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Appendix C – Concrete Mix Design 

1.
Task 

In this activity, you will be working in groups of four or five to develop a mix design that will produce Portland Concrete Cement (PCC) of a specified strength and slump.  You will then use this design to produce a batch of concrete.  Your group will first do a slump check on its batch and then will prepare concrete cylinders and flexure beams that will be tested to verify the design strength of their batch.

2.
Purpose
The MATERIALS TESTING activity is dependent on this activity (i.e., ASTM cylinders, and modulus-of-rupture beams will be tested).  Also, this activity is directly related to the following classes:  CE 210, 473, 474, and 488.  Finally, this activity is directly related to the ASCE Concrete Canoe competition.

3.
Learning Objectives
a) List the traditional components of Portland Cement Concrete (PCC).

b) Describe the properties of various types of Portland cement.

c) Given a mix design with contaminated water, select from a list of alternatives the probable effect on PCC.

d) State the purpose for adding fine and coarse aggregates to PCC.

e) State three examples of admixtures and define the functions of each in PCC mixes.

f) State how the water/cement ratio affects PCC strength.

g) Develop a mix design that will produce concrete that achieves a specified strength and slump.  Compare/contrast this hand mix design with a mix design from a plant.

h) Given a series of examples of various combinations of variations in moisture, temperature, and curing time, predict how these combinations will independently and jointly affect concrete properties during the curing process.

i) State the steps required to perform an ASTM standard concrete slump test.

j) Prepare concrete cylinders and a flexure beam IAW ASTM standards.

4.
Roles and Responsibilities of Cadet Flight Commander
The flight leader will ensure that the flights arrive at the Fairchild Hall Civil Engineering Lab approximately ten minutes before the scheduled start of class.
Concrete Mixing and Test Specimen Preparation.  The flight leader will perform as a construction manager.  In this role, the flight leader will:


1.  Ensure that the flight understands the mission.


2.  Develop a work flow plan that incorporates the three primary variables: manpower, equipment, and materials.  This plan does not have to be written.


3.  Assign work tasks to flight members.


4.  Reassign work efforts as required to accomplish the mission.


5.  Proactively and reactively ensure a safe work environment using the safety briefing as a guide.
5.
Assessment
Assessment of this activity will be through a 30-minute 100 point individual effort quiz.  This quiz will cover the material presented during the day.

6.
Saftey
a.
Concrete Mix Design.  There are no safety issues related to the calculation of the actual mix design.  

b.
Concrete Mixing and Test Specimen Preparation.  Students will wear gloves, long sleeve shirts and pants to prevent cement from coming in contact with the skin.  Should cement come in contact with your eyes, rinse them immediately.  Steel-toed shoes are recommended to prevent injury should heavy equipment or objects fall.  In general, be aware of the location of others and handle tools properly. 


c.
Silicosis Hazard. (From OSHA Health Hazard Information Card)

Silicosis is a disease of the lungs due to breathing of dust containing crystalline silica particles. This dust can cause fibrosis or scar tissue formations in the lungs that reduce the lung’s ability to work to extract oxygen from the air. There is no cure for this disease, thus, prevention is the only answer.  The most severe exposures to crystalline silica result from sandblasting to remove paint and rust from stone buildings, metal bridges, tanks, and other surfaces. Other activities that may produce crystalline silica dust include jack hammering, rock/well drilling, concrete mixing, concrete drilling, and brick and concrete block cutting and sawing. 
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For operations where respirators may be required, wear a respirator approved for protection against crystalline silica-containing dust. Do not alter the respirator in any way. Workers who use tight-fitting respirators cannot have beards/mustaches which interfere with the respirator seal to the face.

· Do not eat, drink, use tobacco products, or apply cosmetics in areas where there is dust containing crystalline silica.

· Wash hands and face before eating, drinking, smoking, or applying cosmetics outside of the exposure area. 

