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Abstract: 

Oolitic limestone is one type of limestone which formed during the Jurassic period and can be found in large deposits in many areas of England. It can be used as coarse aggregate for concrete construction, however due to its porosity, it requires additional cement to maintain compressive strength, when compared to marine gravel (sandstone) concrete. Since freeze/thaw durability is one of  the most common problems in temperate countries, this paper investigates the freeze/thaw resistance of Oolitic limestone itself and when used as a coarse aggregate in concrete. 
The washed oolitic limestone was freeze/thaw tested to BS EN 1367 -1 :2007 and conclusions were drawn. Sixteen  concrete cubes (100 mm3) were made, 8 using Oolitic limestone as a coarse aggregate and another 8 using marine gravel. Two cubes  (1 Oolitic limestone, 1 marine gravel aggregate concrete) were used in a compressive strength test after 3 days of curing, to establish the strength at which the concrete was subjected to freeze/thaw action and the remaining 14 cubes were subject to freeze/thaw cycles, to a maximum of 56 cycles as informed by BS CEN/TR 15177:2006. Compressive strength, percentage mass lost and pulse velocity were compared and the results showed an equal ability to resist freeze/thaw damage when comparing the marine aggregate and oolitic limestone.
Normally, the main role of coarse aggregate in concrete is just to act as a filler which determines strength. However in the case of Oolitic limestone, which is composed mainly of calcite (calcium carbonate), further studies should be made both to determine the mineralogy and its behaviour chemically when exposed to cement paste. 
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1.0
Introduction:

The purpose of this work was to investigate the freeze/thaw durability properties of Oolitic Limestone. Limestone of various types, [Oolitic (CaCO3), dolomitic CaMg(CO3)2,] are a commonly used bedding/aggregate material. As there are significant Oolitic limestone deposits available for use in the UK and it is essential to determine the suitability of the material prior to incorporating it into a construction project. The source of the Oolitic (Jurassic) limestone sample to be tested was from Newbridge quarry in England, UK (Ordinance Survey SE 796 860). Oolitic limestone samples were tested in accordance with BS EN 1367 -1 :2007. Oolitic (Jurassic) limestone is white/yellow carbonate rock composed of lots of sand grains which have many rings of ooliths/ooids formed around them, where ooliths are sand-sized carbonate particles with concentric rings of calcium carbonate (CaCO3). The sand grains then were rolled around the shallow sea floor which leads to the formation of oolitic limestone. This type of limestone was mostly formed near the end of Jurassic period or about 135 million years ago (UCL 2011).  Since Oolitic limestone has an even structure, it can be cut in any direction, which can make it useful as a building stone, also its hardness, high density and colour, making it useful. According to Calvo & Regueiro (2010) limestone was used as a building stone for centuries and continues to be used extensively in a wide range of structures.  Limestone was very popular in late 19th to early 20th centuries it was used in building construction and architecture.  Oolitic limestone was used in this test because ice crystallization in the porous system of rock can cause significant damage (Nicholson, 2000) and this test compares oolitic limestone with a known performance of marine gravel..
2.0
Methodology:
2.1
Aggregate testing:

The aggregate was washed, oven dried, and weighed prior to the freeze/thaw test procedure as defined in BS EN 1367 -1 :2007. The test procedure used required the aggregate to be air frozen and water thawed. After the completion of each freezing cycle, the cans holding the aggregate were thawed by immersion in water at approximately 20 °C. Thawing was considered to be completed when the aggregate temperature had reached 20°C (± 3).  On completion of the tenth cycle, the contents of each can was poured into a test sieve having an aperture size half the lower size sieve used to prepare the test specimen (e.g. in the case of the 8 mm to 16 mm fraction, into a test sieve of 4 mm aperture size). The test specimen was washed and sieved on the specified sieve by hand. The residue remaining on the sieve was dried at 110°C (± 5), cooled to ambient temperature and weighed immediately to determine the total mass lost  (BS EN1367-1:2007).
2.2 
Freeze/thaw testing

The C20 concrete has a high water cement ratio and low cement content that makes the concrete susceptible to freeze/thaw damage especially when the testing is started at a point in the early life of the concrete. Concrete cubes were manufactured using a 70 litre rotary drum mixer, a slump of 150 to 160 mm was recorded for each batch of concrete. Sixteen 100 mm3 concrete cubes were made using the concrete mix design shown in Table 1 that will provide a C20 characteristic strength concrete.
	
