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Chapter 1

INTRODUCTION

Concrete with higher than normal strength is a part of
the precast or the prestressed concrete industry, because they have
special manufacturing processes such as using combined high pressure
and vibration. But today, there is a growing interest in using high-
strength, site-mixed concrete or ready-mixed concrete because of the
availability of water-reducing agents, especially super-plasticizers,
which give adequate workability for low water—cement ratio mixes.
These mixes can be used in cast-in=place structures.

It has been shown that concrete having a uniaxial compressive
strength from 6000 to 12000 psi (41 to 83 MPa) can be produced using
conventional materials and production methods. These methods are
economically and technically adequate. Concrete with strength in

excess of 6000 psi is commonly called high-strength concrete,

Objective

The objective of this paper is to report on a research project
on high-strength concrete at Kansas State University which was carried
out in the Civil Engineering Department. The specific purposes of
this paper are: a) to present results of a study of techniques for
production of high-strength concrete and methods for selecting the
materials and their proportions for mix design. The suitability of
Kansas aggregate for producing high-strength concrete was also in-
vestigated; b) to study the compressive and flexural behavior of

high-strength concrete made with Kansas aggregate in order to verify



proposed stress-strain relations and to determine the shape of the
compressive stress block. It was desired to determine whether the

shape of the stress block is generally rectangular or triangular.

Present Usage

One of the main reasons for using high-strength concrete is that
it has greater load-carrying capacity compared to normal strength
concrete which means: 1) it has the potential to carry more load at
lower cost; 2) the dimensions of the member reduce, therefore the dead
load of the member reduces and consequently the dead load of the
structure reduces. This is especially advantageous for prestressed
concrete and compression members. Here it should be emphasized that
high=strength concrete cannot improve all designs, For example, slabs
can be made very thin by using high-strength concrete but there will
be problems with excessive deflection.

Recent structures for which high-strength concrete has been used
in their construction are: a) a 50-story office tower used 8000 psi
(55.1 MPa) concrete (1)3; b) the Waterways Experiment Station (WES)
developed 10000 psi (68.9 MPa) concrete for the Air Force 15 years
ago to be used in underground silos (2); c¢) about 10 years ago
10000 psi (68.9 MPa) concrete was used in the Willows Bridge in
Toronto (3); d) the O'Hare Airport terminal in Chicago used 8000 psi
(55.1 MPa) concrete in prestressed roof-girders (3); e) prestressed
concrete containment vessels for nuclear reactors in England and France
were constructed using 9000 psi (62 MPa) concrete (3).

The most extensive use of high=strength concrete in building

construction has been in the Chicago area where concrete up to



10000 psi (68.9 MPa) was in at least six different buildings (4).
In 1972, 9000 psi concrete was used in 20 stories of the 50-story
Mid-Continental Plaza building in Chicago. High-strength concrete
has been used after that in the Chicago area building industry
including the Frontier Tower, the Marriot Chicago building, the

200 W. Monroe building, and the Water Tower Place building.



Chapter 2

SELECTION OF MATERIAL
i

Introduction

In production of high=strength concrete, one should look for
highest quality materials. From the economical point of view the
suitability of locally available materials should be considered in
developing the mix design. When producing good-quality, high-strength
concrete, one should optimize the use of mixing materials. Once an
optimum or near optimum condition is established for a material, it
should be kept fixed in the mix design as the remaining variables are
studied. Then one can develop an optimum mix for the available material

on the basis of strength, cost and field performance.

Cement

Cement is one of the most important components of the concrete.
Therefore it should be valid to say that stronger cement makes stronger
concrete. In some European countries there are different grades of
cement for different strength ranges from which a concrete producer
can choose (3). In North America, even though there are not different
grades of cement for normal Portland cement, there are differences in
cement strength from plant to plant due to the lack of uniformity of
production.

Walker and Bloem presented values of compressive strength
for concrete from different cement suppliers and offered the following

conclusions (See Ref. 3):



a) Average strength for different cement varied substantially.

b) At least one-~half of the individual cement differs from
shipment to shipment sufficiently to have an effect on
uniformity of concrete strength.

¢) There is a need for better control of uniformity of the
cement production within individual sources.

There are a few factors that are considered in choosing the right
grade of cement; type, chemical composition, fineness and cube strength
(by ASTM Standard Method of Test C-109 [22]). Compatability of cement
with the admixture should be checked by testing for false and flash
set. In general, the selection of cement for high-strength concrete
should be based on comparative strength test of trial mixes. Research
done at Portland Cement Association laboratories has indicated that the
chemical composition and fineness of cement significantly influence the
strength in the concrete (21). But there is no certain rule in the
United States that classifies the cements according to strength-
producing capabilities. The only guideline which is available today
has been provided by ASTM C-150 (19), which separates the cement into
different types. Therefore the mix-designer should develop certain
limits on the composition of the cement. Several studies (3,5) show
that even within one type of cement, due to nonuniformity, the
differences in water requirements can be as large as that between
different types of cement., Tests at Cornell University show up to
22 percent difference in concrete strength using Type I cement and the
same workability (3). This is also shown in Figure 2.1 (5). In

Figure 2.2, Blick (6) shows the effect of different types of cement



on concrete compressive strength based on mixes that have the same
workability. TFigure 2.2 shows that Type I cement gives highest
compressive strength at all ages. Concrete made with Type I and Type II
cements yield higher strength than Type III cement because of the in-
crease in water requirement for the same workability. As the water-
cement ratio and workability decrease to an allowable minimum, Type I
and Type II cements prove to be more suitable for higher strength
concrete than any other type.

It is recommended that the final decision on the brand of cement
always be based on strength-producing capability in concrete mixture
of the same workability at ages 28, 56 and 91 days. In the present

investigation, Type I cement was used.

Coarse Aggregate

The selection of coarse aggregate for high strength concrete is
the next most important item after choosing cement. The behavior of
coarse aggregate has a great influence on concrete strength. Kaplan (23)
has reported that the use of different type of coarse aggregate in a
given concrete mixture resulted in variation in the compressive of as
much as 29 percent.

The strength up to 5000 psi (34.5 MPa)depends essentially on the
quality of the hardened cement paste that holds the aggregate particles
together., The aggregate at this strength level and above always has
a much greater strength than the cement paste. It is important to
consider the following factors when selecting a cocarse aggregate for
high=-strength concrete:

a) strength

b) maximum size and gradation



c¢) particle shape and surface texture
d) cleanliness
e) mineralogy and formation

f) aggregate-cement bond.

Strength

The aggregate chosen for high-strength concrete should have a
crushing strength at least equal to the hardened cement paste. Because
most good quality aggregate has a crushing strength in excess of
12000 psi (83 MPa), this factor is not a major problem for the pro-

duction of high-strength concrete.

