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NOTATION

The following notation is used throughout the text, tables and figures.

AASHTO
ACI

All
ASTM
CANMET
CEB
CERF

ey

FA
FIP

Je
f cc

fek

Jem
fsp

American Association of State Highway and Transportation Officials
American Concrete Institute

Architectural Institute of Japan

American Society for Testing and Materials

Canada Center for Mineral and Energy Technology

Comité Euro - International du Béton

Civil Engineering Research Foundation

total deformation of the specimen throughout the effective gage length, in. (mm)
time to one-half ultimate creep, days

static modulus of elasticity of concrete, psi (MPa)

eccentricity of the compressometer-extensometer gage from the axis of the
specimen, in. (mm)

eccentricity of the compressometer-extensometer pivot from the axis of the
specimen, in. (mm)

fly ash

Fédération Internationale de la Précontrainte

compressive strength of concrete, psi (MPa)

compressive strength of concrete measured on cylinders with height-to-diameter
ratio = 2, psi (MPa)

characteristic compressive strength of 6 x 12 in. (150 x 300 mm) cylinders, psi
(MPa) |

actual compressive strength of 6 x 12 in. (150 x 300 mm) cylinders, psi (MPa)
splitting tensile strength of concrete, psi (MPa)




New RC
oz./cwt
pef

PCI

pey

NOTATION

flexural tensile strength of concrete (modulus of rupture),‘ psi (MPa)
gage reading, in. (mm)

gallons (3.785 1)

granite from source 1

granite from source 2

high strength concrete

horse power (746 watt)

inches (25.4 mm)

correction factor with regard to coarse aggregate
correction factor with regard to mineral additions
kilograms (2.203 1b.)

kilonewtons (224.719 1bf.)

liters (0.264 gal)

pounds (0.454 kg)

high absorption limestone

low absorption limestone

meters (39.370 in.)

milliliters (0.034 fl. 0z.)

millimeters (6.039 in.)

megapascals (145.138 psi)

National Research and Development Project (Japan)

fluid ounce of admixture per 100 pounds of cement weight (0.652 ml/kg)

pounds per cubic foot (16.016 kg/m”)
Precast/Prestressed Concrete Institute

pounds per cubic yard (0.593 kg/m*)




psi

R1

SF
SHRP
SI

USC
Vi

Vi

w/c

w/cm

(esh)t
(Esh)u

NOTATION

pounds per square inch (6.895x10° MPa)

coefﬁcien’t of determination (square of the ordinary correlation coefficient)
round river gravel

partially crushed river gravel

silica fume

Strateéic Highway Research Program

metric International System of units

time in days after loading

U.S. Customary units {inch-pound)

creep coefficient at time t

ultimate creep coefficient

unit weight of concrete at the time of testing, pcf (kg/ m’)

water-to-cement ratio

. water-to-cementitious material ratio: w/(c+f+s); where w, ¢, f, and s are weights

of water, portland cement, fly ash and silica fume respectively
shrinkage strain at any time ¢
ultimate shrinkage strain, in/in, (m/m)

time-ratio




EXECUTIVE SUMMARY

The objective of the research was to investigate the effects of various test and material
variables on the mechanical properties of high strength concrete. The main test
variables included: mold material; mold size; specimen end condition; curing
condition; heat-curing temperature; and age. The material variables investigated were:
total cementitious material content of the mix; percent replacement of cement by weight
with fly ash, silica fume or their combination; type and gradation of coarse aggregate;
type of superplasticizer; and type and brand of cement. Efforts were made to use
materials and procedures considered typical of those used by the precast/prestressed
industry. In addition, standard tests were conducted on companion specimens to
correlate the results of this study with results reported elsewhere in the literature. High
strength concretes with 28-day compressive strengths in the range of 8,000 to 18,600
psi (55.2 to 128 MPa) were produced.