	

	Mass per m3 of concrete (kg)
	Material

	240
	CEM1 cement (Ferrocrete)

	731
	Coarse sand

	1107
	Aggregate ( Marine gravel/Oolitic limestone)

	0.8
	Water cement ratio


Table 1-C20 Mix design of concrete cubes
The batching comprised of 16 concrete cubes (8 Oolitic limestone aggregate and 8 marine gravel aggregate concrete) as shown in Figure 1. 
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Figure 1- Batching process

The mixing time for each batch was equal and the batching and cube manufacture complied with BS 1881 : Part 108, (1983). The use of Ferrocrete increased the rate of curing due to the CEM 1 being finely ground, hence the 3 day curing period.

The concrete mix design had a  0.8 water/cement ratio, which can lead to very weak strength concrete and allow an accelerated freeze/thaw test program.  One from each group of 8 concrete cubes were subject to a compressive strength test after 3 days of curing. The other 7 cubes of each group were subject to a  freeze/thaw test. The testing took place during the day and two freeze/thaw cycles were able to be carried out, which comprised of 1 hour in the water tank of 20°C and 7 hours in the freezer of -19°C, this counted as one freeze/thaw cycle. Then, the concrete cubes were put back into the water tank again for 60 minutes to fully thaw and saturate and finally, returned to the freezer all night for 15-16 hours. This procedure was air freezing and water thawing as described in ASTM C666:1997 (Procedure B).
Before all 14 concrete cubes were put into the test, their weight and pulse velocity were measured (BS 1881 Testing Concrete, Part 203: 1986).  Also, after every 7th cycle their weight, pulse velocity was again being measured and cracks from the freeze/thaw effect were observed. The freeze/thaw cycles would be terminated after 56 cycles or after the pulse velocity reduction was more than 60% of the original reading and this was informed by BS CEN/TR 15177: (2006) and ASTM 666C.

3.0
Results 
3.1
Oolite aggregate test

The deterioration of the washed  Oolitic limestone due to freezing and thawing was observed in this test after 10 freeze/thaw cycles. The freeze/thaw samples consisted of two batches; one 4kg, and one 2kg that were sieved down to 16-32mm, and 8-16mm respectively. After 10 freeze/thaw cycles were carried out on washed Oolitic limestone, the dry mass lost was recorded on a single sieve half the size of the smallest sieve used to prepare the sample. Washing the limestone produced a mass loss of 45% of very fine materials surrounding the limestone.

The 4 kg sample prepared within the range of 16-32 mm was sieved and 3.66 kg of material was retained on sieve. This equates to an 8.5% loss of test material due to freeze/thaw action.

The 2 kg sample prepared within the range of 8-16 mm was sieved and 1.78 kg of material was retained on the sieve. This equates to a 10.5% loss of test material due to freeze/thaw action. The average loss between the two samples was 9.5% with the smaller aggregate fairing worse than the larger aggregate due to the volume and surface area relationship of the two aggregate sizes. A 32mm aggregate may have a surface area/volume ratio of 0.188, whereas an 8 mm aggregate may have a surface area/volume ratio of 0.750. This shows that there is a difference of 4 with regard to the surface area/volume ratios of the two different aggregate sizes. A 9.5% loss is not considered to be a good aggregate to be used in concrete mixing (BS EN 12620:2002) where freeze/thaw cycles may occur as it is outside the F1 – 3 categories as defined in Table 18 and therefore the percentage loss must be declared. Each cycle only lasts for 24 hours; and according to Smith et al. (2010) oolitic limestone is prone to decay caused by severe and/or prolonged freezing. Therefore, a different set of results may be obtained regarding freeze/thaw effectiveness if the cycle time and the number of cycles are increased.  According to Nye (1972), Oolitic limestone has a high anisotropic behavior due to the presence of calcite. This behavior creates a large dilation coefficient in the crystallographic axis, while causing contraction in the other two axis. This dilation results in major deformations of the Oolitic limestone in many dimensions, and this phenomenon leads to more integral cracks in the limestone particles which may be a contributing factor within these results.
3.2 
Freeze/thaw test
The initial compressive strength at 3 days was 4.1 N/mm2 for marine gravel and 5.4 N/mm2 for Oolitic limestone.  The freeze/thaw test was terminated after 35 cycles due to the breakdown of the concrete cube due to freeze/thaw action. The performance of the concrete cubes is shown in Figures 2 and 3 are based upon the average values of the 7 cubes.
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Figures 4 to 9 show the deterioration of the concrete cubes at 14, 21 and 28 cycles. It is apparent from Figures 2 and 3 that the pulse velocity reduction and mass lost were roughly equal with the exception of the last 7 cycles and this is corroborated in Figures 4 to 9.
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When producing high density concrete, oolitic limestone has high density in itself, however, its shape is not what is most suitable for using as coarse aggregate. Good aggregate should have some sphericity, some angular and its texture must be rough. The oolitic limestone is rough and quite angular but its shape is quite flaky and elongated which is not good. Together with its anisotropic expansion and contraction during temperature change, this may be the possible reason for the sudden failure in the 28th to 35th cycle. 