Maximum Size and Gradatiom

Several researchers (7,8,9) have shown that in high-strength
concrete the compressive strength increases when the maximum size of
aggregate decreases. However, it 1Is obvious that there should be some
limitation in order to keep drying shrinkage and creep to a reasonable
and practical value. A maximum size of 0.4 in. (10 mm) is recommended
for most cases (10), Figures 2.3 and 2.4 show the size effect of coarse
aggregate on compressive strength. In Figure 2.4 it is indicated that
the smaller size aggregate provides the most efficient use of cement in
high=-strength concrete., This higher strength efficiency which is obtained
when using smaller aggregate is due to greater bond between the cement and
coarse aggregate because of the increase in the surface area. However
there is a different optimum size for each aggregate and for each level
of strength desired, depending on the economics of the situation. There~

fore trial batching for each job is highly recommended.



Particle Shape and Surface Texture

In a research done byCarrasquillo (3), he indicated that the
ideal coarse aggregate for high-strength concrete appears to be a
clean, cubical, angular, 100 percent crushed stone with minimum flat
gsize and elongated particles. He also said if all other factors are
equal, crushed stone coarse aggregate produces higher strength concrete
than does a rounded aggregate. In Figures 2.5 and 2.6, the compressive

strength of concrete using different types of coarse aggregate is shown.

Cleanliness

Coarse aggregate used in high-strength concrete should be free of
dust coating, because the dust content causes an increase in the fines,
and consequently an increase in the wéter requirement of the resulting
concrete mixture. Hence, the water—cement ratio increases and the
strength decreases. Washing the crushed stone coarse aggregate may

not always be necessary, but is always recommended (11).

Mineralogy and Formation

As discussed above, the compressive strength of concrete increases
when using crushed stone as the coarse aggregate. This is not only
because of the shape of the aggregate but also due to its mineralogy.
The Waterways Experiment Station has done some work on the effect of
mineralogy on concrete strength. They achieved 17000 psi (117 MPa)

using granite rock (2).

Aggregate-Paste Bond

When high-strength concrete is desired, the aggregate—paste bond
should be strong; a good quality aggregate with a suitable surface

texture should be used.



The aggregate-paste bond is known to decrease with increasing
water-cement ratio and increasing the size of aggregate. Alexander (12)
found that the cement-aggregate bond to a 3 inch particle was almost
1/10 of that to a corresponding 1/2 inch particle.

In this investigation based on the availability of certain coarse
aggregates, two types of coarse aggregates were chosen:

1. Limestone with 3/8 inch maximum size from Lenexa, Kansas.

2. Quartzite stone with 3/4 inch maximum size from Lincoln,

Kansas.

Both types of coarse aggregates were made as dust free as possible
by washing them. A sieve analysis on both types of coarse aggregates
was done. The results are given in Tables 2.1 and 2.2. The values in
Tables 2.1 and 2.2 are shown graphically in Figures 2.7 and 2.8 for
limestone and quartzite, respectively, in order to get a relatiomnship

between the percent passing and the size of particle.

Fine Aggregate

The gradation and particle shape of fine aggregate are very
important factors in production of high-strength concrete. Fine
aggregate has a great effect on the water requirement and consequently
the strength of the concrete mix. In sand of the same grading, a
1 percent increase in fine aggregate voids may cause a 1 gallon per
cubic yard increase in water demand (13).

One of the important functions of fine aggregate in conventional
concrete is its role in providing workability and good surface finishing.
Since high-strength concrete contains large amounts of cement paste,

the role of fine aggregate in providing workability and good finishing
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is not so crucial. Fine agg?egates with a fineness modulus between
2.7 and 3.2 have been most satisfactory (15). Blick (6) reported that
fine aggregate with fineness modulus below this range might produce lowl
strength and "sticky'" mixes. A reduction of the amount passing the
No. 50 and No. 100 sieve on the lower side of the specification limit
from ASTM C-33 is suggested. Such reductions have shown increase in
compressive strength of 500 to 1000 psi (3.5 to 7.0 MPa) (14).

In this investigation, Kaw River sand with a maximum sieve size
of No. 4 was used. The sieve analysis was done on fine aggregate and
results are in Table 2.3 and Figure 2.9.

Table 2.4 shows a comparison between recommended fine aggregate
gradation for high-strength concrete, the recommended gradation given in

ASTM C-33 and the fine aggregate gradation used in this investigationm.

Water
Studies (5,13) have shown that water meeting specification
ASTM C-94 (19) has no harmful effect on high-strength concrete. There-

fore, water meeting ASTM C-94 is adequate.

Admixture

Due to low water-cement ratio, high-strength concrete has low
slump and workability is not adequate. A chemical admixture called
superplasticizer or '"super water reducer" can be used to improve
workability and slump. This admixture actually reduces the angle
between the water and surface of contact and causes the mix to be
more workable. It is important to note that this effect is for a
limited time and the mix changes to its original property after a short

time. Therefore, superplasticizer increases the slump within a limited
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time without altering the compressive strength, because the slump
will go back to original position as if no admixture wés used in the
mix. Figure 2.10 shows the effect of superplasticizer on the slump
versus time on a mix with water-cement ratio of 0.35. It is believed
to have similar effect on all other mixes. Twelve fluid ounces of
admixture per sack of cement were used. Usually the manufacturing
company gives certain limits as to how many fluid ounces of dosage
should be used. With a trial mix using different amounts of super-
plasticizer within the limit, one can optimize the use of super-
plasticizer. 1In this investigation, the brand of superplasticizer
used was Sikament. When other brands are used, trial mixing is
recommended. As is shown in Figure 2.10, the slump decreases very
rapidly with time, therefore it is important to comsider this effect

on the job site.



Chapter 3

PROPORTIONING, MIXING, TESTING

Introduction

The objective of proportioning the high~strength concrete is
to obtain a material that not only possesses the desired plastic
properties (workability, finishability, etc.), but also achieves the
desired strength at lowest cost possible. Careful proportioning is
more critical for high-strength concrete than for normal-strength
concrete, since optimum performance is required from each component
used. Of course, in the present investigation, the cost effect is

not of great concern.

Proportioning

In order to obtain the weight of components (coarse aggregate,
fine aggregate, cement, water, etc.) the unit volume method with two

different approaches is used.

Approach I - In this approach the amount of fine aggregates is
a percent of total aggregates, namely 25 percent, 50 percent and 75
percent, For every water—cement ratio different sand contents are
used. The workability is the basis for comparison. The slump is
kept between 2 1/2 inches to 3 1/2 inches for this purpose. The
details of calculation are given in Appendix II-A for one value of

sand content, others are similar.

Approach IT - Actually, Approach II is a special case of

Approach I. In this approach the sand content is being optimized.

It is understood that the more dense the concrete, the higher is the

12
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value of strength. Since aggregate particles occupy a large portion of
the volume in a mix, they have the most effect on thé density of the
concrete, In this investigation, the ratio of fine to coarse aggregate
is optimized in order to get the densest value of combined aggregate
possible (Figures 3.1 and 3.2 show the optimization of limestone and
quartzite stone with fine aggregate, respectively). From the graph

for optimum density one can read the percent fine aggregate of the
total aggregate. Knowing this value and the specific gravity for

both fine and coarse aggregate, the volume occupied by total aggregate
can be determined. Assuming a4 unit volume for the mix, the volume of
paste (i.e., the volume of water + volume of cement} can be determined.
Knowing the volumes, the specific gravities and water-cement ratio,

the weight of all the components can be determined (Appendix 11I-B shows
the details of calculation with an example). A few trials need to be
done in order to achieve the desired workability. The reason for this

is due to the assumption that no air voids exist which is incorrect.

