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Abstract – World's sulfur annual production appears to be higher than its consumption. The highest production of sulfur is in oil and natural gas refineries. Mass volume production of sulfur has created some economic problems and environmental pollution. Therefore, offering new ways to use sulfur is the main need of sulfur producer industries. Recent studies show that making some prefabricated components such as walls, sewage pipes, etc. of the sulfur concrete, will resolve some of the problems of sulfur industry and other related industries. The present study was undertaken to study the behavior and properties of sulfur concrete and also the selection of the appropriate aggregate grading for sulfur concrete without admixture based on the most compact volume and maximum compressive strength. The fillers role in the mix design and aggregate influence on tensile and compressive strength, water absorption and resistance to acid attack was also addressed. The results show good behavior of sulfur concrete in comparison with cement concrete.
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I.  Introduction 

Sulfur is one of the side products of petrochemical and gas refining industries. The high volume of sulfur in the production place is a difficult problem for the producer. Refinery owners are always looking for new uses for sulfur because the amount of sulfur produced is not proportional to its consumption. Conversion of sulfur to sulfuric acid is usually not economically efficient.
II.      sulfur application in structures
The use of sulfur as an adhesive material dates back to many years ago. The first and the most practical research on sulfur was conducted in 1921 by Bacon and Davis. The result was a report on application of sulfur in making structural materials [1].  Kobbe (1924) presented a report in sulfur resistance properties against acids [2]. In 1930, the stone powder  and  sulfur  were  used as  Grout  for  foundation anchors [3]. Ducker in 1934 showed that the volume  of the combination of 40% sulfur and 60% sand as suggested by Bacon and Davis is increased in heating cycles, and as a result the bending strength is reduced [4].  In 1940, Mc kinney introduced some testing methods on sulfur that was later on brought in ASTM as the characteristics of sulfur [5]. In the same year, many tests were done on different mixtures with different weight percentages of sulfur and aggregates [6]. Dale and Ludwing conducted a research to find the best combination of aggregates to achieve the optimum strength [7]. In 1973 Vroom and Ortega studied sulfur reaction with olefin polymers [8]. Ner and Diel[9], Gillot[10] Simic and  Schneider  [10] studied on sulfur modifiers. Woo [11] researched on adding  phosphoric acid to increase sulfur concrete resistance against freeze and thaw.
III.    Properties of  test specimen

Sulfur products of Shahid hashminejad (Mashhad, Iran) Gas Refining Company with purity race of 99.9685 percent were used in this study. Some Physical properties of pure sulfur  used in tests are as follows: Density for 2.07gr/cm3 in 20( c for the solid phase of orthorhombic sulfur, and 1.6 gr/cm3 for monoclinic sulfur. The Boiling point of sulfur is about 450 (c, The Tensile strength is about11.2 kg/cm2, and the resistance pressure is about 230 kg/cm2. It has a very low electrical conductivity, and it is not affect by acids. 
To determine the exact pressure and tensile strength, standard samples were prepared and tested. Sulfur was at first heated to 140( c and then poured in moulds.The results are shown in figure (2) and Table (1).

IV.      Mix Design
In this study, Fuller curves [5] and also the curves proposed by ASTM [7] and ACI [4] were used and several samples were made. But due to low workability and porosity, the most compact volume was used, that is presented below. For comparison, the samples with grading guide recommendations DOE (manual for concrete mixing with Portland cement) were prepared along with some stone powder equivalent to 5 percent of sand weight .These samples have been named DOE sulfur concrete. Based on the test results obtained from using the most compact volume, aggregate quantities were determined via the following equation.
Y = 12.358 x2 + 12.396 x + 0.15                                        (1)
Where Y is the specific weight of total sand and gravel mixed in terms of grams per cubic centimeters, and x is the gravel consumption percent of total mixed aggregate. The results indicate that the most compact volume is calculated as 50 percent sand and 50 percent gravel by weight.  It should be noted that the fitted equation is true only in the range of 30 to 80 percent of gravel. 
The porosity of the samples was measured 22.5% that should be filled with molten sulfur. For optimal amounts of consumed sulfur, filler with continuous grading in 75 to 1180 microns was mixed with sand and gravel. Powdered stone was used for reducing the fluid state of sulfur. The specific weight of powdered stone was 2.65 gr/cm3. 
The sulfur concrete mix design based on the most compact volume in percent by weight for gravel, sands, fillers and sulfur, was 34, 34,6 and 36 respectively. The results of specific gravity of fine and coarse aggregate are illustrated in figure (3) which indicates that the maximum specific gravity is about 45 percent sand and 55 percent gravel by weight. 

