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Abstract

This paper describes a course developed by the Structural Analysis and Design Engineering
Technology program at the University of Houston-Downtown to train the students in modern
design of concrete mixes. The approach allows students to understand the dynamic nature of the
concrete industry and how to adopt new technologies. The course has trained over 150 students
that today apply modern concrete technologies at their place of employment.

Students need to understand modern developments in concrete mix design such as: high
performance concrete, very high strength concretes, self-compacting concrete, and green
concrete among many newer concepts. Students design twenty to thirty different mixes and 400
cylinders are made and tested to verify the design and reach conclusions.

Students measure the physical characteristics of the materials to obtain a mix design with the
help of a spreadsheet developed by the faculty. The spreadsheet is based on current
recommendations of the American Concrete Institute for the production of trial mixes. Students
then mix the materials to acquire hands-on experience on the texture and workability of different
concretes. Cylinders are cured and tested at different ages and results are compared with target
objectives and with the literature. Incorporation of additives such as silica fume, fly ash, and
super plasticizers to arrive at the desired mix characteristics are also investigated.

Introduction

Hydraulic concrete or “concrete” is a mix of different materials, principally Portland cement and
other cementitious materials, water, coarse and fine aggregates, and chemical admixtures. Each
element has properties which have a particular influence on the behavior of concrete. The
interaction between components is also an important topic. In modern concrete industry, it is
very important to understand the behavior of each material and the interaction between them, in
order to define a better mix design.

The course called Modern Concrete Technology is a new version of the course formerly called
Concrete Design. The course is offered to students of junior level standing in Engineering
Technology and includes learning about characterization of the components and behavior of
concrete for different mix designs, different materials, construction practice, compaction, and
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curing in determining the final quality of the concrete. The course is required for students of the
Structural Analysis and Design major, but students of other majors, such as philosophy or other
engineering technology majors also register for this course, principally because of the practical
and hand-on nature of the instruction.

The most important outcome of the Modern Concrete Technology course is the practical
experience gained by the students in the development of the mix design, manufacturing, and
modern admixtures to obtain the type of concrete necessary for a specific project. The students
also develop a critical understanding of concrete behavior because they compare their results
with the theory, and with experimental results from other researchers. Knowledge of modern
concrete technologies permits significant economies, better quality of the structure, and meeting
tight schedules required in the current workplace.

Teaching Basic Concepts of Mix Design

Initial classes of the course are designed to prepare the students with the basics of concrete mix
design, principally to understand the properties of concrete constituents. Students learn standard
methods for finding material properties. Laboratory work complements the theory and students
determine material properties using available equipment. In this stage of the course, the
professor defines the specific research for the semester which may vary according to newer
findings of the concrete industry, new admixtures used, or a particular topic of interest to the
students and professor. The classroom group is divided into teams of four students each and a
specific research program is planned for the next several classes. The scientific method for
experiment planning is followed so that results obtained by each team are used by all students in
preparing each group final report.

The American Concrete Institute (ACI-211.1-91) provides a methodology for design of trial
mixes based on the target strength in 28 days (f'¢) which is associated with the water/cement
(w/c) ratio, desired workability expressed by the slump of the concrete, maximum aggregate size,
use of air-entraining agent, coarse (or gravel) and fine (or sand) aggregate properties such as unit
weight, specific gravity, fineness modulus of the sand, and moisture'. This methodology is
presented to the students using examples where they must follow the numerical procedures
comparing the results with a spreadsheet called “ACI-Method,” developed in-house using the
ACI method. Figure 1 shows the spreadsheet prepared for this purpose. The spreadsheet was
designed to include any modification of the theoretical relationships, such as the f'¢ vs. w/c ratio,
admixtures used, and real proportion per cubic-yard after modifications during mixing. The
spreadsheet also computes the cost of the materials per cubic-yard of concrete, which is useful in
comparing price versus quality of concrete.

The principal admixture used is a super plasticizer and its weight is adjusted depending on the
w/c ratio, other admixtures used, and on the shape of coarse aggregates. The amount of super
plasticizer should be in the range recommended by the manufacturer.

A specific mix design is obtained using the ACI-Method spreadsheet in each laboratory session.
The properties of the concrete constituents are obtained using experimental methods and are
input on the spreadsheet for each specific mix design. Each group of students prepares their
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specific mix-design and register in their notebooks the materials used and any observation during
mix preparation. The batches are for 12 cylinders of 3-in diameter by 6-in high. These small
cylinders are used because they give good results for high strength concrete with small
aggregates, and because the batch size is appropriate for hand-preparation. Compression tests
are performed each week, typically 2 or 3 cylinders per week up to 28 day old cylinders. The
remaining cylinders are tested for tension using the Brazilian Test (Split Cylinder Test). All data
is registered in student notebooks and the different teams share their own and other teams’ data.