Airman 1st Class Phillip Davis of the 820th Red Horse Squadron, Nellis Air Force Base, Nevada, has the rigors of pouring cement splattered all over his face. Approximately 100 U.S. Marines, Soldiers and Airmen have deployed to Saint Lucia as part of exercise New Horizons. The exercise has a two fold mission of readiness training and humanitarian assistance in the Caribbean and Latin America. (USAF photo by Staff Sgt. Steven Pearsall)
7.
Equipment List
You are required to bring engineering paper, a pencil, a calculator, the text, and all pertinent hand-out material. 
8.
Text
Design and Control of Concrete Mixtures, 14th Edition, Portland Cement Association (PCA), 2002.

  (Appropriate Excerpts will be provided)

SUPPLEMENTAL INFORMATION

I.
General Information
A. Definitions

Concrete is a homogeneous manufactured stone composed of graded, granular inert materials which are held together by the action of cementitious materials and water.  The inert materials usually consist of gravel or large particles of crushed stone, sand or pulverized stone.  Manufactured lightweight materials are also used.  Lightweight (low-density) aggregate is produced by burning clay or shale in a kiln until it becomes porous clinkers.  After cooling, the clinkers are crushed to provide expanded aggregates of various sizes, coarse and fine.

B. Hard Truths About PCC

The technical definition of PCC is as follows:
A mixture of binding materials and coarse and fine aggregates.  Portland Cement and
water are commonly used as the binding medium for normal concrete mixtures, but may also contain pozzolans, slag, and/or chemical admixtures (PCA 336). 


A different perspective is as follows (taken from Harper’s Magazine, Oct 1993):
“Liquid rock, concrete is born under a sign of paradox and does not care...Concrete takes no notice of what is done with it, flowing into any container; and the containers one makes for it, the molds and forms, must be fashioned with laborious care, strong and tight because concrete is heavy and entirely feckless.  Promiscuous, doing what anyone wants if the person is strong enough to hold it...Let concrete set, however, and sense the difference...Concrete becomes adamant, fanatical, a Puritan, a rock, Robespierre.  It declares like no other material the inevitability, the immortality ( the divinity! ( of the shape it comprises, be the shape of a glopped heap on the ground or a concert hall...Go ahead and make fun of concrete.  You might as well.  Concrete will never notice...kick concrete as much as you like, all you will hurt is your toe.”  
Finally, A short poem about concrete (C1C Jon Belkowitz, February 2004):
Today I saw something neat.  It wasn’t as sweet as a candy treat.  It couldn’t be fluffy like 
bread made of wheat.  And you’ll never fold it like a bathroom sheet.

BUT ALLOW ME TO REPEAT:  TODAY I SAW SOMETHING NEAT!!!

It was under my feet.  Up and down the street. Even at the place where Andy and I would meet.  
And as I try to be discrete, because I don’t want to repeat but this is so sweet of a treat…from my head down to my feet.  So get ready to meet my most awesome pal…CONCRETE!

C. History

Different sources attribute concrete developments to a variety of civilizations, but one of the earliest examples of concrete dates from around 7000 BC in Galilee, Israel (PCC 21).   In this early source of concrete, limestone was burned to produce quicklime, and when this material was mixed with water and stone it hardened to form a concrete floor.  The ancient Romans also left samples dating from around 300 BC based on a silica material from Mount Vesuvius that was mixed with limestone and burned.  This cementing material was used without reinforcing to create many structures that survive today (Allen 432).


Concrete is a universal material of construction, used in pavements, structural frames, architectural surfaces, and even boats!  In the 1850s several innovative pioneers combined concrete with reinforcing material to increase tensile strength.  In 1954 Joseph Lambot built several reinforced concrete boats, but had no one to race them against.   By the end of the 19th century combining concrete with steel, realizing the best combination of both materials, had become widespread (Allen 433).