Water—-Cement Ratio

To obtain high-strength concrete, using a given set of materials,
the lowest possible water-cement ratio should be used together with a
minimum amount of mixing water (3). Blick (6) states that the water-
cement ratio is the next most important factor affecting the produc-
ibility of high-strength concrete, after the selection of the optimum
strength-producing materials has been made.

In this investigation, water-cement ratios of 0.4, 0.35, and
0.3 were tried. The slump of mixes was between 2 1/2 inches to 3 1/2

inches., The mix details are given in Tables 3.1 and 3.2 for limestone
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and quartzite, respectively. The components were mixed together, and after
the cement was wet, superplasticizer was added to the mix. The time from
starting of mixing action to measuring the slump was approximately the

same for all mixes.

Casting and Testing

The cylinder samples were cast by rodding three layers for every
cylinder and vibrating them for 30 seconds. They were taken out of the
mold and were put in the curing room one day after they were poured,
Compressive tests were done at 7, 14 and 28 days. The results are
given in Tables 3.3 to 3.5 for Approach I (in Approach I only limestone
was used) and in Tables 3.6 and 3.7 for limestone and quartzite,
respectively, for Approach II.

Graph 3.3 indicates the effect of water—cement ratio omn strength
of concrete. The lower the water-cement ratio the stronger the mix.
Figure 3.4 shows how sand content effects the compfessive strength of
concrete., This figure indicates that sand content affects mixes

differently as water-cement ratio changes. The effect is not linear,
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Chapter 4

LITERATURE SURVEY FOR COMPRESSIVE STRESS BLOCK

Introduction

The equivalent rectangular stress block permitted by American
Concrete Institute Code "ACI 318-77" (20) was based on beam tests with
concrete strengths in the range of 3000 psi (21 MPa) to 6000 psi (41 MPa).
For beams with concrete strength in excess of 21000 psi (145 MPa), the
current Code provisions would call for a zero-depth rectangular stress
block, an obvious fallacy (a = Blc - in 1975 a lower limit of Bl equal
to 0.65 was adopted for concrete strength greater than 8000 psi).
Therefore, there is a very strong need to evaluate the concept of the

rectangular stress block for high-stress conecrete.

Objective

The publications concerning high-strength concrete are not only
limited but also they contradict each other. For example, in the work
done by Leslie, Rajagopalan and Everard (15), they recommended:

"l. The ACI building code rectangular stress block does not
predict the behavior of beams with £ above 8000 psi
(55 MPa).

2. TFurther research is warranted with respect to maximum strain

in the concrete for f! exceeding 8000 psi (55 MPa).

3. Pending further tests, a triangular stress block with the
extreme fiber stress at f! and zero stress at neutral axis
is recommended as a conservative model for predicting the

behavior of beam with £ above 8000 psi (55 MPa)."
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But in the work dome by Wang, Shah, Naaman (16), they concluded:
"l. Rectangular stress distribution gives sufficiently accurate
prediction of the ultimate loads and moments of reinforced
concrete beams and columns made with high-strength concrete.
2. The wvalue of the maximum concrete compressive strain at
ultimate was always higher than 0.003 in."
Therefore more tests with application of different methods should
be done in order to check which theory is valid. 1In other words, to

check if the ACI Code is wvalid for high-strength concrete or not.

Choosing the Method

In 1955, Hognestad, Hanson and McHenry (17) worked on a research
project in order to formulate a ultimate strength design criterion for
concrete. In their work, they derived some equations and used a special
c-shape structural element. They had an important role in developing the
ultimate design theory and their work was one of the main bases for
developing the ACI Code for ultimate strength theory. They formulated
stress in concrete fibers as a function of strain in those fibers.

They also showed that stress—strain relationships for concrete in
concentric compression are indeed applicable to flexure (Figure 4.1
K

shows this fact). They defined K and K3 as ultimate strength

1 2
coefficients (Shown in Figure a, Appendix II-E). 1In their paper they
developed equations which permitted stress to be expressed in terms of

measured strain and other known parameters:

dfo

fc - €C EE_'+ fo T - - == (Rnkd
c
dmo

f =¢ —+ 2 M = (4.2)

C G de
c
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B, vt P
fo - lﬁc : (43
. - Plél +2P2a2 -
be
where
fC = concrete compressive stress in outer fiber of the beam
tc = concrete strain in outer fiber of the beam
P1 = major thrust
P2 = minor thrust
a; and a, are lever arms

b is width and ¢ is depth of testing region
The details are shown in Figures 4.2 and 4.3.

In this investigation, their method and analogy are applied very
closely in order to investigate the behavior and shape of the stress

block in high-strength concrete beam sections.

Structural Element

The shape of the structural elements are similar to those used by
McHenry (i.e., c~shape structural element) as shown in Figures 4.2 and
4.3, Suitable shear, bending and diagonal tension reinforcement was
placed in the end bracket to obtain failure in the central unreinforced
test region. The test region was 16 inches long and such reinforcement
ended at the beginning of the test region. The detail of reinforcement
design is shown in Appendix II-C and Figures 4.4 to 4.7. Due to
limiting capacity of the testing machine, the cross—section of the test
region for the higher strength mix was reduced. The depth changed from
8 in. to 5 in. The cross sections were 5 x 8 in., for Specimen I and
5 x 5 in. for Specimen II. The test prisms were 5 x 8 x 16 in. and

5% 5 x 16 in., correspondingly.
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Chapter 5

EXPERIMENTAL WORK AND RESULTS

Casting

The specimens were cast horizontally on a level surface.
Vibration was used to consolidate the concrete, The surface was
finished (high-strength concrete is more diffficult to finish than
normal strength concrete because the superplasticizer made the concrete
very cohesive)., The minimum cover was 3/8 in. The mix designs 2 and
3 of Table 3.2 were used for Specimen I and Specimen II, respectively.

Some 3 x 6 in. cylinders were cast at the same time with each mix.

Curing

The elements were taken out of the mold after twenty-four hours.
They were placed in a 100% humidity curing room. Specimen I was in the
curing room for 32 days and Specimen II was in the curing room for 37 days.
The specimens were taken out of the curing room and were kept in a 50
percent humidity environment for 15 and 10 days in order to prepare
them for the test. Table 5.1 shows the details. Cylinders correspond-
ing to each specimen were taken out at the same time with corresponding

specimen,

Instrumentation and Apparatus

Ten 2.4 in. long electrical resistance strain gages were used to
measure the strain in the test region. Their location can be seen in
Figures 4.2 and 4.3. A data acquisition system consisting of a switch
balance unit and transducer strain indicator Model HW1-D was used to

measure the strain in all the strain gages.
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The major load P,, Figures 4.2 and 4.3, is applied by a 300,000 1b.

1?
testing machine through a system of bearing plate and rollers. The
minor load P2 is applied by a hydraulic jack through a steel frame
shown in Appendix II-D. The load was controlled by a pressure gage

system which was calibrated prior to the test. The test set=up is shown

in Figure 5.20.

