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ADVANCE \y 284ABSTRACT  
Ceramicrete is a new engineering material that was developed at the Argonne National Laboratory.  It is the product of an acid-base reaction between magnesium oxide (MgO; a base) and potassium hydrogen phosphate (KH2PO4; an acid).  A binder is produced from this reaction that can be mixed with aggregate and water to form a concrete-like material.  Ceramicrete then can be pumped, gunned, or sprayed with commercially available equipment.  This material shows the potential for being used in nearly all applications requiring concrete.  It seems especially well suited for applications in the marine environment given that it mixes at room temperature, sets up quickly (even during cold weather), expands slightly when it sets forming a seal, has a much higher compressive strength compared to concrete, resists corrosion, and does not absorb water.  Currently, it is being investigated for use as a replacement to cement and other sealant products used during the drilling and completion of boreholes in deep offshore environments (?Do not understand). The cost of Ceramicrete is approximately 50% more than Portland-based cement concrete.  However, there are several potential advantages including better penetration of small areas, better performance in cold joint bonding, and better bonding to concrete and steel.  This paper outlines a study examining this new and novel material focusing on the cold joint bonding in particular. 
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INTRODUCTION

Ceramicrete is a relatively new engineering development that uses an acid-base reaction between magnesium oxide (MgO; a base) and potassium hydrogen phosphate (KH2PO4; an acid). (Does this sentence need to be repeated?)  The product of this reaction is the binder that can be used as a matrix material in forming a concrete-like material.  This material is light weight, fast-drying, and has a high strength.  Ceramicrete initially was developed at Argonne National Laboratory (ANL) by Arun S. Wagh to encase radioactive and hazardous waste. Because of the considerable mechanical properties of this material, ceramicrete shows potential for being used in nearly all applications requiring concrete.

This research began by Midshipmen Burns at Los Alamos National Laboratory (LANL) during the summer of 2002 as an internship.  Researchers at LANL are considering ceramicrete as a potential material for replacing the portland cement-based grout plugs currently used in underground weapons testing.  The grout is placed in large holes in the ground by pumping it through long pipes.  Problems with their current grout system involve shrinkage and cracking at early age, thermal cracking, and stiffening early because of rapid hydration (??).  Another problem is in the size of the pours.  Pours cannot be completed in a single two-shift day.  Therefore, grout often must be poured the next day on top of already cured grout.  This creates a weakness at the mechanical bond between the two pours.

Experimental testing was continued at the U.S. Naval Academy in the fall of 2002 in order to examine the properties of ceramicrete.  Three objectives, in particular, were studied: 1) to question whether or not ceramicrete chemically bonds to itself, 2) to question whether or not ceramicrete is weaker at the bond if there is no chemical bond (i.e. a mechanical bond exists), and 3) to examine the possibility of a chemical bond between ceramicrete and clean or dirty Portland cement-based concretes.  If ceramicrete were favorable in all three areas, this new concrete-like substance could be of great benefit to the military.  This concrete-like material could be used for combat engineering purposes where they currently use concrete.  Additionally, it could be used for runway or roadway repair, existing dockside repair, or a replacement material for the grout plugs used by the department of energy in weapons testing.  To accomplish the objectives, two tests were performed.  They were a compression test and a short beam flexure test.  This paper outlines these test results.

EXPERIMENTAL PROCEDURE
Mixing of the Phosphate Cement 

The main ingredients of ceramicrete are magnesium oxide (MgO) and potassium hydrogen phosphate (KH2PO4).  MgO is used in general industrial applications and also is a common vitamin for Americans.  The MgO for this project was donated by Martin Marietta Magnesia Specialties and is their specific product called MagChem 10.  This classification means that the water is burned off of the MgO at a much higher temperature than typical MgO vitamins and it is produced as a powder of 200 grind.  The second ingredient, KH2PO4, is a substance that is used often in fertilizers and irrigating systems.  It avoids the addition of chloride and sulphate and is normally available in all sizes of a 50 pound bag or larger.  Rhodia Phosphate Specialties donated the KH2PO4.  The ingredients of the binder form a simple acid-base reaction which can be combined based on the weights of the balanced chemical reaction of magnesium oxide, potassium hydrogen phosphate, and water.  The result is a hydrated magnesium potassium phosphate according to the reaction,
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 ADVANCE \u 6
This reaction forms the product known as MKP.  The amounts of material needed were determined by using the atomic weights of the elements and basic chemistry rules.  For example, for a basic 1 kg dry reactants mix, 228.5g MgO, 771.5 g of KH2PO4, and 510.7 g of H2O were needed.