Table (1)   Tensile and compressive strength of sulfur
	Sample No.
	1
	2
	3
	Average result

	Tensile strength

(kg /cm2)
	9.63
	8.32
	8.18
	8.69

	compressive strength
(kg /cm2)
	143.2
	170.1
	168.2
	160.5
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Fig. (2)    Force-displacement diagram for sulfur tensile sample
As can be seen in the following table, the lowest amount of spaces is for 56 percent by weight of sand and 44 percent of gravel that can be as the most compact volume and the lowest porosity. It is noteworthy that experiments were conducted on aggregates smaller than 12 mm shown in table (2). Different amounts of powdered stone, from 4% to 16% of the total weight of aggregate was used as shown in table (3).

Table (2) aggregate grading
	the most compact volume 
	powdered stone
	Sand
	Gravel
	Sieve size(mm)

	91.2
	100
	100
	79.9
	9.5

	54.4
	100
	94.0
	4.1
	4.75

	42.1
	99.9
	75.0
	0.2
	2.36

	25.5
	98.7
	45.6
	0
	1.18

	16.4
	79.8
	29.3
	0
	0.6

	6.0
	73.6
	10.8
	0
	0.3

	1.7
	58.9
	3.1
	0
	0.15

	0.5
	46.9
	0.8
	0
	0.075
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Gravel percent

Fig.(3) mass density changes in terms of gravel percentage
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Figure (4) compressive strength test samples
Table (3) aggregate grading for the most compact volume (M.C.V)
	M.C.V
powdered stone 16%
	M.C.V

powdered stone 14%
	M.C.V
powdered stone 12%
	M.C.V
powdered stone 10%
	M.C.V
powdered stone 8%
	M.C.V
powdered stone 6%
	M.C.V
powdered stone 4%
	(mm)Sieve size

	92.4
	92.3
	92.1
	92.0
	91.8
	91.7
	91.5
	9.5

	60.7
	60.0
	59.3
	85.5
	57.8
	57.1
	56.2
	4.75

	50.1
	49.2
	48.3
	74.4
	46.4
	45.4
	44.3
	2.36

	35.6
	34.5
	33.3
	32.2
	30.9
	29.6
	28.3
	1.18

	25.1
	24.1
	23.2
	22.2
	21.1
	20.0
	18.8
	0.6

	15.3
	14.3
	13.2
	12.1
	11.0
	9.8
	8.6
	0.3

	9.6
	8.7
	7.8
	6.9
	5.9
	4.9
	3.9
	0.15

	6.9
	6.2
	5.5
	4.7
	3.9
	3.1
	2.3
	0.075


V.      The effect of mix design on compressive strength

Using the proposed mix design, more than 200 samples were prepared and tested (figure 4). The samples for levels 25 and 27.5, 30 and 32.5 percent of sulfur to the aggregates. were named S2 and S3 and S4 and S5, respectively, and the values 4, 6 , 8, 10, 12 , 14 and 16 percent stone powder ratio to aggregate were named F2 , F3 , F4 , F5 , F6 , F7 and F8 respectively. 
A.       samples with 25% sulfur (S2)
Samples made of 25% sulfur were all porous but their porosity decreased with adding stone powder. The Components of S2 samples and compressive strength results are shown in table (6) and Figure (5) respectively. High slope at the beginning and end of the curve is due to the greater effect of fillers in low amounts of sulfur. In these samples (S2), when the amount of stone powder increases to 10%, there is no segregation of sulfur from sulfur concrete. As can be seen in the chart, the compressive strength decreased. This means that with a decrease in workability, compressive strength will not increase.
B.     Samples with 27.5% sulfur (S3)