Test Procedure

The objective was to load in a manner such that the neutral axis
coincided with the outside face of the specimens as shown in Figures
4,2 and 4.3. After each increment of the major thrust Pl, the minor
thrust Pz‘wasadjusted so that the average strain across the neutral sur-
face was approximately zero (as measured). Load and strain at each level
were recorded and the procedure reﬁeated up to failure. The approximate
zero strain surface represents the neutral axis of a flexural member
while the opposite side of the cross-section represents the extreme
compressive surface. The recorded data for Specimen I are shown in
Table 5.5. In this table the load and strain for each strain gage are
given. The average strain at each level is given as a function of load
in Table 5.6. Two strain gages were mounted on two 3 x 6 in. cylinders
corresponding to Specimen I and strain was recorded as a function of
load up to failure. The data are given in Tables 5.3 and 5.4. Also,
six 3 x 6 in. cylinders corresponding to Specimen I were tested on the
same day that the structural element was tested in order to determine
the strength of the mix. The results are given in Table 5.2 where it

is indicated that the strength of the mix corresponding to Specimen I

is £l = 8400 psi (58 MPa).
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The corresponding data for Specimen II are given in Tables 5.7 to
5.10. As it is indicated in Table 5.7, the strength of the mix related

to Specimen II is fé = 9400 psi (65 MPa).

Results and Discussion of the Results

The avérage values of cylinder stress-strain data of Tables 5.3
and 5.4 plotted in Figure 5.1 correspond to Specimen I. In the same
manner, values of Table 5.8 are plotted in Figure 5.2 for Specimen II.
The stress value at each level of the test Specimen I can be determined
directly by using the strain values for flexural test which are indicated
in Table 5.6 and Figure 5.1 (for each strain value, from the cylinder
stress-strain curve, one can read a stress value [17]). The shape of
the stress block for each increment of load can be determined for
Specimen II by using Table 5.10 and Figure 5. The shape of stress block
is shown in Figave 5.3 and 4 for various load increments for test Specimens
I and II. The strain variation along the depth of test specimen can be
shown for each load increment by plotting depth versus strain. The strain
variations along the depth are shown in Figures 5.5 and 5.6 for Specimens
I and II, using Tables 5.6 and 5.10, respectively. The values of the
flexural strains for Specimen I are plotted in Figures 5.7 to 5.11 for
every two gages that are in the same level using Table 5.5. This was done
in order to check the accuracy of the test set-up. The graphs show that
near failure, the strain reading in the gages diverge at each level.
This is believed to be due to é twisting action which is introduced by
set-up error. It was tried to prevent or improve this error for test
Specimen II. These graphs are not shown for Specimen II, but it is

Believed that they would be very similar in nature.
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To determine the ultimate strength factor, Kl’ KZ’ K3, the
equilibrium concept is used. The detail is shown in Appendix II-E.
By equilibrium of forces and moment from Figure 5.16, K,K, and K2 can

173

be determined.

P. + P
C 1 2
K K = = (5'1)
173 be fé be ££
. Pla1 + P2a2 (5.2)
2 (Pl + PZ)C
K

can be directly measured from zero up

2
The values of K1K3, K2 and K

173
to failure. The individual value of the coefficient K3 is the ratio of
maximum compressive stress in the beam (i.e., fc — flexural test)

to the corresponding average cylinder strength-fé. To calculate Kl,
which is the shape factor, one should evaluate K1K3 and K2. The values
of ultimate strength factors are given in Tables 5.11 and 5.12 for
Specimens I and II. The ultimate strength factor K2 is the posgition

of resultant reaction force which is produced by concrete. The ultimate
strength factors and other properties at ultimate comdition for hoth
specimens are given in Table 5.13.

Figures 5.12 and 5.13 show the values of K and K2 computed by

1%3
Equations (5.1) and (5.2) as a function of the strain g, at the com—
pression face for Specimens I and II. K2 is the positiomn of resultant
force in the concrete from the outer fiber of the beam. Figure 5.12
shows that the position of resultant force at low load is 0.33, cor-
responding to triangular stress distribution. But at higher loads the
K2 changes from 0,31 to 0.41 at ultimate condition, which means even

at ultimate condition, the stress distribution is not rectangular
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(rectangular stress block corresponds to K2 = 1/2 = 0.5). The varia-

tion of K2 is smaller for Specimen II which has higher strength (i.e.,

fl = 9400 psi, 65 MPa). Figure 5.13 shows K2 varies from 0.32 to 0.37

for Specimen II. Therefore the higher the strength, the more the stress
block distribution appears to be of the triangular type. Figures 5.14 and
5.15 show the values of Kl, K2 versus the concrete strength. These

graphs also prove the above fact about the stress distribution is

correct. The rectangular and triangular conditions and ACI limit are

also plotted on the same figure for comparison purpose. In calculating
the values of ultimate strength factors, the actual area is used rather
than nominal area (the areas were measured carefully using Verinier
calipers, for Specimen I, area = 40.47 inz, for Specimen II, area = 25 inz)-
The outer fiber stress in the beam is also calculated using Equations
(4.1) and (4.2), for both specimens. The results are given in Tables
5.14, 5.15 and 5.16, 5.17 for Specimens I and II. A computer program

was used to determine the differential parts (the detail of computer
program is given in Appendix II-E). 1In Tables 5.15 and 5.17, flexural
stress is given using both methods of Equations 4.1, 4.2 and cylinder
stress—strain curve, for comparison purposes for Specimens I and II,
respectively., By comparing the results, it is observed that stress

for Specimen I using Equations 4.1 and 4.2 does not seem to be correct

and is very different with the result from stress-strain curve. There may
be a source of error in ecalculation, because when Equations 4.1 and 4.2
are used for finding the stresses, at some levels of loading the stresses
were greater than the cylinder strength which is obviously wrong. But the
corresponding results for Specimen II are cleose enough., A typical

shape of stress block at the ultimate condition is shown in Figure 5.16.
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Strain Behavior

From the test data in Table 5.13, the strain at ultimate condition
for flexural test of Specimen I is 0.002 in/in. The maximum cylinder
strain at ultimate condition are (.002395 in/in. and 0.002100 in/in. for
cylinders corresponding to Specimen I. The strain at ultimate condition
for Specimen II is 0.00311 in/in. and the maximum cylinder strain at
ultimate condition is 0.00294 in/in. for cylinder corresponding to this
specimen. Some cylinders corresponding to Specimen II were tested at
ages other than test day. They showed a reduction of strain with
increasing ultimate strength at older ages. 1In other words, the strain
decreases while strength increases due to age. This is due to an
increase in the modulus of elasticity EC, because the stress-strain
curve becomes steeper. Table 5.18 shows the results of cylinder tests
corresponding to older ages than test day. As it is indicated in
Table 5.18 and Figures 5.18-5.19, the value of strain at ultimate
condition is 0.0025 in/in. at 72 days, 0.00209 at 85 days and 0.00200
at 120 days old. Therefore the value of strain is either less than
0.003 in/in. which is proposed by ACI Code or it decreases to become
less than ACI proposed value. Therefore a more conservative value of
0.002 in/in. is recommended. References (15) and (18) have noticed
the same problem with strain. Reference (18) has suggested a more

conservative wvalue of 0.0025 in/in.
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Chépter 6

SUMMARY AND CONCLUSION

Summary

A mix design for high-strength concrete was developed. Numerous
cylinder tests were involved in order to determine the strength of
concrete. A superplasticizer was used in all the mixes in order to
improve the workability. A total of four flexural specimens were made
in order to verify the shape of the stress block. Only two of the
specimens were tested successfully. One was broken without gaining any
results due to malfunction of ramp pressure gage. The other one did
not have adequate strength in order to satisfy the purpose of this
investigation. From the test results and analogy of them it is possible

to conclude some points.