D. Advantages of PCC

1. Strong in compression

2. Versatile (cast into a variety of shapes)

3. Durable (resists deterioration from the environment or service in which it is placed)

4. Constituents typically readily available

5. Fire resistant

6. Can be energy efficient

7. Can be precast, prestressed, post tensioned

8. Aesthetic features can be included

E. 
Disadvantages of PCC

1. Weak in tension

2. Low ductility (brittle by itself)

3. Dimensionally unstable (due to shrinkage and creep)

4. Low strength-to-weight ratio

5. Labor intensive for on-site construction

F. CEMENT (common types)

SYMBOL 183 \f "Symbol" \s 10 \h

SYMBOL 183 \f "Symbol" \s 10 \h
Type I or IA-- most common, standard cement (“A” indicates air entraining)

SYMBOL 183 \f "Symbol" \s 10 \h

SYMBOL 183 \f "Symbol" \s 10 \h
Type II or IIA-- moderate sulfate resistance

SYMBOL 183 \f "Symbol" \s 10 \h

SYMBOL 183 \f "Symbol" \s 10 \h
Type III or IIIA-- high early strength, almost identical to Type I, except ground finer

SYMBOL 183 \f "Symbol" \s 10 \h

SYMBOL 183 \f "Symbol" \s 10 \h
Type IV – low heat of hydration (good for mass concrete, like dams)

SYMBOL 183 \f "Symbol" \s 10 \h

SYMBOL 183 \f "Symbol" \s 10 \h
Type V -- high sulfate resistance

Type II, V:  Many soils and water contain naturally occurring compounds called sulfates that attack the cement and can rapidly degrade the structure.  These cements are designed to resist that action. 

Type III:  More strength quickly?  Sounds great, however, can be problematic

- Increased cement content can lead to more shrinkage cracking and internally developed stress.

- Releases more heat during curing process

G. AGGREGATES
60-75% of the concrete mix is aggregate.  This ranges from a fairly large rock to fine sand.  Since the aggregates are the majority of the final product, the strength and quality of the aggregates is critical.  An even distribution of particle sizes (well graded) will lead to a more efficient use of cement – the most costly portion of the mix.

H. WATER  
Concrete does not “dry”, it cures.  The water reacts with the cement in an exothermic reaction, hardening and binding the materials together.  The water used should ideally be free of harmful substances.  A good rule of thumb is to use only potable water.  However, some impurities may not have a drastic effect on the final concrete.  Limits have been set in the PCA manual, or test batches can be created to check the suitability of the water.

I. AIR  
Normal concrete will contain air voids, composing around 2% of the volume.  However, increasing that air will improve the resistance to freezing and thawing cycles, workability, sulfate resistance, and a range of other benefits (PCA 130).  According to the Portland Concrete Association, methods to chemically increase the amount of air contained in concrete to 4% or 8% of the volume was one of the greatest advances in concrete technology (PCA 129).  In fact, this technique, called “air-entraining”, is now recommended for almost all concrete applications.

Rules of Thumb:
· Normal-weight PCC weighs 137 - 150 lb/ft3.

· f(c for general-use PCC= 3000-6000 psi.

· f t = 8-14% of f(c.

· Typical maximum size of course aggregate (CA) for general-use PCC = 1".

· PCC does NOT harden by drying.  A dry curing environment is VERY bad (surface cracks are caused by dry-curing).

So many variables!  Understandably, since we can vary the proportion of cement, water, air, coarse aggregate, fine aggregate, and even add specialty materials like pozzolans and fibers, this is a complex process!  Each of the subjects above are included as a separate chapter in the PCA manual.  However, to illustrate the dance between the different factors, we will do a mix design example.  

II. CONCRETE Mix Design Example (Using Absolute Volume Method)

What follows is a mix design that was done for a reinforced concrete wall.  The wall had these specifications:


1.
The modulus of rupture (MR) was required to be 430 psi. 


2.
The wall would be subjected to conditions that were described as “moderate exposure”.


3.
The clearance between the reinforcing bars and the forms was going to be 2".

4.
The coarse aggregate (CA) that was available for use weighed 110 pcf, had a specific gravity (s.g.) of 2.50, absorption of 0.7% (moisture content at saturated surface dry (SSD) condition), and a moisture content (MC) of 3%.

