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This division deals with concrete applications in the construction industry  Concrete can be used in the construction effort in a number of different applications.  It can be ready mixed or mixed on the job.  It can be created within forms constructed where the concrete is to exist in the facility or it be pre-cast into desirable shapes before delivery to the construction site.  





This section will briefly cover the fundamentals of concrete, the characteristics of the concrete mix, placing and finishing concrete, and the curing of concrete.  This information is important for the Clinical Engineer to insure that concrete applications are properly completed in the construction effort.  Concrete mixed, placed, finished or cured improperly can produce results ranging from expensive rework to dangerously unsafe site and facility conditions.  





3.4.1 CHARACTERISTICS OF THE CONCRETE MIX





Concrete is simply the mixture of two substances.  One is paste, which is made up of portland cement and water, and the other is aggregate, which is made up of particles of varying size from sand to gravel or crushed stone.  The concrete hardens through a chemical reaction called hydration initiated by the addition of water to the cement.  The hardening mixture binds the aggregates together to form the final concrete product.  





The quality of the concrete mixed is controlled through attention to specific quality control areas.  Quality of the mix is determined by: (30)


Acceptable workability of freshly mixed concrete


Durability, strength, and uniform appearance of hardened concrete


Economy





To obtain the quality concrete desired, the proper mix must be obtained.  The mix is determined through a process that includes specific mix characteristics.  If the characteristics are correctly determined, the final product will satisfy the quality control areas listed above.  These mix characteristics are: 





Strength


Water-Cement ratio


Aggregates


Entrained air


Slump


Water content


Cement content and cement type 


Admixtures





Strength


“Compressive strength is the most universally used measure for concrete quality” (31)  The compressive strength of a given concrete is inversely related to the mix characteristic called the water-cement ratio, which will be the next characteristic discussed.  The lower the water-cement ratio, the higher the relative density of the cement paste, and the higher the resulting compressive strength of the final concrete product.  The other mix characteristics being discussed in this section also influence the final compressive strength of the concrete, but none control the final compressive strength value more than the water-cement ratio.





Water-Cement Ratio


The first concern of the water-cement ratio is the water itself.  The water must be as pure as possible, as impurities will create a number of unwanted results.  “Excessive impurities in mixing water not only may affect setting time and concrete strength, but also may cause efflorescence, staining, corrosion of reinforcement, volume instability, and reduce durability.” (32)





Now that the water has been deemed pure, the importance of the water-cement ratio must be explained.  The water-cement ratio is determined by dividing the weight of the water by the weight of the cement.  This ratio must be as low as possible within the limits established for the concrete desired.  This means, the less water used, the better the quality of the concrete.  The advantages of reducing water are: (33)


Increased compressive and flexural strength


Lower permeability, thus increasing watertightness and lower absorption.


Increased resistance to weathering


Better bond between successive layers and between concrete and reinforcement


Less volume change from wetting and drying


Reducing shrinkage cracking tendencies














Aggregates


The aggregate makes up between 60-75% of the concrete volume.  Two characteristics of the aggregate are important to the workability of the fresh concrete.  The first is grading.  The aggregate mix must be random, or a continuous gradation across the acceptable sizes for the concrete application.  Proper gradation also allows for the most efficient use of cement and water.  The aggregates should be graded up to the largest size possible.  The maximum size is dependent on the dimensions of the forms being used and the spacing of the reinforcing steel being used.  The second characteristic of the aggregate is the nature of the particles themselves.  The aggregates “must conform to certain standards for optimum engineering use: they must be clean, hard, strong, durable particles free of absorbed chemicals, coatings of clay, and other fine materials in amounts that could affect hydration and bond of the cement paste.” (34)





Entrained Air


Air entrainment is a method used in placing concrete that will eventually be exposed to freezing and thawing, and may come in contact with deicing chemicals.  The entrained air can also improve the workability of the fresh concrete.  The method of air entrainment is accomplished using air entraining portland cement or through the use of air entraining admixtures.  Air entraining produces more air bubbles within the fresh concrete mix.  These bubbles give moisture trapped in the finished concrete more places to go when they freeze and expand into ice.  This makes cracking during freezing temperatures less likely.  The bubbles also make the fresh concrete more workable, increasing the slump of the mix.  This allows for a decrease in water added to the mix, which in turn can increase the mix’s target compressive strength.  