[image: image2.wmf]
The mixing process is straightforward.  After calculating the appropriate weight of each substance, the dry ingredients are mixed together first for approximately four minutes.  Then the water is added and ceramicrete is mixed at a constant rate for approximately one hour.  Aggregate material is added at approximately 45 minutes into the mixing.  The mixing does not stop at a specific time, but rather when the material turns from a milky texture to a warm mixture that has just begun to thicken.  

Determining the Microstructure
[image: image3.wmf]______
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Several specimens were fabricated at ANL and sent to LANL in order to examine the claim that ceramicrete chemically bonds to itself and other materials.  Three different pours of ceramicrete were made in a beaker.  The first layer was the ceramicrete binder combined with sand which made the layer white in color.  The second layer was what ANL calls ferricrete.  Ferricrete is ceramicrete combined with a ferrous-based ash and is rust in color.  The top layer was ceramicrete combined with Class F flyash.  (See Figure 1 for example.)  The second specimen sent from ANL was a piece of sandstone with ceramicrete bonded to it.

[image: image4.wmf]
Fig. 1 Sample of Bonded Ceramicrete Sent by ANL

A total of three thin sections were made from the two specimens.  The first was a thin section of the bond between the sandstone and the ceramicrete combined with Class F flyash.  The second thin section included the bond between the ceramicrete combined with Class F flyash and ferricrete.  The bond between ferricrete and the ceramicrete combined with sand was on the third thin section.  Each of the thin sections was examined using of a Scanning Electron Microscope (SEM) at LANL.

Figure 2 shows the bond between the piece of sandstone and the ceramicrete combined with Class F flyash.  The left side of the picture is the sandstone and the right side is the ceramicrete.  This picture is generated by using the backscatter electron detector which is sensitive to atomic number.  At the boundary line in the image, there are virtually no pores between the ceramicrete and sandstone.  A SEM uses a function called line-scan in which the machine follows a specific line across a specimen and gives a readout on the percentages of atomic numbers along the line.  Using the line-scan to go across the ceramicrete and through the bond, the percentages of binder material on the microscopic level did not change.  This leads to the conclusion that the bonds ceramicrete forms are mechanical rather than chemical. 

Fig. 2 SEM Image of Sandstone and Ceramicrete Bond

(100 Micron – not SI Fig. 2 and 3!!! What does it change to for SI?)

The image in figure 3 shows the largest void that could be found on the bonds in any of the thin sections.  The left side of this image is the ceramicrete with the flyash, and the right side is the ferricrete.  The void at the boundary line is approximately ten micrometers in width.  This means that even if there is no chemical bond, the mechanical bond formed by ceramicrete is better than any known concrete REFERENCE?-who told you this?Ed Gaffney, Phd, Los Alamos.  In the image in figure 3, there are cracks that run almost horizontal on the ferricrete side, but do not continue on to the ceramicrete half of the bond.  This fact along with another line-scan support that there are no chemical bonds formed. What about 3rd figure??

[image: image5.png]



Fig. 3 SEM Image of Ferricrete and Ceramicrete Bond
Cylindrical Samples

Fabrication of Cylindrical Samples

At LANL pill jars were available in the Thin Sections Laboratory and chosen as the size to use for testing. They are 2.630 inches long and 1.315 inches in diameter which conforms to ASTM C-39 Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens (2). The ceramicrete was poured into these containers according to requirements in ASTM C-192 Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory (3).
Three different classes of specimens were made and labeled as: 1) solid, no cold bond, 2) compression, cold bond, and 3) shear, cold bond. All were made by following the preceding mixing procedures with a flyash loading equal to the weight of the dry additions of the mixture.  Solid specimens were poured into the pill jars, filling them completely.  These are the control specimens.  Compression specimens with the cold bond were fabricated over a period of three days.  The first pour would fill the jar to approximately halfway, and then two days later, the jar would be topped off with a second pour.  This process simulated a cold bond being formed on a plane perpendicular to the compression force that would later be applied.  Shear samples were poured in a similar fashion except, for the first pour, the jars were set at an angle.  Two days later the jars were set back up right and topped off with the second pour.  This process placed the cold bond on a shear plane. 