5.
The fine aggregate (FA) that was available for use had a fineness modulus of 2.80, a s.g. of 2.55, absorption of 0.5%, and a MC of 5.5%.

6.
The admixture that was used to provide air-entrainment was applied at a dosage rate of 0.7 fluid ounces per 100 lb of cement.

In each step of the mix design references are made to the text to help you follow along.  All amounts are per one (1) cubic yard (cy) of concrete.


1)
Target Mix Strength, f'c (see pp. 151, Design and Control of Concrete Mixtures)


MR = 430  ___



MR = 7.5 (f'c  (see pg. 8)



   f'c ( 3300 psi (4302/7.52)



   f'cr from pg 158:




-  eqs. 9-1, 9-2 are checked first:  N/A -- “S” not given



              -  Table 9-10 is checked next:  ref. Table 9-11




-  Table 9-11:  for 3000 < f'c = 3300 < 5000, f'cr = f'c + 1200 = 4500 psi

2)
Water/cement (w/c) ratio (see pp. 151)


Table 9-1 (max. w/c ratio = 0.5)



Table 9-3 (interpolation yields w/c ratio = 0.44)


3)
CA size (see pp. 151-152 and “Given”)


Maximum size = 3/4(2” clearance) = 1.5"

4)
Air Content (see pp. 152-153 and “Given”)
                            Table 9-6 indicates 4.5%

5)
Slump (pp. 153-155)


Table 9-7 indicates that the slump should be 1 - 4”.  Use 4”. 


6)
Amount of mixing water (see pp. 155-156)

Table 9-6 indicates that the amount of mixing water required for air-entrained concrete 
              
              with 1.5” max. size aggregate is 275 lb.


7)
Amount of cement (see pp. 156-157)


= amount of mixing water  = 275 lbs = 625 lb.



              w/c ratio                   0.44


  8)  Amount of CA (see pp. 152)

Table 9-5 indicates that the volume of CA per unit of volume of concrete for 1.5” max. 
              
              aggregate size and for FA with a fineness modulus of 2.80 is 0.71.  Therefore, the 
              
              
amount of CA required = 110 pcf (see “Given”) x 27 cf/cy x 0.71 = 2109 lb.


9)  Amount of admixture (see “Given”)


=       0.7 fl oz       x 625 lbs = 4.4 fl oz.

                100 lb of cement  .


10)  Amount of FA (see pp. 161)



The absolute volume of the various materials =     ___material weight___
 

      










 s.g. x unit weight of water



- Vol water = 275 lb/(1 x 62.4 pcf) = 

   4.41 cf




- Vol cement (s.g. on pp. 26) =  625 lb/(3.15 x 62.4) =   3.18 cf



- Vol air = 0.045 x 27 cf/cy = 


    1.21cf



- Vol CA = 2109 lb/(2.5 x 62.4) = 

                13.52 cf


- Total vol of known ingredients =


  22.32 cf



Thus, the absolute volume of FA = 27 cf - 22.32 cf  =  4.68 cf.

                           The weight of this much FA = 4.68 cf x 2.55 x 62.4  =  744 lb.


 
Initial weight proportions for 1 CY of PCC:



- Water                                    275 lb



- Cement                                  625 lb



- CA(dry)                               2109 lb



- FA(dry)                                 744 lb


- Total weight                         3753 lb



- Air-entraining admixture    4.4 fl oz



- Slump                       4 in (( 3/4 in. for trial batch)



- Air content                4.5% (( 0.5% for trial batch)



- Estimated unit         = [275 + 625 + (2109 x 1.007)



  weight (using SSD        + (744 x 1.005)]/27



  aggregate)                = 139.69 lb per cubic foot 


11)  Moisture (see pp. 161)


CA (3% MC)  = 2109 x 1.03 = 2172 lb
             
              FA (5.5% MC) = 744 x 1.055 = 785 lb


Exclusion of absorbed water:



- surface moisture contributed by CA  = 3% - 0.7% = 2.3%



- surface moisture contributed by FA  = 5.5% - 0.5% = 5% 



- Estimated requirement for added water = 




weight of water - (aggregate weights x aggregate surface moistures)