In all, more than 6,300 concrete specimens from 142 high strength concrete mixes were
tested for compressive and tensile strength, strength gain with time, modulus of
rupture, static modulus of elasticity, shrinkage, creep, and absorption potential (indirect
permeability). The following is a brief summary of the conclusions:

Compressive strength - The influence of the coarse aggregate type on the compressive
strength varied in magnitude and depended on the curing condition and cementitious
material of the mix.

Reference concrete mixes made with limestone had higher compressive strengths than
those made with round gravel due to the superior bond characteristics of the limestone
with the cement paste. The plane of fracture in the limestone concrete crossed most of
the coarse aggregate particles. In contrast, the plane of fracture in the round gravel
mixes passed around most of the coarse aggregate particles. The addition of silica
fume had the greatest effect on mixes made with round gravels (attributed to the
improved bond between the aggregate and the paste). In the case where the strength of
the aggregate controlled the strength of the mix (limestone), the addition of silica fume
had little effect on the mix.

Moist-curing proved to be essential for getting full advantage of using fly ash and/or
silica fume in the mix. In the absence of adequate moisture, any benefit from inclusion
of fly ash and/or silica fume was limited to grain refinement of the cement matrix.

When the strength of concrete is controlled by failure of the aggregate, further
reduction in the water-to-cementitious materials ratio will not increase strength and may
cause problems due to decreased workability.

Modulus of elasticity - One day modulus of elasticity values of heat-cured specimens
were, on average, 98 percent of the 28-day values. At one year, the modulus of
elasticity of the heat-cured specimens dropped to 96 percent of the 28-day stiffness. In
the case of the moist-cured specimens, the stiffness at one year represented an average




increase of 108 percent over the 28-day value.

The aggregate type appeared to have a dominant effect on the concrete stiffness;
however, because of the variation in aggregate properties from different sources, it is
not possible to generalize coefficients to account for the aggregate type.

For the quantities of fly ash and/or silica fume used in this study, there was no
noticeable effect on the modulus of elasticity. ‘

At equivalent compressive strengths, the measured modulus of elasticity values for
moist-cured specimens tested in the wet condition were somewhat higher than those of
the heat-cured specimens or specimens moist-cured for a limited period of time and
tested in a dry condition. The presence of moisture at the time of testing causes a
relative decrease in the concrete compressive strength and a relative increase in the
modulus of elasticity values compared with those of specimens tested in the dry
condition.

Current design equations may overpredict the modulus of elasticity based on
compressive strength and should be used with caution. The equations proposed by ACI
363 and CEB-FIP resulted in the most reasonable predictions for this study. For
construction with high-strength concrete, it is recommended that mix samples be cast
and tested to determine modulus of elasticity values to be used for design.

Tensile strength - The type of curing significantly affected the modulus of rupture test
results. Drying shrinkage strains in heat-cured beams (maximum on the surfaces of the
beam) are added to the flexural tensile strains (maximum on the outermost fibers)
during two point loading of the beams causing the heat-cured beams to break at a lower
load. The moist-cured samples (moist up to the time of test) did not suffer from
shrinkage strain; therefore a higher load was needed to break the moist-cured beams.
The flexural tensile strengths of heat-cured specimens ranged between the ACI 318-95
and ACI High Strength Committee 363 predicted values.

The type of curing did not affect the splitting tensile strength of high strength concrete
samples. Elements along the diagonal plane, inside the concrete (with the least amount
of shrinkage strain), are under tension and therefore pre-existing shrinkage strain
(mostly on the surface) does not interfere with the test result. The splitting tensile
strength of both heat- and moist-cured specimens was adequately predicted by the ACI
318 equation. The proposed ACI 363 equation overestimated the results.

Shrinkage - Drying shrinkage strains ranged between 63 to 83 percent of the values
predicted by ACI 209 equations. The lower water-to-cementitious material ratio and
denser matrix of the high strength concrete were believed to be the main reasons for the
observed smaller ultimate shrinkage relative to normal strength concrete.

Creep - The range of ultimate creep coefficients (V,) varied between 0.92 and 2.46 as
compared to the 1.30 to 4.15 range reported by ACI 209 for normal strength concrete.