To remove the specimens from the molds, the bottom corner of the pill jars had to be hit with a hammer.  A large crack would form allowing for the pill jar to be broken off.   After the samples were removed from the pill jars,  it became harder to find the line where the cold bond occurred.  Therefore, just prior to completely taking the specimens out of the jars, they were lined up and marked with a permanent marker as to where the bond was located.

In addition to the samples in the pill jars, more specimens were made from pieces of scrap concrete left in the Thin Sections Lab at LANL and pieces of old sidewalk from the Los Alamos community dump.  These pieces of concrete were cored into three different sizes with a drill press.  The nominal diameters of the cored pieces were 1, 1.5, and 2 inches.  After pieces were cored, a piece of a plastic was taped around each, making the mold directly attached to the cored pieces.  The ceramicrete then was poured into these plastic molds and allowed to cure.

A few of the specimens mentioned above cured with the top uneven.  In addition, a few of the ones poured on the concrete had to be shortened to fit the diameter equal to one-half length requirement.  To shorten or level the top surface, a lathe was used in the Technical Services Department Model Shop at the U.S. Naval Academy.  While learning to use the machine and get the settings correct, four samples were broken as a result of having the grips too loose or too tight on the specimen.

Testing of Cylindrical Samples 

The cylindrical specimens were tested on the SATEC UD50 machine in the Materials Laboratory at the U.S. Naval Academy. The machine was configured for cylindrical compression tests and used a 5000-, 10000-, or 25000-pound load cell depending on the size of the specimen.  The load cell was connected to a flat plate which would press down on the specimens sitting atop a universal compression plate.  Each time the machine was used, data was taken regarding time, load, deflection, stress, and strain.  The data was originally saved to the computer in the DOS program.  Later it was exported to a floppy disk put into an EXCEL spreadsheet for data manipulation.  (I left out setup picture – blurry. Vicky can take another if needed.)

Fabrication of Beams
Forms for the beams were made by CBU 403 of Naval Station, Annapolis.  The forms were made with plywood and measured 4 inch x 4 inch x 3 feet.  At one-foot intervals pieces of cardboard were laid to make each three-foot beam into three separate one-foot long beams.  The ceramicrete was fabricated with the ceramicrete resin and small aggregate rocks from the old CBU supplies at Naval Station, Annapolis.  Six different batches of ceramicrete were made and poured.  The ceramicrete was poured into the six separate beams, but only five were usable for data.  During one pour, the ceramicrete flash set before it was completely poured.  After it flash set, the pieces that were poured became very hot and cracked as they cured.

Testing of Beams
The beams also were tested on the SATEC machine in the Materials Lab.  This time the setup involved the 5000 pound load cell and an aluminum attachment used to apply the point load for the 3-point bend test.  This attachment was placed on top of the beam which rested on an aluminum stand with two simple supports.  The length between the supports measured eight inches.   The aluminum stand deflected approximately 0.00776 inches at maximum load. Therefore, a correction factor had to be used in the analysis of the beam results. (I left out setup picture – blurry. Vicky can take another if needed.)

A total of 15 specimens 1foot x 4 inch x 4 inch in dimension were tested.  From each three-foot beam mold, three smaller beams were tested at different days.  The three different dates corresponded to a 2-day, 7-day, and 21-day cure.  Typical concrete specifications call for 28-day cures, but in the scope of this research, a 28-day cure could not be obtained based on lack of time left in the semester.

RESULTS

Cylindrical Tests

All of the cylinders failed basically the same way.  As loading was increased, the first sign of failure was associated with a “popping” sound.  At this point, material started to flake off of the cylinder. This “popping” noise and the associated flaking-off of the material would continue until ultimate failure occurred.