Conclusions:

1. Superplasticizers are helpful if the right amounts are used.
Too much superplasticizer decreases the strength and also
segregates the mix.

2. High-strength concrete has a brittle mode of failure. There
was no crack observed before failure and it has a sudden
failure. This is true for both compressive and flexural
tests. Unlike the normal strength concrete, the failure line
passes through the stone rather than interface of mortar and
stone (this is observed by other investigators [18]). Due
to this action the surface of high-strength concrete is
smoother than normal concrete for both compressive and

flexural tests. Figure 5.21 shows the type of failure.



25

Stress—-strain is almost linear up to failure and there is

no descending part due to brittle failure.

The shape of the stress block changes from rectangular to
triangular type as the strength increases, because of the fact
that the position of the concrete internal reaction force is
K2 = 0.37 at ultimate condition for higher strength mix
(i.e., fé = 9400 psi, 65 MPa). This wvalue is very clase

to 1/3 =0.33 which is the center of gravity of a triangular
stress block rather than 0.5 which is the center of gravity
of a rectangular stress block.

The strain behavior in high-strength concrete is different
from normal strength concrete, because either strain at
ultimate condition is less than 0.003 in/in. proposed by

ACT Code or it might be greater than ACI proposed, but it
decreases with time drastically. Therefore, a more con-
servative value of 0.002 in/in. is recommended.

Since high-strength concrete pick up strength efficiently

up to 90 days, a 28-day strength test is not adequate for

high-strength concrete. A 56-day strength is recommended.

recommended.

Recommendation for Future Work

High-strength concrete can be considered as a material that can

concrete.

replace normal-strength concrete. Therefore it must be compared to
normal concrete in all aspects. Yet, intensive research is required

to bring about all the theories and specifications for high-strength

Because as the strength increases, the K2 value gets very



close to triangular shape stress distribution, therefore tests with
higher-strength concrete are desired in order to formulate a souﬁd
theory. Since higher-strength test specimens (i.e., 13000 psi -

15000 psi, 97-103 MPa) will answer the questions more clearly than
those in the range of 8000 - 9000 psi (55-62 MPa), mix design for

that range of strength is desired. A large number of beam test and
column test data is necessary in order to formulate that theory. A
large number of accurate strain tests are essential in order to deter-

mine a good approximation value for strain at ultimate strength.
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APPENDIX II

A. Detailed calculation for mix design approach I for 25 percent
sand in total aggregate.
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-l-ji)=(27-’v-v—V) A.2)
3y, W c AYa T (a.

wa (1 +
For 50 percent sand in total %ggregate this becomes
WL +By = @7 -v, - v -
2 MHTD = @7 =¥y = Vo = Yy, o ()

For 75 percent sand in total aggregate

3

W1+ —%) (0 Ny 5 G = Uy, e il
where

WS = weight of sand

Ww = weight of water

Wa = weight of coarse aggregate

Ty = density of coarse aggregate

Ty = density of sand

Vw = yvolume of water

VC = volume of cement

VA = volume of air content

VS = volume of sand

Va = yolume of air
*

water-cement ratio is given (i.e., 0.4, 0.35, 0.3).

+volume of air entrapped is assumed to be 2 percent by volume.
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B. Mix design calculation and detail for approach II.

4
&ﬂm____-__—_-
|
/Ey//,4a”f*f}19

[

Dry |0°' I

Density )

(Bulk) 90! |

Pcf I

|

i i o B
40 60 80 100
Sand, % of Total Aggregate by Weight
Y, = 110 pecf, % sand = 85 by weight
¥ =0.4
c
Material | SP. G. We/fto Absolute Volumelft"
Cement 3.15
Rock 2.54 (0.15) (110) = 16.50 0.104
Sand 263 (0.85)(110) = 93.50 0.570
Water 1.00
Absolute Volume of
_______ ___| Paste at Given W/c = 0.104 + 0.57 = 0.674 ft
aggregate

1-0.674 = 0.326 ft-

L

Absolute Volume Vpaste
of Aggregate

If there are no air wvoids

Vpaste - vcament + Vwater = D326

v _ cement
cement (3.15)(62.4)

3



v =
waterxr

W
cement

W oh
_ _water _ ; wcement

62.4 62 .4

1

62.4
cement

W
water

(3.15 + 0.4) = 0.326

_ £0.326)(62.43(3.15)

= = 28-35 1bo

L% B.4(3.15)

= 0.4(28.35) = 11.34 1b.
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Design of Steel Reinforcement.

Longitudinal Reinforcement

33

By inspection, Section A-A (Figure 4.2) is the weakest section,

therefore Section A-A will govern the design. To be on the safe

side, assume P2 = 30,000 1b. for design purposes.

ib

P2= 30,000
P, = 30,000 lb. 5" 14"
a = 14" |
P2°a =M
M = 420,000 lb=in.

b
P2=30,000 |
Ib.in i
M=420,000 h=ll
P= 30,000 b | ,
b=5'

Assumptions:

1. Concrete will take 85 percent of its ultimate strength,
2. A triangular stress block with zero at neutral axis and
maximum at its outermost fiber.

3. Assume steel will take up stresses to its ultimate value.

0.85f¢ .
y " c=l0-85¢Fb
e (d-3) M
3
= AgheT
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+
LF =0+T-C=0>T=C-—= - (c.1)
Therefore:
1. = VY o
Asfy =3 b ¥ (0.85 fc) - - -—— (C.2)
- -3
M= AL (d-D €.3)
From Equation (C.2), ¥ can be determined:
Af
S g il
y =
0.85 £
2 ¢ B
Substitute y in Equatiom (C.3)
A f
e BV
0.25 fé b
M = Asfy (a - 3 )
Asfy
M=Af (d- ) (C.4)
s’y 0.85 v
5 (D)€L b
M = 420,000 lb=in.
b = 5"
d = 9.25"
fy = 40000 psi (est.)
fé = 12000 psi (est.)

Substitute the given values in Equation (C.4), therefore

420,000 = AS (40000)[?.25 =

AS (40000)

Az - 17.6906 A_ + 20.08125 = 0.

0'25)(3)(12000)(5)

(__

_ —(-17.6906) + /(-17.6906)* - 4(20.08125)

2
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AS = 16.47 in2
_17.6906 + 15,252
A =
s 2
A =1,22 in2
s
Use 6 #4 in two rows -~ AS = 1,18 = 1,2 = 1,22 0.K.