Absorption Potential (Indirect Permeability) - For the coarse aggregates included in
the study and for both curing conditions, the weight gain of submerged specimens was
highest for mixes containing 20 percent fly ash, followed by reference mixes and mixes




containing a combination of 20 percent fly ash and 7.5 percent silica fume. The lowest
water weight gain was observed for the mixes containing 7.5 percent silica fume.




CHAPTER 1
INTRODUCTION

1.1 General |

The development and use of high performance materials is important to the construction
and maintenance of our civil infrastructure system. High performance materials have the
potential of increasing the economy and durability of structural systems and are the topic of
much current research throughout the world. Major recent research efforts include the “New
RC Program” in Japan, the Network of Centers for Excellence “High Performance Concrete
Program” in Canada, and the Strategic Highway Research Program (SHRP) in the United

States.

A comprehensive technical report has been published by the Civil Engineering Research
Foundation (CERF), in April of 1993 which addresses “High Performance Construction
Materials and Systems: An Essential Program for America and Its Infrastructure”. The report
identifies the need for a national program focused on these issues [CERF 1993]. Concrete and
steel are the particular building materials addressed in this first report. The report defines high
performance concrete as “concrete meeting special performance requirements which cannot
always be achieved routinely using only conventional constituents and normal mixing, placing
and curing practices.” The definition not only encompasses strength enhancement, it also
describes a wide range of properties such as ease of placement and consolidation without
segregation, toughness and durability. The primary issue described in this report is the strength

enhancement property of high performance concrete. This issue in itself is not well defined.

Given the variability in physical properties and availability of concrete-making
materials in different regions, the definition of high strength concrete varies with location. The
meaning of high strength concrete also changes with time. A few years ago a concrete strength
of 7,500 psi (51.7 MPa) was considered a very high strength. Concrete strengths of 14,000 psi
(96.5 MPa) and more, which can now be reached without difficulty, were certainly beyond the
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scope of most existing standards and design recommendations. In general, high strength
concrete is defined as concrete with a uniaxial compressive strength greater than what 1s
ordinarily obtained in a region. Despite all the complications which may arise from defining
high strength concrete, concrete made with normal-weight aggregates with 28-day uniaxial
compressive strength as determined by a standard 6 x 12 in. (150 x 300 mm) test specimen in
excess of 6,000 psi (41.4 MPa) is generally referred to as high strength concrete. The

following arguments may justify the above definition:

1. More rigid quality control and more care in the selection and proportioning of materials are
needed to produce concrete with uniaxial compressive strengths in excess of 6,000 psi
(41.4 MPa).

2. Experimental studies show that this class of specially formulated concrete has
microstructure and properties which are in many respects different from conventional

moderate- and low strength concrete.

High strength concrete with compressive strength in excess of 10,000 psi (69.0 MPa)
can be made with carefully selected but commonly available cement, sand and stone, by using
a very low water-to-cement ratio and careful quality control in production. Furthermore, by
inclusion of some newly developed (but not exotic) supplementary cementing materials and
chemical admixtures in concrete, compressive strengths ranging to about 20,000 psi (138 MPa)

are no longer unusual in practice.

1.2 History
“Imagine, for example, concrete with an available strength of 10,000 pounds per

square inch (69.0 MPa). Smaller columns, thinner and lighter beams and slabs would at once
result. Precast units, easy to handle, would be available. The present limiting heights of

buildings, of spans of bridges would be at least double. A new basis of design, new codes and
specifications would be required,” said Professor S.C. Hollister, former Dean of Engineering

at Cornell University during the ACI’s 30th Annual Dinner in 1934,
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The dreams of Professor Hollister have now been accomplished. High strength concrete
have been used throughout the world in construction of high-rise buildings, large span bridges,
prefabricated elements, offshore structures and pavements during the past three decades.
Concrete compressive strength is improving continuously due to availability and adoption of
cements of higher quality, more efficient chemical admixtures and effective supplementary
cementing materials. However, the evolution of high strength concrete has been a gradual

development.