All these samples have a completely flat surface without porosity. The minimum filling amount of 6% was selected. However, the number of sample pores reduced with increasing the amount of stone powder. The Components of S3 samples and compressive strength results are shown in table (7) and Figure (6) respectively. According to the table (7), the optimum amount of stone powder will be 10 % of total consumption aggregate. The compressive strength drastically reduced when the stone powder reduced from its optimum amount.

[image: image6.png]420

390

360

330

300

270

240

210

180

S

10

12




Filler percent

Fig. (5) effect of filler (powdered stone) on compressive strength, S2 samples             
Table (6) Components of S2 samples in terms of total weight of concrete
	Components, %
	Average result

	 Sample type
	Gravel
	Sand
	Filler
	Sulfur
	Concrete density
( kg /m3)
	Compressive strength
( kg /cm2 )

	B.S2.F2
	34.9
	42.6
	3.1
	19.4
	2383.1
	260.3

	B.S2.F3
	34.3
	42.0
	4.6
	19.1
	2398.0
	384.9

	B.S2.F4
	33.8
	41.4
	6.0
	18.8
	2438.8
	393.1

	B.S2.F5
	33.3
	40.8
	7.4
	18.5
	2425.7
	312.7



[image: image8]
Fig.(6) effect of filler(powdered stone)on compressive strength,S3 samples

Table (7) Components of S3 samples in terms of total weight of concrete
	Components  %
	Average result

	Sample type
	Gravel
	Sand
	Filler
	Sulfur
	Concrete density
(kg /m3)
	Compressive strength

( kg /cm2 )

	S3.F3
	33.7
	41.2
	4.5
	20.6
	2421.0
	441.2

	S3.F4
	33.2
	40.6
	5.9
	20.3
	2443.8
	471.1

	S3.F5
	32.7
	40.0
	5.9
	20.0
	2463.3
	494.5

	S3.F6
	32.3
	39.4
	8.6
	19.7
	2460.0
	474.8


C.     samples with 30% Sulfur (S4)

 Sulfur weight equal to 30% aggregate showed the highest compressive strength. Samples made in this way were very uniform and the sulfur concrete surface holes were much smaller. The sample size and the number of holes were very low and decrease with the increase of the filler. The Components of S3 samples and compressive strength results are shown in table (8) and Figure (7) respectively.
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Filler percent
Fig. (7) effect of filler(powdered stone)on compressive strength,S4 samples
Table (8) Components of S4 samples in terms of total weight of concrete
	Components %
	Average result

	 Sample type
	Gravel
	Sand
	Filler
	Sulfur
	Concrete density
(kg /m3)
	Compressive strength

( kg /cm2 )

	S4.F3
	33.1
	40.4
	4.4
	22.1
	2433.7
	476.4

	S4.F4
	32.6
	39.9
	5.8
	21.7
	2450.1
	494.5

	S4.F5
	32.1
	39.3
	7.2
	21.4
	2455.3
	509.5

	S4.F6
	31.7
	38.7
	8.5
	20.8
	2465.3
	549.9


D.     Samples made with 32.5% Sulfur S5

In all S5 samples, high amount of sulfur causes the separation of sulfur and stone powder. The Components of 
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Filler percent
Fig.(8) effect of filler(powdered stone)on compressive strength,S5 samples
Table (9) Components of S5 samples in terms of total weight of concrete
	Components %
	Average result