Figure 4 shows the typical output obtained from the cylindrical compression tests.  The arrow is annotating the point at which a “pop” would have been heard.  Each bump in the graph is a  point at which pieces were flaking off the sides of the cylinder.
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Fig. 4 Typical Output from Cylindrical Specimens

The average maximum strength for each category were found from the experimental results and compared to each other to see if there were any significant changes in the maximum strength.  The average compressive strengths are shown in Figure 5 for each category.  The average compressive strength for the cold bond group is 2189 psi whereas the average compressive strength for the no cold bond group (baseline) is 1942 psi.  The average compressive strength of the no cold bond with saltwater group is 2283 psi, and the average compressive strength of the shear cold bond with saltwater is 1474 psi.  The coefficients of variance of the average compressive strengths average (unclear) 0.28.   Overall, the average compressive strength of all the ceramicrete specimens was approximately 2000 psi.  From these results, it can be seen that there is no significant change in values of compressive strengths for the different categories; therefore, it is apparent that cold bonds and an addition of saltwater to the mix do not affect the compressive strength of ceramicrete.
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Fig. 5 Average Compressive Strengths of Cylindrical Specimens

After analyzing compressive strengths, the next item to examine was the elastic modulus.  The elastic modulus was examined for each specimen.  ADD HERE- Fig 6 also ACI 318 8.5.1 (??) uses empirical formula to calculate the elastic modulus, Ec:
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 ADVANCE \u 7
where wc is the unit weight and fc’ is the compressive strength.   Using the unit weight of ceramicrete of 115 lb/ft3 and the average compressive strength of 2000 psi, the calculated modulus of elasticity would be almost 2,000,000 psi.  However, the experimental results were closer to 185,000 psi to 210,000 psi.  Therefore, empirical models for Young’s modulus for concrete could not be used for ceramicrete. (Vicky - What about 7.5*??? )

Later studies involved the bond between concrete and ceramicrete.  The specimens that involved this bond failed by cracking vertically.  These vertical cracks ran the entire length of the cylinder.  There was only one specimen that failed at the bond.  Figure 7 shows the average compressive strengths of the specimens with the ceramicrete bonded to concrete.  The compressive strengths were close to the same for all of the samples, averaging 3737 psi for the medium (1.5-inch diameter) specimens and 2975 psi for the large (2.0-inch diameter) specimens.  Within each group, the maximum coefficient of variation was 0.19 which is good for this data.  Why is medium higher?? Made later??
ADD FIGURE!!!!!

Fig. 7 Average Compressive Strengths of Cylinders Made on Cored Concrete

After looking at the strengths of ceramicrete, the possibility of a learning curve was looked at regarding specimen quality.  From the first batches to the last in Los Alamos, there was an increase in the average compressive strengths.  Figure 8 shows the increase in average strengths for different categories of cylinders.  The increase in time is being used to simulate the learning curve (unclear).  The category of specimens that showed the greatest amount of increased quality over time was the no cold bond, saltwater category.  Its AVERAGE?? compressive strength was determined from specimens (1or more??) poured on day one to be 1258 psi while its AVERAGE?? compressive strength was determined from specimens (1or more??) poured on day nine to be 3409 psi. 
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Fig. 8 Average Compressive Strengths Increasing Over Time 

Beam Tests

The modulus of rupture (compressive strength under flexure) of each beam tested under three point flexure was calculated using:
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where P is the load, L is the beam span, b is the beam width and d is the beam depth. The SATEC successfully failed all of the beams within ½ inch of the center.  The flexural strengths of the beams were averaged for each cure   (2-day, 7-day, 21-day). As convention would hold, the flexure strengths increased over time as shown in Figure 9 (Average Flexural Strength - fix on Title and y-axis).  The average flexure strength was 339 psi for the 2-day cure, 344 psi for the 7-day cure, 391 psi for the 21-day cure.  On the other hand, the average deflection per day cured decreased over time.  The average deflection went down from 0.0452 inches at the 2-day cure to 0.0432 inches at the 21-day cure.
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Fig. 9 Average Flexure Strengths of Beams

From the deflection equation, (,  for a beam under a three-point bending: 
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 ADVANCE \u 13
and knowing the moment of inertia of the beam, I, the modulus of elasticity under three-point flexure, E,  for the beams was found.  Over the days cured, the average modulus of elasticity under three-point flexure increased from 21,297 psi at 2 days to 31,405 psi at 21 days. (See Figure 10.) 
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(Move figure from before. Running out of patience!)

Fig. 10 Modulus of Elasticity due to Flexure over Time for Beams
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Following analysis of the modulus of elasticity due to flexure, the direct tensile strength of concrete was considered from

WE must define ho etc. here!! Figure 11 shows a comparison of values for equation (1) modulus of rupture and equation (3) direct tensile strength.  In normal-weight concrete, there is a relation ship between the two values.  The modulus of rupture overestimates the direct tensile strength by 50 to 100 percent.  Conversely, for ceramicrete, the rupture modulus accurately estimates the direct tensile strength. (Vicky is rewriting this.)