In 1940, using ordinary portland cement and pressed consolidation technique, high
strength concrete with compressive strength in excess of 14,500 psi (100 MPa) was obtained in
the laboratory of the University of Tokyo. The concrete had a water-to-cement ratio of 0.31 at
the time of casting and had a final water-to-cement ratio of 0.22 after being subjected to a
1,450 psi (10.0 MPa) consolidating pressure for one day. The concrete was then subjected to a
standard curing condition until testing. This concrete was intended to be used in fabrication of
precast shield segments for undersea tunnels /Ikeda 1993]. In the 1960’s, using quality
aggregates together with low water-to-cement ratio and cement contents'as large as 1,100
Ib/yd® (650 kg/m®), high strength concretes with compressive strengths in the range of 8,500 to
11,000 psi (58.6 to 75.9 MPa) were developed in the United States mostly for military
applications. These concretes contained no chemical admixtures or supplementary cementing
materials and posed significant constructibility and thermal gradient problems [Hoff 1993]. The
first American applications of high' strength concrete in construction of high-rise buildings also
occurred in the 1960’s which led the way to widespread use of high strength concrete in the
years that folowed. High strength concrete in Europe had been developed and used both as
high strength and high performance concrete. The discovery of silica fume as an additive to
concrete, in combination with the development of high-range water reducers (superplasticizers)
led to significant increases in concrete strength and durability in a period of only a few years.
Since the 1970’s high strength concrete, incorporating newly developed chemical admixtures

and supplementary cementing materials, has been used in Norway in the construction of

3




offshore concrete platforms. These structures are both subjected to large environmental loading

and aggressive environments.

Today, high sirength concrete is commonly available in almost all metropolitan areas.
This breakthrough has been made possible by the recent advances in quality control, materials,
development of techniques by which mixes of special characteristics can be made, transported,
placed, or compacted and through the use of very low water-to-cement ratios due to availability
of very efficient high-range water reducing admixtures. It is possible to obtain even higher

strengths through the use of other additives such as silica fume.

1.2.1 High Strength Concrete in Tall Buildings
The main reason to use high strength concrete in the construction of tall buildings is the

desire to build high and at the same time to increase the amount of useable space in buildings.
High strength concrete allows construction of columns of smaller cross section and with less
reinforcement and thus increased effective floor area and substantial cost savings. As an
example, some of the columns in Place Victoria building in Montreal (once the tallest concrete
building in North America built in 1964) were built with 6,000 psi (41.4 MPa) concrete. These
columns were 7 x 7 ft. (2.1 x 2.1 m)and 4.5 x 8 ft. (1.4 x 2.4 m) in cross section and contain
6.5 percent reinforcement. If the technology was available in 1964 to produce 8,700 psi (60.0
MPa) concrete, the column size could have been reduced to 4.5 x 4.5 ft. (1.4 x 1.4 m) or the
reinforcement quantities reduced to only 1 percent for the original column size. Both changes

would have provided substantial savings [Hoff 1993].

1.2.2 High Strength Concrete in Bridges
High strength concrete has been used in bridge structures as early as 1960 when the

Washington State Highway Department specified 6,000 psi (41.4 MPa) concrete for
prestressed bridge girders. The main advantage of high strength concrete in bridge construction
is smaller cross sections which leads to reduced dead load for the same carrying capacity,

reduced number of girders, longer spans and therefore substantial savings in construction
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costs. The result of a study performed at the University of Texas at Austin shows that for a
span length of 115 ft. (35 m) and a bridge width of 36 ft. (11 m), the required number of
AASHTO-PCI Type 1V girders can be reduced from nine using 6,000 psi (41.4 MPa) concrete
to four when 10,000 psi (69.0 MPa) concrete is used. Additional savings result from the
reduction in the total number of strands required for the bridge, which is due to the reduced

dead load [Castrodale et al. 1988].

