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Consulting Structural Engineering Scenario– Probability and Statistics, Concrete Mix Analysis

Prepared By:   W.J. Cichanski, PE, KPFF Consulting Engineers, Inc.

Introduction to Math Teachers

This scenario will:

Introduce students to mathematical applications in the structural engineering field


Give practice in plotting data distribution curves


Give practice in determining statistical parameters 


Give practice in interpreting statistical data

This problem will provide a list of test data on three concrete mix designs proposed for a design project.  It will also provide acceptance standards for the variability of the concrete mixes’ strength performance during construction. The student will be required to manipulate the data for each proposed concrete mix to determine the statistical parameters for the data distribution curve and to predict the probabilities for adequate strength performance during construction.

For simplicity, the data used in this problem can be assumed to conform to a “standard normal” distribution curve.  To solve this problem, the student must have proficiency in understanding the event probabilities associated within 1, 2 and 3 standard deviations about the mean.
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Glossary of Terms

Arithmetic Average – The sum of all test values divided by the number of test values.

Standard Deviation – The root mean square deviation of values about the arithmetic mean.

Compressive Strength – A measure of the strength of a object when loaded to failure in compression, expressed in units of pounds (lbs.) of load per square inch (in2) of the loaded area of the object.   For simplicity, the pounds per square inch unit is abbreviated as psi. 

Introduction

Engineering projects are balancing acts between important concerns.  Of primary concern is the safety of the final structure, as well as the safety of workers on the site.  Other important concerns are cost and time:  both the client and the consulting engineering firm want to complete the project efficiently and within budget. 

You are the Design Engineer (DE) on a major building project costing millions of dollars.  The building project is a structure (such as a high rise building, highway overpass, or retaining wall for a shopping mall built on a hillside) that uses concrete as a major building material.  The concrete used in the project is purchased from a Contractor who provides information about the concrete.

The Project Manager (PM) recently received the Contractor’s test data from the laboratory that tested the three candidate concrete mix designs.  But because the data package was submitted late, there was little time to review the data to determine which concrete should be used.  In fact, the Contractor has announced that in order for the project to remain on schedule, one of these concretes must be selected today.  The PM, however, has a schedule conflict and must attend another meeting today, so she assigned this problem to you, the DE.  The PM asked you to complete the data review and to be prepared to make your recommendations later today when she returns from her meeting. She expects you to present your calculations and to be able to defend your recommendation in detail.  Failure to analyze these data correctly could jeopardize the safety of the structure being constructed (the building or overpass could collapse, or the mall could slide down the hill).

The Structural Engineering Industry

A Structural Consulting Engineering firm is generally classified as a “service” business.  The company not only consults with its clients in the initial development of a construction project, it provides the design documents required for the project’s completion.  The design must meet all client specifications, building codes and other requirements.  Clients may be building owners, private real estate developers, governmental agencies, professional architects, professional engineers, construction contractors, and others. 

Students interested in careers in this business must develop proficiency in mathematics as well as facility in communications skills.  Such skills are especially important in a consulting engineering firm, as not only must engineers have the ability to solve problems using his knowledge in math and technical skills, he must be able to communicate to his clients clearly his reasoning and solution.

Educational requirements at the entry level in this career include a minimum of a Bachelor or Science degree in Engineering.  Depending upon the type of structures being designed by specific engineering firms, a Master of Science degree may also be required.  Accredited universities and colleges offering these degrees commonly require students to have demonstrated mathematics proficiency in courses such as calculus, analytical geometry, differential equations, and probability theory.

Participants in a Typical Structural Consulting Engineering Design Project Scenario

A typical consulting engineering design scenario includes a number of interacting participants as follows:
Principal in Charge (PIC) -- Under Washington State law, the PIC must be a licensed professional engineer who is responsible for the entire design and must assure that the design meets all applicable building codes.  This is the person who personally affixes his or her professional engineering “seal” to the design documents.  By State law this is the individual who is labeled “In Responsible Charge” of the design.