Length of each reinforcement is equal to 31 in,

Design of Shear Reinforcement

From ACI Code:

¢Av fy d

s = 57—“"3?‘" for stirrups normal to beam axis
u ]

¢Av fy d (Sin o + Cos a)
g = for inclined stirrups at
VvV = ¢V .
u c and o to beam axis

Assumptions:
1. Concrete will not take any force.
2. Steel rebars will be placed at 45° angle
3. Using #3 bars, A 0.11, A, = 2% 0,11 = 22,

f_ = 40000 L.
y . psi

V =P.= 30000 1b. and V_ assumed = O.
u 2 c
% _ (0.85)(0.22) (40000) (Sin 45° + Cos 45°) (9.25) - .
s = 30000 3.26' ina
= 3.3 in.

*
Using #3 bars at 3.3 in. for stirrup.
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Length of each leg of stirrups are calculated as shown below:

4.25"

LS
e

LEG SIZE

Figure II-C Picture of each Stirrup

A total of nine stirrups are placed with a 45° angle:

5 . 1 _ ® L5

F) 5+ 070 =5 % googes = 7-02 - (0.375 x 2)" = 6.32 = 6 = in.
#2) 5+ 3.3 (=2) = 6.04 x — - = B.54 — (0.375 % 2) = 7.79 =~ 7 2 in
* 19 : Cos 45° * * * 8 °
#3) 542 x3.3 o2 = 7.08 x —L— = 10.02 - (0.375 x 2) = 9.27 = 9
ST . Cos 45° . ’ y 3
ine.
#4) 5+ 3% 3.3 ) =8.13 x =25 = 11.49 - (0.75) = 10.74 = 10 & in
2 g . Cos 45° . . % & 10 g i

#5) 5+ 4(3.3) (D) = 9.16 — & = 12.97 - (0.75) = 12.22 = 12 2 in
: 19 * Cos 45° * ° * 8 °

By 54 BB = 1501 et = T4k = 0,75 = 13,80 = 18 5= 4
: 19 * Cos 45° ’ * ° 16 *

B 5P Bl = L1 55 s e TELUT w0 0, 75 = LELTE w0 15 =S dn
* 19 . COS45° ® ] s 16 »

#8) 54 7(3.3) (D) = 12.29 x —L = = 17.39 =~ 0.75 = 16.64 = 16 <2 in
¢ 19 " Cos 45° ¢ * * 16 ¢

49) 5 4 8(3.3)(=0) = 13.34 x —L = 18.86 - 0.75 = 18.11 = 18 = in
® 19 : Cos 45° * * ¢ 8 *

0.375 din, = 3 is cover for bars on each side.
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Column Reinforcement

Using #4 steel, two on each face

Length of each rebar is 16 1/2 in. long.

Using 1/8 in. diameter wire for colummn ties,

The details are shown in Figures 4.6 and 4.7 for Specimen I
and Specimen II, respectively. A complete bar set up is shown in

Figure 4.4, together with Figures 4.5, 4.6 and 4.7.

a?
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D, Design of Testing Frame.
The expected load for frame is 22 kips. But to be more
conservative, it is assumed to be 30 kips. Also using a factor
of safety of 1.5

30 K x 1.5 = 45000 1b. = 45 K

l ]

- - - - - - CUT SECTION

AN R R R MOVABLE PLATE

RAMP




Design the rods

7
2" Iali , 2“
5" \
(mal 1

A

ZFy = 0
2T = 45000 l Ib
45,000
T = 22500 1b. T T

Using plastic analysis

AF =T

]
It

36000 psi

AS(BGOOO psi) = 22500 1b.

A 0.625 in2

s

L]
g
]
o
an
a2
v
]
=
ﬂ

e+

A

vrz -+ A
s

r = 0.446 in.
using r = 0.5 in.

D=2x4 =1 4in. diameter
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Derivation of Ultimate Strength Factors K1K3, K2
[
b Kafc
ch ’
=(K
c C=(K K,f.)be
d ] ]
—— T Asz
Figure a: Force Couple System
without any assumption we obtain the equilibrium equation of
force and moment:
IF. =0 T=C->T-=EKZK, f! be
X 173 "¢
_ T
KR = T ke (Lal)
c
IM = 0 T(d-ch) = C(d-ch) = Mu
=4 _Mu_d Mu
K2 "¢ TC ¢ Cc (1.2
Applying the same concept to the test specimen shown in Figure
5.17, we have
C = Pl + P2
Substitute in Equation (I.1) we obtain
P. + P
_ 1 2
Y183 = 3T (I.3)

where fé is the cylinder compressive strength.
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Mu =

Substitute

d =

Therefore:

Plal + PZaZ

in Equation (I.2)

d Pla1 g Pza2
&

(P1 + Pz)c

¢ for test specimen

Plal + P232

(Pl + Pz)c
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dm df

F. Computer program for calculating — dt 2

* de
c

S INFUT “NJ. OF DATA POINTE N=T"iN
10 DIR XENDHYONY»ACZ i DY(N)

IS HE =N~ 2

20 DIM BUS»E)sREC3s3)+EBF(I)

22 FOR I =1TON

24 FRINT "DATA FPOINT NO."31

29 INFUT "X(Ii=T"3sX(I)

286 INFUT "Y{Ii=?"s3Y(1}

27 N£XT I

30 FOR I

35 FLR J
40 BuJjel
5 1) = 1
SO B(.Je2)

g5 B{JrEﬁ

&0 MEXT J
&% FOR J 1
FC¢ O FDR K i

79 BBCIIRY = 0

8¢ FOR L=1T0 5

33 BECJsK) = BRB(JSsKY + BC(LoJ ) ¥ B(LSK

20 NEXT LiKrJ

— =t G
-

P H oo

.
-+
=

ROLJY = X1
Bljs2) t 2

nou

T0 3
TO 2

2% FOR J =170 3
100 BF(JY = €

105 FORK =1T0 S
107 IK =1 - 3+ K

110 BFCJY = BrOJ ) 4 BOR» T2 X YOIKD

115 NEXT Kl

1200 = BEC1s1) ¥ (BE(Zy2) X% BE(2»3) - BB(Z2y»3) X BE(392)) - BE(1,2) ¥ EBER(
2913 ¥ ER(3»3)

1210 = D+ BE(1-2) % BB(Z2»3) % BE(3»1) + BE(1s3) ¥ (BR(3+2) X% BR(2,1) -
BRBOZ.2) % BB(ZsL1))

135 E = BBUIs1: % (BFCZ2) %X BB(3+3) - BB(Z2y3) % BF(I)) = BF(1) %X (BR(2+1) &
pBO3r3 ) — BB(Z2s3) % BR(Zs1 1)

L30E = E+ BB(Ls3) ¥ (BB(2y1) % BF(3) - BF(2) % BE(3s1))

135 C(E) =E/ D

140 E = BB(1,1) % (BE(2y2) X BF(3) - BF{2) ¥ BE(3+2)) - BB(1+2) % (BB(2,1
) ¥ BF(3) - BF{2) ¥ BB(3Zs1))

143 E = E+ BF(1) % (BB{(2r1) % EE(3s2) - BE(2y2) % BB(3,1))

130 C(3)=E/ L

135 IF I = 3 THEN 250
140 IF I = NZ THEN 300
170 DYCIY = C(22

190 GOTC 327

290 DY(I - 20 = C{2) + 2 X C(3y % (X(1) - X(3)
251 0% =
232 FRINT D4$! FRE 1



225 PRINT
254  PRINT D¢t PRE O

260 DYC2) = D2 + 2 % CO3) % (X(2) - X3

241 FREIMT D%: FRE: 1

265  PRINT “"DY/DX(2)¥="3DY(2)

266 FRINT D&l FPR¥ O

276G DY(li = C{2)