During several years of teaching this course, different investigations were done, for example:

e The first laboratory for each semester is a mix design using the experience of the student
group. Generally the students come with some ideas or myths on how to obtain a good
concrete and they have the opportunity to test the result. Keeping track of all quantities
of materials used initially or added during the mix to obtain their ‘ideal’ concrete is
emphasized. The strengths of these concretes vary from very low strength to normal
strength (1000 psi to 6000 psi) depending on the industrial experience of the group of
students.

e The Structures Laboratory conducted research for METRO, The Metropolitan Transit
Authority of Houston, on the application of fibers to enhance the post failure stability of
concrete posts. The research focused on the ability of road markers to survive tire
impact. The criterion of satisfactory performance was the ability to keep the original
shape after structural failure. Twenty specimens involving different concrete strengths
were tested to failure. Half of the specimens were reinforced with fibers, the other half
were plain cylinders. Test results indicate for all specimens that had reinforcing fibers
increased the post failure ductility of the cylinders. All cylinders that include fibers
conserved their structural shape. The plain cylinders crumpled in the form that is well
known in testing of concrete cylinders.

e Structural engineers sometimes associate unit weight with strength. “Light concrete =
weak concrete” seems to be the axiom. This principle is correct when the aggregate is
normal weight because the unit weight indicates the density of the cement paste but
when it is applied to light weight aggregate the concept is not valid. Faculty in the
Structures Laboratory were interested in using light weight concrete for the very
practical reason that elements using light weight concrete are easier to handle. The
laboratory manufactured beams ten feet long where the weight difference was
significant. Texas Industries has a plant to produce light weight aggregates in West
Houston and was interested in supporting research to show that with proper mix design it
is possible to obtain high strengths in light weight concrete. For several semesters all
mixes used in the laboratory were light weight concrete. Concretes with strengths up to
14 ksi were produced normally and used for beams that were tested in flexure and shear
satisfying all strength requirements specified in the code. As a result of these
experiences, a light weight concrete prestressed crane was built to manipulate heavy
specimens in the laboratory.
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Figure 1. Spreadsheet for Mix Design Using ACI Methodology for Trial Mixes (continued)
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Figure 1. Spreadsheet for Mix Design Using ACI Methodology for Trial Mixes (Continuation)

e Use of self-compacting and high strength concrete to cast a reinforced concrete T-beam,
which was poured without the use of a vibrator and with smooth finishing. In this case, a
special round and small (3/8” maximum size) gravel was used. The sand was coarse,
with a modulus of fineness of 3. The w/c ratio and the amount of super plasticizer were
initially defined using a trial mix. In this specific case, the concrete had a strength of ',
= 10 ksi with excellent workability. The T-beam was tested by students of the
Reinforced Concrete course with results very close to theoretical predictions. Self-
compacting concrete is a new technique to obtain a mix that minimizes labor required
during field pouring.

¢ Influence of aggregates on the strength of concrete: different aggregates were used with
the same mix design comparing the strength for different ages of concrete (7, 14, 21 and
28 days). It showed that aggregates have special importance for high strength concrete,
specifically the strength of the gravel and the bonding strength between gravel surface
and the concrete paste. Concretes with strengths between 5 and 12 ksi were obtained.

e Influence of the fly-ash on the strength of concrete: concretes with fly-ash are called
“green concrete” because the fly-ash is a residual material from coal combustion, and the
fly-ash does not require extra energy to be produced, which makes it very environmental
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friendly. Different batches were prepared, one group of students worked with the control
mix with cement only (0% fly-ash). The other groups worked with 25%, 50% and 75%
of fly-ash type F. Each laboratory session worked with the same mix design according
to the desired f'. only varying the proportion of fly-ash and cement while the other
materials were the same, except that the super plasticizer was adjusted to obtain
satisfactory workability of the mixes. Figure 2 shows students working on the mix of a
concrete with fly-ash. The target strength of the concrete varied from 6 ksi to 12 ksi, and
the samples were tested at 7, 14, 21, 28, 35, and 42 days.