Fig. 11 NEW ONE NEEDED Comparison of Modulus of Rupture and Direct Tensile Strength

CONCLUSIONS

Ceramicrete has potential to replace concrete as the material of choice especially for repair work.  It seems especially well suited for applications in the marine environment given that it mixes at room temperature, does not absorb water, resists corrosion, sets up quickly even during cold weather, and expands slightly when it sets forming a seal.  However, like many engineered materials, it requires “expert” pouring to achieve desirable results.  This expert pouring means that the contractor must have extensive practice in order to use the material correctly.  This was evident in the increased quality of latter specimens.  It also requires constant attention during the mixing process since the only way at this time to determine when it is ready to pour is visually rather than a precise time or temperature.  On the other hand, it appears ceramicrete can be mixed with saltwater which could be a benefit to the marine industry and the Navy.  Additionally, there was no significant reduction in compressive strength found from cold bonds.  More study is required to validate this; however, if proven true, ceramicrete would be an ideal material for large applications.

Empirical formulas for normal weight concrete were found not to be applicable for ceramicrete. When using ACI 318 8.5.1 to predict the compressive modulus of elasticity, the predicted modulus was ten to twenty times larger than the experimental values. (Note: The weight of a typical weight of a concrete is 150 lb/ft3 whereas the typical weight of ceramicrete is 115 lb/ft3.)  When using empirical formulas to predict the modulus of rupture, ceramicrete does not follow the same relationship as concrete, but the modulus of rupture can be used as an indicator of the direct tensile strength of ceramicrete. (Need to check this statement!!)

Ceramicrete also is good in that it does not adhere to plastic.  Tests performed in Los Alamos where ceramicrete was made with polystyrene but it has yet to be tested for its strength (???this contradicts the first statement!!).  At the Naval Academy, the ceramicrete was mixed in a large plastic tub.  The one time it flash set, it was removed from the tub after it was dry by simply bending the tub.  Additionally, the cylinders came apart from the plastic molds relatively easily once the molds were cracked.  On the other hand, ceramicrete bonds to wood, based on the experiences with the plywood molds for the beams.  Ceramicrete also bonds to steel, since the one time the ceramicrete flashset at LANL, it would not come out of the steel bowl it was mixed in.

Ceramicrete does not appear to harm skin in any way.   In order to clean metallic materials, an acidic solution can be used.  In this study, vinegar (acetic acid) was used to dissolve ceramicrete from metallic tools.  Therefore, care should be taken when there is a possiblility of exposing ceramicrete to an acidic substance.

RECOMMENDATIONS

Much more testing of ceramicrete needs to be performed before it will be accepted in the construction and repair industry.  Based on this study, ceramicrete should be examined again in a saltwater environment.  Specifically deterioration over time would be a great interest.  Additionally, it would be beneficial to know the actual temperature ceramicrete gives off while it is curing.  It has a relatively low exotherm since each time a sample was fabricated, it could be picked up while it was curing (except for the time the ceramicrete flash set while pouring the beams).  This leads into another possible area of interest.  A correlation needs to be found between temperature of the mixture, temperature of the environment, mixing time, and visual inspection of ceramicrete being ready to pour.  This information would make ceramicrete a more user friendly material.
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				2-Day Cure

				Test No		Pour		P		f		d		depth		width		notes		corrected d		E		R		Direct Tension

				00…01		A		928.1				0.0295		4		2		test piece										7.5sqrt(fc')

				00…02		B		1392		344		0.054		4		3		does not seem completely dry at center		0.04624		20069.2041522491		232		230.1811550877		335.410196625

				00…03		C		1033.5		344		0.035		4		2.5		small cracks in top about 1/8" deep		0.02724		30352.422907489		206.7		230.1811550877		335.410196625

				00…04		D		1359.5		509.83		0.084		4		2		small cracks in top about 1/16" deep		0.07624		17831.8467995803		339.875		341.1431927278		335.410196625

				00…06		E		910		273.15		0.036		4		2.5		did not appear completely dry at center		0.02824		25779.0368271955		182		182.7732049773		335.410196625