280 GOTG 3%7

300 DY(Iy = C(2)

316 DY(I + 13 = C(2y + 2 % 0033 % (X(I + 1) - X(I))
311 FRINT D% PR¥ 1 ;

315 PRINT "DY/DXO"3I + 19%0="30Y(I + 1)

S1é FRINT D$! FR¥ O

I2ODYCT 4+ 2= 0020 + 2% 030 x (X(I + 2 -~ XI)
321 PRINT Dt PR¥ 1

323 PRINT “DY/DX("3I + 23" )="3DY(I + 2)

326 FPRINT D¥: FR¥ O

327 PRINT L#i FRE 1

350 PRINT “DV/DX(":Is" )="3DY(1)

251 FPRINT Ds$! FR# O

360  MEXT I

370 END

/DR(CL)="3DY(1)

| o |
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Table 2.4:

Fine Aggregate Gradation for

High-Strength Concrete (5)

% retained

Sieve ASTM Recommended for Gradation Used in
Size C-33 High-Strength Concrete This Investigation
3/8" 100 100

No. 4 95-100 95-100 98

No. 8 80-100 80-100 88

No. 16 50-85 50-85 66

No. 30 25-60 25-60 37

No. 50 10-30 5-20 8

No. 100 2-10 0-5 0.5
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Table 3.6: Cylinder Compressive Strength, Using
Limestone Aggregate and Mix Approach II
Strength psi
3 x 6 in. 6 x 12 in.

Mix
Subscript 3 days 7 days 28 days

L-1 6870 790 8610 6825
*
average of 3 cylinders.
3%x6 in. A= 7.07 in’
6 x 12 in. A = 28.27 in’
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Table 5.2: Test Cylinders for Specimen I
R &g Added More
Area Load Stress Superplasticizer
Cylinder (in?) (1b) 1b/1inZ (m2)
1 7.07 58000 8204 10
2 7.07 53700 7595 10
3 7.07 58700 8303 10
4 7.07 62700 8868 0
5 7.07 62400 8826 0
6 7.07 62400 8826 0
VES
' = £ 8437 = 8400

c gverage
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*
Table 5.3: Stress=Strain Relation for Cylinder #1
Corresponding to Specimen T

Strain Strain
Reading Reading

Load Stress in Gage #1 in Gage #2 Average
(1b) (psi) (ue) (ue) (ue)
4000 566 88 112 100
8000 1132 180 234 207
12000 1697 267 348 307
16000 2263 351 452 402
20000 2829 438 550 494
24000 3395 528 663 598
28000 3960 622 792 707
32000 4526 724 957 841
36000 5092 818 1080 949
40000 5658 930 1224 1077
44000 6223 1044 1392 1218
48000 6789 1188 1580 1384
52000 7355 1350 1790 1570
54000 7638 1470 1980 1725
55000 7779 1536 2122 1829
56000 7920 1578 2212 1895
56500 7992 1644 2395 2020

*
added 10 m{ more superplasticizer.
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Table 5.4: Stress-Strain Relation for Cylinder #2
Corresponding to Specimen I
Strain Strain
Reading Reading

Load Stress in Gage #1 in Gage #2 Average
(1b) (psi) (ne) (ue) (ne)
4000 566 112 80 96
8000 1132 222 173 198
12000 1697 322 264 293
16000 2263 416 358 387
20000 2829 508 446 477
24000 3395 608 541 575
28000 3960 710 634 672
32000 4526 820 738 779
36000 5092 950 850 900
40000 5658 1070 960 1015
44000 6223 12290 1078 1149
48000 6789 1306 1222 1264
52000 7355 1584 1364 1474
54000 7638 1726 1448 1587
55000 7779 1810 1508 1659
56000 7920 1902 1572 1737
57000 8062 2020 1650 1835
58000 8204 2210 1805 2008
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Table 5.7: Cylinder Data Corresponding to Structural Specimen II

No. of 3 x 6 in. Load Stress
Cylinders Area in? 1b psi
- 7.07 65500 9264
2 7.07 65000 9194
3 7.07 - 64000 9052
4 7.07 70500 9971
5 7:07 66700 9434
'
fé average = E;E = Eé%lé-— 9383 psi
= 9400 psi
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Table 5.8: Stress-Strain Data of Cylinder Test Corresponding to
Structural Specimen II

3 x 6 in.

Cylinder Strain Reading | Strain Reading | Average
Load Area Stress in Gage #1 in Gage #2 Strain
(1b) (1n?) (psi) (ue) (ne) (ue)
4000 7.07 566 -65 -100 -83
8000 7.07 1132 ~135 -182 -159
12000 7.07 1697 -218 -272 =245
16000 7.07 2263 -298 =370 -334
20000 7.07 2829 -384 =464 ~424
24000 7.07 3395 ~-480 -560 -520
29000 7.07 4102 -600 -680 =640
32000 7.07 4526 -670 -790 —730
36000 7.07 5092 -812 -904 -858
40000 7.0 5658 ~-923 -1053 -988
44000 7.07 6223 -1062 -1218 ~-1140
48000 7.07 6789 -1240 -1424 -1332
52000 707 7355 -1451 -1645 -1548
56000 7.07 7921 -1732 -1836 -1784
60000 7.07 8487 -1950 -2180 -2065
652000 7.07 8769 -2116 -2348 -2232
64000 7:07 9052 -2276 -2621 -2448
66000 7.07 9335 -2594 -2890 -2742
66700 7207 9434 - -2940 -2940
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Table 5.18: Ultimate Strain at Different Ages

Age Strain
(day) in/in
47 0.002940
i 0.00250
85 0.00209
120 0.00200




COMPRESSIVE STRENGTH psi

12,000

11,000

10,000

9,000

8,000

§8

Mix:

846 Ib. cement

1710 Ib. ASTM NO. 7 stone

1090 Ib. ASTM C 33 sand
OO0 Ib. fly ash

Type D admixture
3% 172" slump

7 28 56

AGE DAYS

Figure 2.1: Effect of Various Brands of Type I Cement
on Concrete Compressive Strength (5)
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Compressive strength psi

89

12,000 —

10,000 —

8,000~

|
Brand C type I

Brand C type II

Brand A type I
Brand B type II

Brand C type III

Mixture design

846 Ib. cement noted
100 Ib. fly ash

1710 ASTM No.7 stone

1090 ASTM C 33 sand
32172 in slump
Type D admixture

6,000
4,000-1
2,000 |-
0 - L
o 7

28 56
Age, days

Figure 2.2: Effect of Various Cements on
Concrete Compressive Strength (6)
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Strength efticiency, psi/Ib. cement /cu.yd.

10

I
7,000 PSi
6,000psi
95,000 Psi

2,000 Psi
3,000 Psi
4,000 Psi

Slump = 3.8 to 5.8 in.
Cure = 28 days, moist

Max.