1.2.3 Other Applications of High Strength Concrete
Besides high strength, high strength concrete has much more to offer. Other benefits of

high strength concrete are being discovered and new applications are found. Higher stiffness,
high-early strength; high plasticity of concrete mixture; resistance against abrasion, wear and
tear and large resistance against penetration of chemicals has led to its use in a variety of

applications.

1.3 Problem Statement

The availability of high strength concrete has made it necessary to review our codes and
design specifications. Empirical equations used to predict properties of concrete or to design
structural members have been based on tests of concrete made with traditional materials having
compressive strengths less than about 6,000 psi (41.4 MPa). Extrapolation of these empirical
equations to materials of higher strength and different microstructure is unjustified and may be
dangerous. In a 1987 report produced by American Concrete Institute (ACI) Committee 363-
High Strength Concrete fACI-363 1987], numerous research needs were identified for high
strength concrete, many of which emphasized the need for information on mechanical
properties of high strength concrete with which to modify codes and specifications to
accommodate the new material characteristics. In 1992, American Concrete Institute
Committee 363 presented a revised summary of current high strength concrete research /ACI-
363R 1992]. Other recent state-of-the-art reports on high strength concrete include ones
published by an FIP-CEB working group on high strength concrete and the British Cement
Association [FIP/CEB 1990; Parrott 1988]. Production, utilization and performance of high
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strength concrete has been a topic of discussion in many national and international symposiums
in recent years [Holand 1987; Hester 1990; Holand 1993; de Larrard et al. 1996]. Although
there has been much recent research conducted regarding high strength concrete, several issues
still remain unanswered. In addition, much of the research has been directed toward cast-in-
place use of high strength concrete. Very little information is available regarding the |

production and behavior of high strength concrete for precast/prestressed applications.

1.4 Research Objective

The objective of this research was to document the effects of mix materials,
proportions, curing, age, and test procedures on the mechanical properties of high strength
concrete. Variables included: total amount and composition of cementitious material (portland
cement, fly ash and silica fume), type and brand of cement, type of silica fume (dry-densified
and sturry), type and brand of superplasticizer, type of aggregate, aggregate gradation,
maximum aggregate size, and curing conditions. Mechanical properties investigated included:
compressive strength and modulus of elasticity change with time, modulus of rupture, splitting
tensile strength, creep, shrinkage, weight loss and absorption potential of high strength
concrete. Also investigated were effects of testing parameters such as: mold size, mold

material, and end condition on test results.

1.5 Format

This report includes 13 chapters, a bibliography on mechanical properties and
applications of high strength concrete, a list of references and 6 appendices. Chapter 2 contains
a review of concrete-making materials. The experimental program is described in Chapter 3.
Chapter 4 contains a review of the literature and research on the effect of some of the test
parameters relevant to this study. The compressive strength test results are presented in
Chapter 5. Review of the literature and test results on static modulus of elasticity of high
strength concrete are presented in Chapters 6 and 7. Chapter 8 presents tensile strength test
results. Chapter 9 discusses the effect of coarse aggregate on mechanical properties of high

strength concrete. Chapter 10 contains a review of the literature relevant to the shrinkage and
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creep study and describes the shrinkage and creep experimental program, and test results.
Results of the indirect absorption potential tests are presented in Chapter 11. A discussion of
selected test results is presented in Chapter 12. Chapter 13 contains a summary of the project
and a statement of general conclusions. The bibliography is included to provide researchers
and practitioners with an up to date list of references on high strength concrete pertaining
particularly to precast/prestressed concrete. Appendices A through F contain all the

experimental data collected during the course of this study.







CHAPTER 2
CONCRETE-MAKING MATERIALS

2.1 General

Modern concrete is a mixture of hydraulic cement, aggregates, water and in many cases
admixtures. The following definitions have been given for the principal concrete-making

materials JASTM C-125, ACI-116]:

“Cement is a finely pulverized material which by itself is not a binder, but develops the
binding property as a result of hydration. A cement is called hydraulic when the
hydration products are stable in an aqueous environment. The most commonly used
hydraulic cement for making concrete is portland cement, which consists essentially of
hydraulic calcium silicates. The calcium silicate hydrates formed on the hydration of

portland cement are primarily responsible for its adhesive characteristic, and are stable

in aqueous environments.”

