interaction between the factors to obtain the appropriate 

conditions (better) for resistance to compression and water absorption of the composite. The 

amount of polymer in the composite influence in a negative way after having reached a 

percentage of 15%, probably by the rupture of crystals of gypsum hydrate due to the excess 

of polymer in the final material, but without complete chemical bonds. This can also be the 

explanation for the non-interaction between the factors. 

              

The mathematical models derived from the experimental results and their ANOVA 

parameters are shown in Table 3 to Table 5. Significant effects, as determined by F and p 

values from the analysis of variance, are included. The figures in red in the ANOVA tables 

indicate that the models were adjusted to the experimental data and these facts can be 

confirmed with the aid of the values of F and p. The low values obtained for the pure error of 

each case also confirms the good fit of the models. 

 

 

 

Table 3. ANOVA of compressive strength experimental data 

 
Factor SS df MS F p 

(1)Pressure (L) 17.13204 1 17.13204 1868.950 0.000027 

     Pressure (Q) 0.62500 1 0.62500 68.182 0.003720 

(2)M       (L) 14.64559 1 14.64559 1597.700 0.000034 

     M      (Q) 13.22500 1 13.22500 1442.727 0.000040 

1L by 2L 0.09000 1 0.09000 9.818 0.051929 

Lack of Fit 29.06237 3 9.68746 1056.813 0.000049 

Pure error 0.02750 3 0.00917   

Total SS 76.58250 11    
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 Table 4. ANOVA of rupture in flexion experimental data 

 
Factor SS df MS F p 

(1)Pressure (L) 1.695416 1 1.695416 254.3124 0.000536 

    Pressure  (Q) 1.156000 1 1.156000 173.4000 0.000946 

(2)M       (L) 1.063726 1 1.063726 159.5589 0.001070 

    M       (Q) 0.100000 1 0.100000 15.0000 0.030466 

1L by 2L 0.010000 1 0.010000 1.5000 0.308068 

Lack of Fit 4.350858 3 1.450286 217.5429 0.000525 

Pure error 0.020000 3 0.006667   

Total SS 8.306667 11    

 
 

 

Table 5. ANOVA of water absorption experimental data 
 

Factor SS df MS F p 

(1)Pressure (L) 0.044743 1 0.044743 1789.720 0.000029 

     Pressure (Q) 0.039062 1 0.039062 1562.500 0.000036 

(2)M       (L) 0.039441 1 0.039441 1577.623 0.000035 

    M       (Q) 0.017222 1 0.017222 688.900 0.000121 

1L by 2L 0.007225 1 0.007225 289.000 0.000443 

Lack of Fit 0.101579 3 0.033860 1354.386 0.000034 

Pure error 0.000075 3 0.000025   

Total SS 0.262500 11    

 

 

 

 

CS = 25.475 - 1.4633883476483 * P + 0.3125 * P
2
 – 1.53033008589 * [M] – 1.4375 * [M]

2
 +                                                              

0.15 * P * [M]                                                                                                                       (2) 

 

 

RF = 7.8 – 0.46035533905933 * P – 0.425 * P
2
 – 0.36464466094067 * [M] – 0.125 * [M]

2
 

                                                                                                                                               (3) 

 

 

WA = 0.8825 + 0.074785533905933 * P – 0.078125 * P
2
 + 0.070214466094067 * [M] 

                                + 0.051875 * [M]
2
 – 0.0425 * P * [M]                                                 (4) 

 

 

 

           

Pareto analysis was also carried out which confirm the results already obtained. The charts 

obtained from the statistical analysis are shown in Figure 4, 5 and 6 and show the importance 

of the order of the variables. These charts also show the variables effects on each analyzed 

response variation.  
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Figure 4. Pareto chart of Standardized effects for the compressive strength 
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Figure 5. Pareto chart of Standardized effects for the modulus of rupture in flexion 
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Figure 6. Pareto chart of Standardized effects for the water absorption 

 

 

 

4. CONCLUSIONS  

 

This work permitted identify the best operational conditions regions to each factors set. It is 

considered that the results obtained in this work can be extrapolated to a pilot system to study 

the optimized costs and to define the best industrial operational conditions.   
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