Project Manager (PM) – The PM is also a licensed professional engineer who serves in the role of lead technical design manager in the office on a day-to-day basis. The remainder of the design team reports directly to the Project Manager.  Project Managers typically have ten or more years of design experience. In addition to leading the activities of the design group, the Project Manager will also be responsible for all communications between the design firm and the client (including contract management and billings, and marketing consulting firm services).  

Design Engineer (DE)  – A typical design team assigned to the Project Manager will have several design engineers.  The level of work related experience within the group of design engineers varies from none (a recent degreed graduate) to perhaps as much as 30 years or more (some individuals prefer to remain in the role of design engineer rather than assume the management duties of a Project Manager).

CAD Technician – The CAD (Computer Aided Design) Technician is primarily responsible for creating the actual engineering drawings that define the design and construction requirements for the project.  The CAD Technician also provide a wide variety of support to assure that the geometry of the structure depicted on the drawings matches the survey requirements for the project.
The typical process in a design project includes the following tasks:

· A completed structure generally consists of many individual parts.  The end product consists of design drawings, contract specifications, and an engineers’ estimate of the probable construction cost.  The Principal in Charge (PIC) and the Project Manager (PM) are responsible for the entire design, whereas the Design Engineer (DE) is primarily responsible for the design of parts of the structure.  The CAD Technician is responsible for completing the computer aided design drawings that clearly depict the design to be constructed.  

· The PIC and the PM develop all of the information needed by the DEs for their design work, such as the overall size of the completed structure, how much load it is required to carry, and by what building code it is to be designed.

· The DEs are responsible for completing the detailed design for each of the structural parts using the criteria established by the PIC and PM.

· The DEs are also required to determine the strength requirements for the materials used in constructing the structural parts that they design.  In general, higher strength materials will increase the resulting construction cost, so care must be taken to provide the most cost effective structure at all times.   

· The design of a structure is generally an iterative or repetitive process, because each part must meet all the requirements of the whole finished structure in terms of client requirements like strength of materials, cost of the project, building codes, etc.  Because of this iterative process, all participants on the design team must understand each other clearly and have good communication skills as well as technical skills.

Choosing the Right Mix

A reinforced concrete structure has been designed by the design team.  The compressive strength of the concrete specified for this structure must statistically average a minimum of 4000 pounds per square inch (psi). This criterion means that when the structure is loaded, the concrete can withstand a compressive force of 4000 lbs. on every square inch of the loaded surface.  But because concrete is known to have somewhat variable performance under load, designers know that some deviation from the 4000 psi minimum should be expected as long as the probability of using very low strength concrete in any part of the structure is small.

The construction contractor has submitted test data on three separate concrete mixes that were developed in a laboratory for potential use on this project.  The Design Engineer (DE) must review and analyze these data and determine if any of the three concretes will be acceptable, and which of them would be preferred, and why.  When solving this problem, assume that the distribution of test data can be represented by a “standard-normal” curve extended out to three (3) standard deviations about the mean. 

For this project, the Project Manager (PM) has established acceptance standards for the concrete as follows:

1. The minimum average compressive strength of the test data must be 4000 psi.

2. No more than 5% of the test results for any concrete can fall below 3600 psi.

3. To minimize concerns for placing very low strength concrete in any part of the large structure during the actual construction, the standard deviation of the laboratory test data must not exceed 500 psi.

The Engineer received compressive strength test data from the construction contractor for the three concrete mixes, labeled Mix #1, Mix #2, and Mix #3 respectively as provided in the table below.  The following work must be completed to solve this problem.

1. Determine the average compressive strength and standard deviation of the data for each concrete mix.

Ans.  Mix #1:  Average = 4283 psi., standard deviation = 217 psi.

         Mix #2: Average = 4425 psi., standard deviation = 425 psi.

         Mix #3: Average= 4135 psi., standard deviation = 1197 psi.