Slump


Concrete must be workable, consistent and have plasticity.  Workability is determined by how easy the concrete is to place, consistency by how easy the concrete flows, and plasticity by the concrete’s ease of molding.  Slump is the measure of the concrete’s consistency.  Concrete is filled into a cone-shaped mold and stirred until the mold is filled.  The mold is then turned upside down and removed, leaving the cone-shaped fresh concrete behind.  The amount of space the cone collapses is what determines the slump.  If the expected slump range is 2-4 inches, then the cone cannot collapse more than 4 inches, or the concrete load can be rejected as not suitable for use.  The wetter the concrete mix, the greater the slump.  The slump can be increased about an inch by adding 10 pounds of water for every cubic yard of concrete.  





The proper mix of concrete is determined at the plant and placed in the concrete truck for delivery.  Adding water to the mix is a sure way to increase the slump past the acceptable range.  If a driver is adding water to his/her load at the site, it is a good idea to have the slump retested, or to reject his load outright.  Exceeding the slump can cause problems with the placing and curing of the concrete, and can significantly reduce the compressive strength of the final product.





Water Content


The water content is a mix characteristic factor that is influenced by aggregate size and shape, slump, water-cement ratio, air content, cement content, admixtures, and environmental conditions. An increase in air content or aggregate size, or a reduction in water-cement ratio or slump can reduce water demand in the mixture.  Increased temperature, cement content, slump or water-cement ratio can increase water demand. (35)





Cement Content and Cement Type


In order to achieve acceptable durability and finishability, there is usually a requirement for a minimum cement content.  This value is easily determined based on the required water-cement ratio and the water content.  Portland Cement comes in five different types of cement that meets the requirements of American Society for Testing Materials (ASTM) Standard C 150.  These are listed as: (36)


Type I, Normal - used in general construction when special properties or other types are not required.


Type II, Moderate - used in general construction where moderate heat of hydration is required.


Type III, High Early Strength - used when high early strength is required.


Type IV, Low Heat - used when low heat of hydration is required.


Type V, Sulfate Resistance - used when high sulfate resistance is required.





There are three air-entrained cement types that meet the requirements of ASTM Standard C 226:


Type IA, Normal - same as Type I, resistant to frost action and to chemical induced scaling.


Type IIA, Normal - same as Type II, resistant to frost action and to chemical induced scaling.


Type IIIA, Normal - same as Type III, resistant to frost action and to chemical induced scaling.





The final two types that will be listed in this section meet the requirements of ASTM Standard C 595, Type IP and Type IP-A, Air entraining:


Blast-Furnace Slag - has blast-furnace slag added to the cement, usually available in areas around blast furnace sites.  


Pozzolan - siliceous material (fly ash, volcanic ash, or calcined shale and clay) blended in with cement, results in higher cure strength, decreased heat of hydration, slower curing. 





Admixtures


There are a number of different admixtures that can be added to the concrete mixture either right before or during its mixing.  Each is designed to add a certain property to the mix, or reduce the amount of another component required in the mix.  The following are the most common types of admixtures as classified by ASTM Standard C 494: (37)


Type A - Water reducing - used to either reduce the water-cement ratio, or to improve workability of the concrete without changing the water-cement ratio.  


Type B - Retarding - used to overcome the accelerating effect temperature has on the hydration process.


Type C - Accelerators - Used to accelerate the hydration process .


Type D - Water-reducing and retarding - combines the effects of Type A and Type B admixtures.  


Type E - Water reducing and accelerating - combines the effects of Type A and Type C admixtures.  


Type F - High-range water-reducing (super plasticizers) - a high-range water-reducing admixture that can also increase the air content.


Type G - High-range water-reducing and retarding - combines the effects of Type F and Type B admixtures.





As you can see, the characteristics of the concrete mix is precise and specific.  It will be impossible for individuals at the site to know exactly what is included in the concrete mix that is being delivered.  It is important to know that the mix delivered was specified for your use and should not have anything else added, such as water.  At least knowledge of this process makes the clinical engineer more aware of the importance of the ingredients in concrete.  It also allows the engineer to evaluate the concrete during the design process to insure that it meets the needs of the facility. 


 


3.4.2 CONCRETE PLACING AND FINISHING





Concrete placing and finishing is also a specific process that insures the concrete is delivered, placed, worked, and finished in a way that insures the concrete will perform in the manner that it was designed.  The steps that will be covered will be slab subgrade, subbase and vapor barrier/moisture prevention, concrete depositing and consolidation, screeding (strikeoff), bullfloating, edging and jointing, floating, troweling and brooming.