				00…07		F		1013.9		225.32		0.056		4		3.375		set atop of flash set piece/dropped 3-1/2 ft to floor right before test		0.04824		12455.0089060868		150.2074074074		150.7686565824		335.410196625

		2				Average:		1141.78		339.26		0.053								0.04524		21297.5039185201		222.1564814815		227.0094728926		335.410196625

																												335.410196625

				7-Day Cure																								335.410196625

				00…05		A		818.42		306.91		0.0225		4		2		failed by cracking only halfway through depth		0.01474		55523.7449118046		204.605		205.3630764766		335.410196625

				00…08		B		843.99		199.37		0.157		4		3.125		does not look fully dry at center										335.410196625

				00…10		C		1170		319.1		0.06		4		2.75		side uneven b/c wood from form stuck to side of piece		0.05224		16288.4588612001		212.7272727273		213.5197865944		335.410196625

				00…11		D		1107.6		310.6		0.075		4		2.675		some cracks at each end		0.06724		12315.7666498024		207.0280373832		207.8321708437		335.410196625

				00…12		E		1317.9		439.29		0.0525		4		2.25				0.04474		26183.8772165102		292.8666666667		293.9426733095		335.410196625

				00…09		F		971.5		243		0.522		4		3		Results thrown out-- failed near support										335.410196625

		7				Average:		1103.48		343.975		0.0525								0.04474		27577.9619098293		229.3067441943		230.1644268061		335.410196625

																												335.410196625

				21-Day Cure																								335.410196625

				00…013		A		911.48		303.83		0.032		4		2.25				0.02424		33424.2757609094		202.5511111111		203.3021521811		335.410196625

				00…16		B		720.63		180.16		0.121		4		3		larg cracks present before test										335.410196625

				00…14		C		780		212.83		0.0839		4		2.75		Results thrown out-- failed near support										335.410196625

				00…15		D		1283.8		385.14		0.086		4		2.5				0.07824		13126.7893660532		256.76		257.7092153211		335.410196625

				00…17		E		1460.7		486.91		0.035		4		2.25				0.02724		47665.1982378855		324.6		325.8067041388		335.410196625

		21				Average:		1218.66		391.96		0.051								0.04324		31405.421121616		261.3037037037		262.272690547
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				2-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…01		A		928.1				0.0295		4		2		test piece

				00…02		B		1392		344		0.054		4		3		does not seem completely dry at center		0.04624		20069.2041522491		232		230.1811550877

				00…03		C		1033.5		344		0.035		4		2.5		small cracks in top about 1/8" deep		0.02724		30352.422907489		206.7		230.1811550877

				00…04		D		1359.5		509.83		0.084		4		2		small cracks in top about 1/16" deep		0.07624		17831.8467995803		339.875		341.1431927278

				00…06		E		910		273.15		0.036		4		2.5		did not appear completely dry at center		0.02824		25779.0368271955		182		182.7732049773

				00…07		F		1013.9		225.32		0.056		4		3.375		set atop of flash set piece		0.04824		12455.0089060868		150.2074074074		150.7686565824

		2		Average:				1141.78		339.26		0.053								0.04524		21297.5039185201		222.1564814815		227.0094728926

				7-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…05		A		818.42		306.91		0.0225		4		2		failed by cracking only halfway through depth		0.01474		55523.7449118046		204.605		205.3630764766

				00…08		B		843.99		199.37		0.157		4		3.125		does not look fully dry at center

				00…10		C		1170		319.1		0.06		4		2.75		side uneven b/c wood from form stuck		0.05224		16288.4588612001		212.7272727273		213.5197865944

				00…11		D		1107.6		310.6		0.075		4		2.675		some cracks at each end		0.06724		12315.7666498024		207.0280373832		207.8321708437

				00…12		E		1317.9		439.29		0.0525		4		2.25				0.04474		26183.8772165102		292.8666666667		293.9426733095

				00…09		F		971.5		243		0.522		4		3		Results thrown out-- failed near support

		7		Average:				1103.48		343.975		0.0525								0.04474		27577.9619098293		229.3067441943		230.1644268061

				21-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…013		A		911.48		303.83		0.032		4		2.25				0.02424		33424.2757609094		202.5511111111		203.3021521811