Figure 2.4:

3 3
8 8
size aggregate, in., log scale

I 3 €

Maximum Size Aggregate for Strength
Efficiency Envelope (l4)
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COMPRESSIVE STRENGTH psi

9.000 =
ASTM NO- 67
STONE
8,000 ASTM NO- 67 |
GRAVEL
71000 -
Mix:
823-lb CEMENT/¢-y-
- -
6.000 100-b FLY ASH/c-y
WATER REDUCER
5,000
7 28 56
AGE, DAYS

Figure 2.5: Compressive Strength of Concrete Using Two
Sizes and Types of Coarse Aggregate for
7,500 psi Concrete (12)
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COMPRESSIVE STRENGTH psi

11,000
ASTM NO- 8

STONE

ASTM NO- 7
|0.000 | /

ASTM NO-7
GRAVEL
MIX ¢
9,000 —
846-1b CEMENT/ c.y.
100-Ib FLY ASH/c.y.
WATER REDUCING
RETARDER
8,000
7,000
7 28 56 90
AGE DAYS

Figure 2.6: Compressive Strength of High-Strength
Concrete Using Three Sizes and Types
of Coarse Aggregate
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PSi

'
Cc

COMPRESSIVE STRENGTH f

100

]
9,000¢
8,600}
C APPROACH |
O APPROACH 2
8,200}
7,800(
7,400
O LIMESTONE
A QUARTZITE STONE
7,000
A S
A
¢ : - -
0.3 0.33 0.4

WATER - CEMENT RATIO

Figure 3.3: fé vs. Water-Cement Ratio



COMPRESSIVE STRENGTH f, PSI

9,000

8,500

8,000|

7,500(

7,000

6,500

6,000

101

O APPROACH | W/C=04

O APPROACH 2 W/C=0.3

O LIMESTONE
A QUARTZITE STONE

Figure 3.4:

25 50 75

% FINE AGGREGATE
TOTAL AGGREGATE

f; vs., Percent Fine Aggregate of Total Aggregate



IN K.S.i

STRESS

CONCRETE

i AGE-7 days

AGE - 28 days 3

~. . W/C=033

-, W/C=0.40
“-W/C= 0.50

-. W/C=0.67

w/C=1.0

o) 001
STRAIN -FLEXURAL TESTS
(5BYB BY 16-IN PRISMS)

Figure 4.1:

002 003 004 O

00l 002 .003 .004 .005
STRAIN - COMPRESSION TESTS
(6 BY 12-IN CYLINDERS)

Concrete Stress-Strain Relations (17)
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C-L: i7g DIA- WIRE
|
‘ B
| [
| | abe | Ye
I |
Ty / ,
: 4
5374 |
|78 - = NO- 4
NO-3 AT

ALL DIMENSIONS
IN INCHES

1£25.4 mm

Figure 4.4:

Reinforcement Layout for Specimen I
(Specimen IT is similar to I except
area of test region is smaller,

see Figure 4.3)
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3/8"

;FZITTIII [T 3/8"

1p—'%,; -1——'@' ik

|
|
| 1
I' . - ]
@' NO.4BAR5@| !.6‘{_8.:0

: \ Cos 45°
, %\ - ‘—%3/3“ :

NO. 3 BARS AT 3.3"

SECTION A-A (SEE FIG. 4.2,43,4.4)
I'": 25.4 mm

a = the leg size of stirrup

Figure 4.5: An Arbitrary Section A-A With
Rebar Arrangement at Each Leg
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3.5
I-ﬂ_-__- i
1
& "y ]
(] ~ h
)
he
0-875 oS 0-875
5.

SECTION B-B
(SEE FiG- 4-2)
1"z 25.4 mm

Figure 4.6: An Arbitrary Section of Column
Part With Rebar Arrangement for
Specimen I
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NO.4 BARS

0.875

3.5 —e=—

0.875 3.25" | _|0.875"°
5‘

SECTION B-B
(SEE FI6-4°3)

1"z 25.4 mm

Figure 4.7: An Arbitrary Section of Column Part
With Rebar Arrangement for Specimen II
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9,000

8,000

7,000

6,000

5,000}

4,000]

3,000]|

2,000|
3X6 in CYLINDER

AVERAGE OF TWO CYLINDER
1,000}

200 600 1,000 1400 1,800 2,200

STRAIN X 1078 in/in

Figure 5.1: Compressive Stress-Strain Curve - Cylinder Test
for Specimen I
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Figure 5.2:

600 1,000 1,400 1,800 2,200 2,600 3,000

STRAIN X 10°8 invin

Cylinder Compressive Stress-Strain Curve for Specimen II
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Figure 5.7: Axial Load vs. Strain for Gages 1 and 2 (neutral face)
for Specimen I
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Figure 5.8: Axial Load vs. Strain for Gages 3 and 10
for Specimen I
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Figure 5.9: Axial Load vs. Strain for Cages 4 and 9
for Specimen I
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Figure 5.10: Axial Load vs. Strain for Gages 5 and 8
for Specimen I
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Figure 5.16: Condition at Ultimate Load in Test Specimen
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Figure 5.17: Cylinder Compressive Stress-Strain
Curve for Specimen II
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Figure 5.18: Cylinder Compressive Stress-Strain Curve
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Figure 5.20: The Set-up of Element in Testing Machine
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Figure 5.21: The Failure Mode
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APPENDIX 1V
NOTATION
of cement
of sand
of water
of coarse aggregate

density of coarse aggregate

density of sand

volume

volume

volume

volume

volume

cement

of water

of cement

of air content

of sand

of coarse aggregate

factor

water-cement ratio

optimum density

axial load applied by testing machine (i.e., major thrust)

eccentric load applied by hydraulic ramp system (i.e., minor thrust)

moment

lever arm

force carried by reinforcement

concrete internal force
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A = area of reinforcement

f = estimated allowable strength in reinforcement

fé = concrete cylinder strength

f = stress Iin concrete at different levels of loading

depth of stress block

i
1]

d = distance for outermost fiber to center of gravity of steel
$ = reduction factor (i.e., for shear ¢ = 0.85)

Ab = area of one bar

Av = cross-section of two legs in stirrup
Vu = applied shear force
Vc = shear force carrying by concrete
Fy = ultimate strength in rod
A = area

r = radius of rod
D = diameter of rod

K,, K, = ultimate strength factor (XK., K, are shape factors

a8 and K, is the position of concrete internal force
from outermost compression fiber

Mu = ultimate moment

b = width of beam

¢ = depth of beam

h = height of beam

E_ = strain at compression face

€ = strain

m_ = cross-section stress parameter
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ABSTRACT

High-strength concrete has been defined as that which has a
compressive strength in the range from 6000 psi (41 MPa) to 12000 psi
(83 MPa). The purpose of this report is to present results of a study
of technique for production of high-strength concrete, the method for
selecting materials and their proportions for mix design and the suit-
ability of Kansas aggregate.

In addition, the compressive and flexural behavior of high-strength
concrete made with the Kansas aggregates was studied in order to verify
assumptions for certain stress=strain relations and the shape of the

compressive stress block in bending.