= 275 - (2109 x 0.023) - (744 x 0.05) = 189 lb


Revised estimated batch weights for 1 CY of PCC:



- Water (that will actually be added)               189 lb



- Cement                                                          625 lb



- CA (3% MC, wet)                                       2172 lb



- FA (5.5% MC, wet)                                       785 lb



- Total                                                            3771 lb



- Air-entraining admixture    4.4 fl oz


12)  Trial Batch (see pp. 86)  


Check estimated batch weights by mixing a full-size batch (1CY) or by mixing batches in the laboratory.  Laboratory batches are typically less than 1 CY, therefore the weights in Step 1 would be scaled down accordingly by some fraction of 27 cu ft.


13) Batch Adjustments (see pp. 87)

     Based on the outcome of the trial batch(es), adjust the batch weights per cubic yard of PCC accordingly. Repeat Step 12 and this step until the desired slump, air content and yield are achieved.  Figure 7-4 illustrates the general mix design concept.

III.  Concrete Mix Design
For this assignment, you may work with the following persons, in addition to an instructor in this course: your assigned group.

NOTE:  THE QUANTITIES YOU DETERMINE WILL BE WHAT YOU USE IN THE CONCRETE LAB.  THIS DESIGN PROBLEM WILL BE REVIEWED BY THE INSTRUCTOR.  IF IT IS WRONG, IT WILL HAVE TO BE REACCOMPLISHED.

You are a 1st Lieutenant who has been deployed to a remote location in the middle of Africa.  At your disposal you have a crew of 30 Airmen from Civil Engineering and Contracting Officer.  Within 3 months you must have a runway with enough parking aprons for 15 F-15s and 3 C-130s.  The design for the runway and aprons has been given to you but the Concrete Mix design was lost in transit.  There is a local vendor downtown that will be able to give you the necessary supplies and equipment.  The only problem is, he has just inherited the company from his father who has died from a major case of lead poisoning and has no idea how to mix a suitable concrete.   You must design a proper mix for the runway.  

***Your Contracting Officer informed you that you have a limited budget.  Keep your price per cubic yard as low as possible while meeting your strength requirements. ***

You were able to borrow a cell phone and get a signal long enough to have a 2 minute conversation with Doc Meade and he told you that you needed:

1. Modulus of Rupture of 600psi

2. A thickness of 12 inches

3. A Slump of 2-4”

4. You will not need any reinforcing mesh for the runway and parking apron

5. You have Type III cement 

	Material
	Price/Unit

	Coarse Aggregate
	

	
	

	Fine Aggregate
	

	
	

	Water
	

	Fiber Mesh
	

	PCC Type I-II
	


Table 1: Price on Supplies (Fill in during lab)

****NOTE:  Information regarding prices, the CA and the FA will be given to you during class****

Cement:


Type III, Specific gravity = 3.15

Coarse Aggregate:



Maximum size = ?"

Specific gravity = ?

Absorption = ?

Moisture content = ?

Dry rodded weight = ? pcf

Fine Aggregate:




Specific gravity = ?

Absorption = ?

Moisture content = ?

Fineness modulus = ?

Using the Absolute Volume Method from the PCA Manual, design the concrete mix to meet the above requirements. Find the weights of each component for 3/4 of a cubic foot since that is how much you will need in the concrete lab.

IV.  Concrete Mixing Lab
1.  INTRODUCTION
This laboratory consists of concrete mixing.  This task will be performed by 4-5 person groups and each group member will receive the grade given to the group based on total performance (accuracy and execution of mix design).

The purpose of the laboratory is to create a trial batch of PCC in accordance with a specific concrete mix design

2.  METHODS AND MATERIALS

a.  Concrete Mix Design
(1)  Using the absolute volume method, each group must complete a concrete mix design for the following conditions:

Volume Required:
0.75 cubic foot

NOTE:  The exact properties of your materials may be different.  Be sure to examine the materials and discuss (in the lab report) how the actual properties may have affected the strength of the laboratory mix.