Subgrade, Subbase and Vapor Barrier/Moisture Prevention


The subgrade must be prepared to provide a surface that is uniform, well compacted, level or properly sloped, and free of organic matter, sod and frost.  The soil must be of uniform bearing capacity to insure there is no chance of non-uniform settling that will cause cracking or structural failure of the slab.  The subbase is not required, but frequently is used to aid in leveling the surface prepared for the concrete to be placed.  The subbase is a granular material, like sand, gravel, crushed stone, or slag, that is placed and compacted to its maximum density at 4 inch layers until the desired grade is achieved.  





Moisture problems associated with concrete slabs can be avoided through proper sloping of the surface adjacent to the slab and through a subbase that is designed to serve as a capillary break underneath the slab.  Water cannot pass through a slab greater than 4 inches in thickness, but even thick slabs are not impervious to the passage of water vapor.  A vapor barrier, usually polyethylene sheeting, is used under the concrete to prevent vapor from passing up through the slab.  This process is best used when the slab will be sealed or covered with a finish, such as a linoleum, tile, wood, or carpeting.  Uncovered concrete does not require the vapor barrier as vapor that passes through the slab evaporates as it reaches the surface.  





Concrete Depositing and Consolidation


The most important point to remember about depositing concrete is that it should be deposited as close to its final position as possible.  This is especially important in slab construction.  Each deposit must be right next to where the last deposit was placed.  Concrete placed apart and worked together through leveling results in segregation problems.  The mortar in the concrete tends to flow ahead of the aggregate and cause an area lean on aggregate where the two deposits meet.  If it is required to deposit the concrete in layers, it is important that each layer be deposited and consolidated prior to adding of the next layer.  Each layer should be deposited prior to the previous layer setting to prevent cold joints.  If using reinforcing steel, the layers should be 6 to 20 inches in thickness.  If pouring mass concrete, the layers should be 15 to 20 inches. (38)





Consolidation is accomplished by hand, or through mechanical means.  It is performed in order to compact the concrete to fill all the void space within the forms and to eliminate any possible air or stone pockets within the mix.  Consolidation by hand is usually done on concrete that has a high slump making it easier to work.  A tamping rod is used to manually consolidate the concrete through a process known as “hand rodding”.  The rod must be able to reach the bottom of the formed concrete.  Another manual method is known as “spading”, where a flat, shovel-like tool is used along the form to move larger aggregate particles away from the edges of the formed concrete.  If the mixture is capable of being consolidated by hand, it is a good idea not to use mechanical methods.  These methods can result in overly segregated concrete. 





Mechanical consolidation can be performed through internal or external vibration.  It is used on concrete with low slump values where manual consolidation is ineffective. Internal vibration is usually used when concrete is to consolidated in walls, columns, beams, and slabs.  It is performed with flexible vibrating pokers that are immersed in the concrete at numerous locations in the formed concrete.  The vibrators should never be used to move concrete horizontally.  External vibration is accomplished through form vibrators, vibrating tables, or surface vibration through special screeds, floats or trowels.  External vibration is performed for longer durations than internal vibration and at higher frequencies for stiffer concrete mixtures.  Therefore, it is sometimes necessary to operate external vibrators at different frequencies, so a frequency control should be part of the mechanism.  








Screeding (Strikeoff) 


This is simply the process where the excess concrete that extends above the forms is removed to leave a concrete surface even to the level of the forms.  This process is accomplished by moving a straight edge tool across the surface of the concrete in a sawing motion while remaining in constant contact with the top of the form.  There are some straightedges that are equipped with vibrators to help consolidate the concrete and make the strikeoff effort easier. 





Bullfloating (Darbying)


Immediately after screeding, bullfloating is accomplished to remove high or low spots in the concrete.  It is also used to fully embed large, exposed aggregate particles.  Bullfloating must be completed before bleedwater rises to the surface.  Once bleed-water begins to accumulate, darbying must cease and no other finishing of the concrete can take place until the bleed-water has evaporated and a foot pressure of at least ¼ inch indention is reached.  


“Warning: One of the principle causes of surface defects in concrete slabs is finishing while bleed water is on the surface.  Any finishing operation performed on the surface of a concrete slab while bleed water is present can cause serious crazing, dusting, or scaling.” (39)








Edging and Jointing


To insure the edges of the concrete formed is properly densified and compacted, edging is required.  Denser, compacted edges prevents cracking and chipping of the concrete.  The process is performed with special tools that separate the form from the edge of the concrete and then compress the surface of the edge.  