Figure 2. Students Preparing the Concrete Mix and Pouring Cylinders

Figure 3 shows a typical compression test. The test frame was built using an in-house
design for testing cylinders of 3” diameter, and the jack and hydraulic system was
acquired from a local provider. This compression device is significantly less expensive
than commercial testing machines and for education, has the advantage that the student
can better appreciate the mechanism of load application. Some samples were tested in
tension using the Brazilian test (Split Cylinder test), as shown in Figure 4.

Figure 3. Typical Compression Test
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Figure 4. Typical Result of a Tension or Brazilian Test (Split Cylinder Test)

The students observed the importance of fly-ash improving the workability of concretes
with low w/c ratio. The amount of super plasticizer used for concretes with fly-ash is
lower than for concrete with cement only for the same workability. Other important
observation was that the concretes using fly-ash have slower gain of strength than the
control mix. The results for 25% fly-ash were very similar to the control mix, but for
50% the strength is reduced considerably but can still be used in the industry, principally
because of improved workability. For 75% of fly ash, the strength is very small and use
of this proportion is discouraged. An important conclusion of this set of experiments
was that the concrete with fly-ash needs more curing time to attain the design value of
f'., than for normal concrete. It was observed that fly-ash concretes at 35 days were still
gaining significant strength, while the normal concrete does not, as shown if Figure 5.
This result needs further investigation because it may have an influence on the typical
construction specification which standardizes the concrete strength to the results of the
test in 28 days. Concretes with a high fly-ash proportion must be tested after more than
28 days of curing in order to avoid conveying a low strength false alarm to the owner,
inspector, designer and constructor. In any event, typical structural elements usually take
more than 28 days to be fully loaded.

1 e ——
0.8 + ___-.—---—""
06— -
(8] +* -
I'.\_ -l . . — o m— = — 1A = .
S 04 /'4 fc=75ksi
1 PR
02 //
0 ‘ ‘
0 7 14 Days 21 28 35
e——100%Cement-0%Fly-Ash - ---- 75%Cement-25%Fly-Ash = = 50%Cement-50%Fly-Ash

fc / f'c Curves for Concretes with Different Ratio of Fly-Ash (f'c is the
strength at 28 days of a 100% Cement-0%Fly Ash Concrete)

Figure 5. Gain of Strength for Concretes with Different Proportion of Fly-Ash
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Finally, a T-Beam was poured using concrete f'. = 8 ksi with 25% of Fly-Ash to help the
students of Reinforced Concrete understand the theory explained in other related
engineering technology courses. The T-Beam was reinforced with 1-rebar #7 with closed
stirrups W4.5 spaced at 4-in. This beam was tested 35 days after casting and the

analytical results were in agreement with the experimental test. Figure 6 shows the
construction process of the T-Beam.

Figure 6. T-Beam Using Concrete f'¢ = 8 ksi with 25% of Fly-Ash: Installation of a #7 Rebar;

Stirrups W4.5@4”; and Concrete Pouring

The modulus of elasticity of concrete is measured using a strain gage and a mechanical
dial-gage in order to compare results. The students compared the test value of the
modulus of elasticity between the statistical equation given by the ACI-318 code * (E. =
57000* ', °°) and test values. This type of comparison provides strong support to the
theory of reinforced concrete and prestressed concrete. Figure 7 shows the setup used to
measure the modulus of elasticity and the stress-strain curve of concrete using both a
strain gage and a dial gage. Figure 8 shows the typical curve of stress vs. strain for
concrete obtained with this setup. The stress-strain curve was very well defined using
strain gages, with better resolution than using the dial gage as expected, but the value of
the modulus of elasticity obtained with both methods were similar. The students can then
compare these experimentally determined values with the ACI equation.

Figure 7. Measurement of Modulus of Elasticity and the Stress-Strain Curve of Concrete
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Stress vs Strain - Concrete for Beam at 28 days
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Figure 8. Stress vs. Strain Curve for Concrete Measured Using a Strain Gage and a Dial Gage.

Conclusions

The concrete industry is dynamic and our knowledge and understanding of the behavior of
concrete and its constituents continue to improve. The Structural Analysis and Design program
of the University of Houston-Downtown recognizes that the students must pursue study of the
latest developments of concrete technology and a course was designated for this purpose. The
course is “Modern Concrete Technology”, and hands-on student experience is the principal
teaching method used by the professors.

Different investigations are performed by students using available materials from the Houston
area and important technical conclusions are obtained. These experiences give students valuable
knowledge on the behavior of the concrete under different characteristics of its constituents and
the importance and role of admixtures to meet specific requirements.

Additional future work will continue to investigate many of the topics described above and
others in order to enhance student knowledge in the field of modern concrete design and
construction.
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