2. Sketch the frequency distribution of the test data for each mix.  The graph should have test data compressive strength on the horizontal axis.  Clearly label each graph with the value of the calculated average strength.  Identify the regions bounded by 1, 2, and 3 standard deviations about the average strength (mean).

3. Determine which, if any, of the proposed concrete mixes meets all three of the Engineer’s acceptance criteria, and why? 

Ans:  Mixes #1 and #2 meet the Engineer’s criteria for average strength and maximum value of standard deviation.  In addition, the percentage of tests expected to fall below 3600 psi for mix #2 is 2.4% and even lower for Mix #1.  

4. Determine which, if any, of the three concrete mixes fails to meet the engineer’s criteria, and why?

Ans:  Mix #3 has a standard deviation far in excess of the 500 psi.limit, and nearly 40% of the tests can be expected to be lower than 3600 psi.

5. Explain, in your own words, the significance of the differences in the “shape” of each of these curves.

Ans:  The shape of the curve for Mix #1 suggests a very consistent strength performance for this concrete.  The steepness of the curve and its narrow band width about the mean indicate a high potential for acceptable performance with respect to the engineers requirements.

The curve for Mix #2 also shows a tendency for consistent performance at acceptable levels, but to a lesser degree than for Mix #1.

The curve for Mix #3 clearly indicates that the expected performance of this concrete will be highly variable, and can be expected (with high probability) not to meet the Engineers’ criteria. 

6. Of the concrete mixes that meet the Engineer’s acceptance criteria, which mix can be expected to provide the most consistent compressive strength performance throughout construction, and why.

Ans:  Mix #1.  It has the lowest standard deviation and its average strength is appropriate for the project. 
7. Extra Credit #1 – Examine the curve and data for Mix #2.  What percentage of future concrete test results should be expected to fall between 3600 psi. and 4000 psi., and what percentage can be expected to fall below 3600 psi.?

Ans:  13.5 % between 3600 and 4000 psi., and 2.4% below 3600 psi. 
8. Extra Credit #2 – Which of the three concrete mixes provides the highest probability of having individual concrete compressive strength results much higher than 4000 psi?  Should this concrete be selected as the preferred choice because of the potential?  Explain.

Ans:  Mix #3 appears to have the potential for some test results as high as 7000 psi., or more.  Mix #2 has a low probability of test results higher than 6000 psi., and Mix #1 has a low probability of test results higher than 5000 psi.  However, Mix #3 should not be chosen for the project because it has an equally high probability of producing test results that can be as low as 1200 psi. 

9. Prepare your calculations and assemble them into an orderly package and meet with the PM.  Be prepared to discuss your findings and the rationale for your recommendations.

Compressive Strength Test Data for 3 Concrete Mixes

Results in psi

	Mix #1
	Mix #2
	Mix #3

	4340
	4770
	6000

	
	
	

	4160
	4660
	5800

	4510
	4510
	4100

	4490
	3800
	4000

	4010
	3850
	6050

	3940
	3650
	5700

	3860
	4590
	2400

	4190
	4650
	2000

	4200
	4710
	4000

	4510
	4650
	4200

	4360
	3900
	3800

	4400
	4690
	3400

	4300
	4700
	4600

	4170
	3900
	6000

	4110
	4680
	5000

	4250
	4800
	3000

	4240
	4800
	2000

	4600
	4690
	4200

	4700
	4750
	4200

	4590
	4800
	4000

	4180
	4850
	3800

	4030
	3900
	3800

	4380
	3650
	5800

	4010
	4500
	5600

	4060
	4700
	2200

	4180
	4500
	2400

	4470
	3800
	4200

	4680
	3700
	4100

	4180
	4850
	3800

	4390
	4750
	3900


Solution:  Frequency Distribution Plots of Concrete Mixes

[image: image1.wmf]Concrete Mix #1

0

500

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

7000

7500

8000

Compressive Strength (psi)



[image: image2.wmf]Concrete Mix #2
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