There are three types of construction joints that are common to concrete work.  They are isolation, contraction, and construction joints.  Isolation or expansion joints are placed at locations where a slab comes up against a fixed part of the structure, like a block wall.  The joint allows expansion of the slab without cracking.  Contraction joints are placed at periodic locations within a slab either by sawing, grooving, or preforming.  Either method leaves a cut in the slab at ¼ the depth of the slab.  This joint induces a crack in the slab below the cut and allows for movement within the slab.  Finally, there are construction joints that make up stopping places in the placing and finishing of concrete.  These joints bond new concrete to old through a number of joint types, such as butt type, tongue and groove, and butt type with dowels and tie bars.  





Floating


Now that the concrete is hand edged and jointed, it is time to float the finish of the concrete surface.  This is done with a metal or wood hand or mechanical floating device.  The device has float blades that makes contact with the concrete surface.  There are three reasons why floating is important.  First, any exposed aggregate particles can be covered and moved to just below the surface of the concrete. Second, the floating removes any small imperfections that bullfloating was not able to correct.  Third, the floating compresses the mortar at the surface of the concrete to allow for further finishing efforts.





Troweling 


Steel troweling follows floating whenever a smooth, hard, dense surface is required.  Troweling should never be accomplished unless floating is performed first.  Troweling performed after darbying can result in surface imperfections.  





Brooming


Brooming is accomplished whenever a slip resistant surface is desired.  Brooming should not be performed unless the concrete has sufficiently hardened so that the scores caused by the broom are retained. 





3.4.3 CONCRETE CURING





Now that the concrete has been placed and finished, it must be allowed to properly cure in order to obtain a quality finished product.  This step is often neglected and a concrete that doesn’t reach its designed compressive strength or watertightness results.  Proper curing also affects the concrete’s ability to resist weathering, freezing and thawing.  





Once excess bleed water has been evaporated, the remaining moisture within the concrete is sufficient for hydration.  If continued evaporation takes place, the remaining hydration process can be hampered and the result is a poor quality concrete product.  In order for hydration to proceed at a adequate pace, the concrete must remain at a temperature of at least 50 degrees Fahrenheit.  At around 40 degrees Fahrenheit hydration slows to a crawl. So, the curing process must focus on two specific objectives.  First, it must retain, or replenish, the moisture within the finished concrete.  Second, the temperature of the concrete must be maintained at a favorable level.  





How long is curing an important focus?  This is an important question and depends on the type of cement, mixture proportions, designed strength, size and shape of the concrete product, ambient weather, and future exposure conditions. (40)  The question is best answered by comparing four different curing efforts where the finished concrete is exposed to outside air at different times over a 28 day period. (see figure 1)  As you can see, the longer the concrete is kept moist, the closer the final product gets to its designed compressive strength.





There are three common curing methods to keep concrete moist and at an acceptable temperature.  These are: (42)


Methods that maintain the presence of mixing water in the concrete during the early hardening period.  These include ponding or immersion, spraying or fogging, and saturated wet coverings.  These methods afford some cooling through evaporation, which is beneficial in hot weather.





�


Figure 1 (41)


concrete compressive strength, percent of 28-day moist-cured concrete





Methods that prevent loss of mixing water from the concrete by sealing the surface.  This can be done by covering the concrete with impervious paper or plastic sheets, or by applying the membrane-forming curing compounds.


Methods that accelerate strength gain by supplying heat and additional moisture to the concrete.  This is usually accomplished with live steam, heating coils, or electrically heated forms or pads.





Obviously, most contractors are on a tight schedule and are not going to leave concrete covered or immersed for a week, much less for an entire 28 days.  So, it is important that a decision be made on exactly how much of the design compressive strength is desired.  Certainly, the architects will indicate that the design strength was set for a reason, so either pre-design decisions must be made to establish a design strength greater than what is needed, or additional cure time must be worked into the construction schedule to allow for a more complete cure period.  Either way, the location and function of the concrete member and the importance of its compressive strength to the final facility design is an important consideration.  





The information in this section has provided enough information to allow the Clinical Engineer to discuss design options and question process considerations successfully.  The goal is a construction effort free of expensive rework and dangerously unsafe site and facility conditions.  Properly mixed, placed, finished, and cured concrete can satisfy that goal.





CODES AND STANDARDS REQUIREMENTS (43)





American Society for Testing and Materials (ASTM) Standards - standards covering the minimum levels for aggregates, cement and concrete. 





�           CLINICAL ENGINEERING FACILITY MANAGEMENT GUIDE


Facility Construction Project Design - Concrete





�PAGE  �16�


3-