	 Sample type
	Gravel
	Sand
	Filler
	Sulfur
	Concrete density
(kg /m3)
	Compressive strength

( kg /cm2 )

	S5.F5
	31.6
	38.6
	7.0
	22.8
	2400.0
	416.5

	S5.F6
	31.1
	38.1
	8.3
	22.5
	2490.8
	424.3

	S5.F7
	30.7
	37.5
	9.6
	22.3
	2414.9
	440.1

	S5.F8
	30.3
	37.0
	10.8
	21.9
	2394.9
	388.3


S5 samples and compressive strength results are shown in table (9) and Figure (8) respectively.
VI.     Tensile strength

Tensile strength of sulfur concrete was determined using the splitting testing of 10×20 cylindrical samples (ASTM C496). For each mix design, four cylindrical specimens were made and tested. The tensile strength obtained (fct) is presented in Table (10).
VII. Resistance to acid
  One of the most important properties of sulfur concrete is high resistance to acids and salts[1,8].Samples of convectional cement concrete and sulfur concrete S4.F5 were prepared and immersed  for two weeks in sulfuric acid at room temperature. Weight loss in 98 percent sulfuric acid was selected as the measure of resistance. After 24 hours, the initial weight loss in ordinary cement concrete was measured to be 8.4%. Sulfuric acid had no effect on sulfur concrete and after weighing the samples (with an accuracy of 0.1grams) no weight loss was observed.
VIII.     Resistance to water absorption

Four samples S4.F5 were selected for testing water absorption. Sulfur concrete samples were immersed in water for 48 hours, then the surface was dried, and the samples were weighed. The samples were again dried in the oven (furnace) and weighed.
Table (10) tensile load and strength of sulfur concrete samples (S4.F5)
	
	S4.F5.1
	S4.F5.2
	S4.F5.3
	S4.F5.4
	Average

	Tensile  load
kg)        )    
	17030
	17840
	15120
	18530
	17130

	 Tensile strength
(kg/cm2)
	54.21
	56.79
	48.13
	58.98
	54.53


Table (11) Water absorption percent of S4.F5 and ordinary concrete
	Sample type
	Sample 1
	Sample 2
	Sample 3
	Sample 4
	Average

	S4.F5
	0.031
	0.035
	0.022
	0.028
	0.029

	ordinary concrete
	2.03
	2.48
	2.50
	2.01
	2.255
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Time (day)
Fig.(10) Sulfur concrete setting time 

The amount of water absorption is the weight loss divided by the dried weight in the oven. The same test was done on samples of ordinary cement concrete. (Table (11))
IX.    Setting
Setting time of sulfur concrete was determined by ultimate strength tests on S4.F5 samples.  The compressive strength was determined for cubic specimens with dimensions of 10 × 10 × 10 cm at the time of 8 and 24 hours and 3, 7 and 28 days. The results of which are presented in Figure (10). 
X.    Conclusion

In this paper, the use of sulfur concrete without chemical modifiers are studied. Since producing the concrete with pure sulfur without modifiers is very difficult, 
it was tried to provide appropriate mixing schemes using a variety of fillers, to remove  the role of modifiers. After testing several different options on the fillers, the best choice was detected to be the use of stone powder, and the summarized results are presented in this paper. The results show that, if the stone materials mix design is optimized, stone powder filler combined with sulfur can be a suitable replacement for Portland cement. Curves presented in figures (5) to (8) show that sulfur concrete compressive strength compared to ordinary concrete is very convenient. Table (10) represents the tensile strength of sulfur concrete which is slightly more than ordinary concrete. The most significant features of sulfur concrete in comparison with ordinary concrete are rapid setting and its impenetrability. The results presented in Table (11) and figure (10) represent consolidate these assertion. the Impermibility property of sulfur concrete makes it applicable  in road and construction industry.
Finally, sulfur concrete can be used for construction of sewage pipes that are generally exposed to corrosion. 
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