(2)  Each group must submit a copy of their design NEATLY arranged on engineering computation paper.

b.
Concrete Mixing 

(1)
Using the mix designed by your group, mix 3/4 of one cubic foot of concrete.  There will be only one batch of concrete mixed per group.

(i)
tare a 5-gallon bucket and add the amount of CA required for your mix

(ii)
repeat the first step three (3) times, once each for the FA, cement, and water

(iii)
dump the buckets containing dry materials into the mortar box.  There should be a group member at each end of the box to thoroughly mix the dry material with the hoes

(iv)
with the dry mixture in the form of a pile, form a well in the center of the dry mixture, add about 75% of the water, and mix as in “(iii)”

(v)
mix in the rest of the water from the bucket .  If you have designed your mix with an inadequate amount water it will be apparent at this time; the mix will be too dry (i.e., some material will not be wet and/or the mix will be too stiff -- it should want to flow more than it wants to fall over when pushed with a hoe).  If the mix is too dry then add additional water (be sure to weigh and record the amount of extra water used)

(2)
Test the slump of the mix following the procedures described in ASTM C143-71, Slump of Portland Cement (see also PCA Manual, page 165), as outlined below:

(i)
use apparatus as shown, dampen mold, place mold on a moist, non-absorbent, sturdy surface.  Stand on foot pieces.

(ii)
fill the mold in three layers using concrete that is representative of the mix.  

Each layer should be approximately one third the volume of the cone.

(iii)
rod each layer 25 times, uniformly distributing the penetrations throughout the surface of each layer.  Penetrate the bottom layer throughout its depth.  For the middle and top layers, penetrate just into the top of the layer below.

(iv)
when filling the top layer, heap concrete over the top of the mold and keep it that way while rodding.  Do not get into the position of having to add concrete after rodding is complete.

(v)
when finished rodding, strike and screed all excess off the top with the rod.  Immediately but slowly, raise the mold vertically, allowing the concrete to "slump".

(vi)
set the mold next to the pile of slumped concrete, place the rod on top so that it extends over the concrete and measure down to the top of the pile, measuring over the original center of the specimen.  Slump is recorded as the distance from the rod to the pile at this position.

(3)
Fill two cylinder molds with your concrete mix following the procedures described in ASTM 192-69, Making and Curing of Concrete Test Specimens in the Laboratory (there will be a copy in the laboratory), as outlined below.  Combine concrete remaining from all groups into one beam mold (oil the mold first). Identify each mold with section, group names and date, and place in the curing room.

Filling a Cylinder Mold

(i)
place the mold on a sturdy, level surface, as near as possible to the curing room.  Be sure that all labels are on it.

(ii)
fill the cylinder in three layers as you did with the slump cone, with three equal layers of 4" each.  Rod each layer 25 times, distributing the roddings throughout the layer and just penetrating each successive layer into the top of the layer below.

(iii)
strike excess material off the top and finish to a smooth surface using a trowel.

(iv)
carefully carry the filled mold to the curing room.  Do not bump or jar the mold.  Try to avoid squeezing the mold out of round and avoid tilting so that the concrete remains level at the top.

Filling a Beam Mold

(i)
procedure is similar to that used for filling a cylinder mold.

(ii)
instead of filling mold with three layers, fill it with two equal layers.

(iii)
rod in the same manner, except rod each layer 50 times. ASTM specifies rodding once per 2 square inches, which would be greater than 50, but 50 is sufficient here.

(iv)
finishing is also similar to the cylinder:  strike off excess material and then finish with a trowel.
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OPERATION IRAQI FREEDOM -- The Airborne Red Horse Team poses in a crater they are going to repair on a runway in central Iraq. This crater is 135 feet wide, 40 feet deep and filled with 15 feet of water. ARH teams are trained to rapidly deploy into barren locations, assess airfield capabilities, prepare helicopter or aircraft landing areas, clear obstacles, install emergency airfield lighting systems and repair airfield damage. (Courtesy photo)
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