				00…16		B		720.63		180.16		0.121		4		3		larg cracks present before test

				00…14		C		780		212.83		0.0839		4		2.75		Results thrown out-- failed near support

				00…15		D		1283.8		385.14		0.086		4		2.5				0.07824		13126.7893660532		256.76		257.7092153211

				00…17		E		1460.7		486.91		0.035		4		2.25				0.02724		47665.1982378855		324.6		325.8067041388

		21		Average:				1218.66		391.96		0.051								0.04324		31405.421121616		261.3037037037		262.272690547
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				2-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…01		A		928.1				0.0295		4		2		test piece

				00…02		B		1392		344		0.054		4		3		does not seem completely dry at center		0.04624		20069.2041522491		232		230.1811550877

				00…03		C		1033.5		344		0.035		4		2.5		small cracks in top about 1/8" deep		0.02724		30352.422907489		206.7		230.1811550877

				00…04		D		1359.5		509.83		0.084		4		2		small cracks in top about 1/16" deep		0.07624		17831.8467995803		339.875		341.1431927278

				00…06		E		910		273.15		0.036		4		2.5		did not appear completely dry at center		0.02824		25779.0368271955		182		182.7732049773

				00…07		F		1013.9		225.32		0.056		4		3.375		set atop of flash set piece		0.04824		12455.0089060868		150.2074074074		150.7686565824

		2		Average:				1141.78		339.26		0.053								0.04524		21297.5039185201		222.1564814815		227.0094728926

				7-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…05		A		818.42		306.91		0.0225		4		2		failed by cracking only halfway through depth		0.01474		55523.7449118046		204.605		205.3630764766

				00…08		B		843.99		199.37		0.157		4		3.125		does not look fully dry at center

				00…10		C		1170		319.1		0.06		4		2.75		side uneven b/c wood from form stuck		0.05224		16288.4588612001		212.7272727273		213.5197865944

				00…11		D		1107.6		310.6		0.075		4		2.675		some cracks at each end		0.06724		12315.7666498024		207.0280373832		207.8321708437

				00…12		E		1317.9		439.29		0.0525		4		2.25				0.04474		26183.8772165102		292.8666666667		293.9426733095

				00…09		F		971.5		243		0.522		4		3		Results thrown out-- failed near support

		7		Average:				1103.48		343.975		0.0525								0.04474		27577.9619098293		229.3067441943		230.1644268061

				21-Day Cure

				Test No		Pour		P(lb)		f (psi)		d (in)		depth (in)		width(in)		notes		corrected d		E(psi)		R(psi)		Direct Tension(psi)

				00…013		A		911.48		303.83		0.032		4		2.25				0.02424		33424.2757609094		202.5511111111		203.3021521811

				00…16		B		720.63		180.16		0.121		4		3		larg cracks present before test

				00…14		C		780		212.83		0.0839		4		2.75		Results thrown out-- failed near support

				00…15		D		1283.8		385.14		0.086		4		2.5				0.07824		13126.7893660532		256.76		257.7092153211

				00…17		E		1460.7		486.91		0.035		4		2.25				0.02724		47665.1982378855		324.6		325.8067041388

		21		Average:				1218.66		391.96		0.051								0.04324		31405.421121616		261.3037037037		262.272690547
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						Average Load (lb)		Average Strength (psi)		Std. Deviation (strength,psi)		Coefficient of Variance (str.)		Mean-std dev		mean+std dev		Tangent Modulus (ksi)

		Cold Bond		Compression		2950.75		2189.25		587.889		0.2685344296		1601.361		2777.139		166.4

		No Cold Bond		Solid		2678.3		1942.64		545.2		0.28		1397.44		2487.84		207.03

		No Cold Bond w/ Saltwater		Sold w/ Salt		3096		2283		787		0.3447218572		1496		3070		201.92

		Shear Cold Bond w/ Saltwater		Shear w/ Salt		1959.3		1473.869		416.775		0.28		1057.094		1890.644		185.37
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		CYLINDRICAL COMPRESSION SPECIMENS

		No.		Descriptor		Test		Load (lb)		Strength (psi)		E (psi)

		A		Solid, no cold bond, no salt water		1		1830		1250

						2		3533		2582.00

						3		2671		1996.00

						Average		2678

		B		Solid, no cold bond, salt water

		C		Compression, cold bond, no salt water

		D		Shear, cold bond, salt water

		E		Medium size concrete, cold bond

		F		Large size concrete, cold bond

		G		Miscellaneous specimens

				Total
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