4.0
Conclusion:

The material was washed prior to freeze/thaw testing, and the clean aggregate was used for the freeze/thaw test from which the mass lost was only 8.5 – 10.5% which is within the permissible values required for use as a sub base material. However, a certain amount of fine material is required if the Oolitic limestone was to be used as a bedding material and this may have to be added back to the aggregate after the initial washing to be of a commercial use.
The freeze/thaw concrete test showed that, all of the concrete cubes had failed completely after the 35th cycle; also the pulse velocity reduction was more than 60% for both types of concrete cube, which was when the test was terminated. As shown in the results, there were no significant differences in freeze/thaw performance between both types of aggregate. However, marine gravel aggregate concrete cubes were slightly better in freeze/thaw performance as their average pulse velocity was higher than Oolitic limestone. This is an indication of fewer internal cracks from the freeze/thaw action. The percentage mass lost in the last cycle of Oolitic limestone - 49.5%, was about 10% higher than the mass lost marine gravel aggregate concrete cubes, 37.69%. This reaction may be due to the fact that limestone can be highly variable in terms of physical characteristics such as hardness, fossil content and porosity (Smith & Viles 2006).  The higher anisotropic behavior of calcite in oolitic limestone, where there is a large dilatation coefficient in the crystallographic axis (c) and strong contraction in a and b axis (Nye 1972), can also lead to more cracks inside the concrete cubes.

A visual examination showed that Oolitic limestone aggregate concretes were better in all earlier cycles since they didn’t have visible surface cracks. However, in the 28th cycle, they suddenly broken down and displayed similar damage to that of marine gravel aggregate concrete.

5.0         Further work:

In concrete, there are two possible ways to resist failure caused by freezing and thawing which is increasing the density of concrete or creating well distributed air voids inside the concrete (Marco Castano et al 2010).  Higher density concrete which by implication means higher strength, can be simply produced by using high strength cement, using high density aggregate or using less water to cement ratio. For the production of well distributed voids, an air entraining agent can be used to induce the chemical reaction during the hydration of cement paste during the plastic phase to create air in the form of very small well distributed bubbles.
By using the oolitic limestone as coarse aggregate, it is possible to increase the freezing and thawing of concrete by these two ways, producing high density concrete and creating more well distributed voids inside them. 

Oolitic limestones are mainly composed of rings of calcite or calcium carbonate. Regarding the role of calcium carbonate in cement hydration, calcite addition to the cement patse will create a reaction which will increase the pH and decrease the porosity in concrete with no expansion in the concrete volume (Matschei, et al 2006). It can be assumed that by using the oolictic limestone as coarse aggregate, it may be possible that some chemical reactions may take place and this may help to create more distributed voids and increase the concrete resistance to freezing and thawing and this is an area for further research.      
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Figure 2- Average pulse velocity of both types of concrete - 35 freeze/thaw cycles





Figure 3- Average percentage mass lost of both types of concrete - 35 freeze/thaw cycles





Figures 4 and 5- Oolitic limestone aggregate (left) and marine gravel aggregate (right) concrete cube after 14 cycles





Figures 6 and 7 Oolitic limestone aggregate (left) and marine gravel aggregate(right) concrete cube after  21 cycles 





Figure 8 and 9 Oolitic limestone aggregate(left) and marine gravel aggregate(right) concrete cube after  28 cycles