“Aggregate is the granular material, such as sand, gravel, or crushed stone used with a
cementing medium to form hydraulic-cement concrete or mortar. The term coarse
aggregate refers to aggregate particles larger than No. 4 sieve (4.75 mm), and the term
fine aggregate refers to aggregate particles smaller than No. 4 sieve (4.75 mm) but
larger than No. 200 sieve (75 pm). Gravel is the coarse aggregate resulting from
natural disintegration and abrasion of rock or processing of weakly bound
conglomerate. The term sand is commonly used for fine aggregate resulting from
natural disintegration and abrasion of rock or processing of friable sandstone. Crushed

stone is the product resulting from industrial crushing of rocks, boulders, or large

cobblestones.”

« Admixtures are defined as materials other than water, aggregates, cement, and fiber

reinforcement, which are added to the concrete batch immediately before or during
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mixing. Important classes of concrete admixtures are: accelerating admixtures that
accelerates the setting and early strength development of concrete, retarding admixture
which retards the setting of concrete, water-reducing admixtures which plasticizes fresh
concrete mixtures by reducing the surface tension of water, and air-entraining

admixtures which improve durability of concrete exposed fo cold weather.”

The above definition of concrete does not include a fifth component, pozzolans
(supplementary cementing materials such as fly ash and silica fume), which are frequently used
in production of high strength concrete. Pozzolans can improve the resistance of concrete to

thermal cracking, alkali-aggregate expansion, and sulfate attack.

« Pozzolan is defined as a siliceous or siliceous and aluminous material which in itself
possesses little or no cementitious value but will, in finely divided form and in the
presence of moisture, chemically react with calcium hydroxide at ordinary temperatures

to form compounds possessing cementitious properties,” fASTM C-125].

Concrete can also be considered as a three-phase composite material consisting of
cement matrix (binding medium), aggregate and the transition zone between cement matrix and
aggregate. Properties and characteristics of concrete depend on the properties and
characteristics of its constituent materials and its individual components (phases). The
following is a literature review on characteristics of principal concrete-making materials and

their effects on some properties of concrete.

2.2 Portland Cement

Selection of portland cement for production of high strength concrete has been shown to

be very important [Chicago Committee on High-Rise Buildings 1977; Hester 1977]. Within a
given cement type, different brands may exhibit different strength development characteristics
mainly due to the variations in chemical composition and fineness that are permitted by ASTM

C-150, Specification for Portland Cement, shown in Table 2.1. Portland cement is made
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primarily from a calcareous material, such as limestone, or chalk, alumina and silica found in
clay or shale, and iron bearing materials such as iron ore and pyrites. The raw materials also
contain small amounts of other compounds such as magnesia, alkalis, phosphates, fluorine
compounds, zinc oxide, lead oxide, and sulfides. Selection and sources of raw materials for the
production of cement are the main causes for the variations in chemical composition of the final

product.

The reaction of portland cement powder with water is referred to as hydration of cement.
During hydration, cement paste changes from a fiuid mixture of cement powder and water to a
rigid solid. This reaction is exothermic and is driven by the téndency of the anhydrous oxides
present in portland cement to achieve their lowest energy state. In doing so, anhydrous solids and
water are consumed and hydrated solids are formed. A shorthand notation, which describes each
oxide by one letter is used by cement chemists to write hydration reaction equations or products.
In this notation Cao=C; 8i0,=S; AL,0,=A; Fe,0,=F, §0,=S§; and likewise H,O is denoted by
H. This notation will be used frequently throughout this report.

Four minerals are usually regarded as the major compounds of cement. These are: alite:
impure tricalcium silicate C,S (3Ca0.Si0,); belite: impure dicalcium silicate C,S (2Ca0.8i0,);
tricalcium aluminate C,A (3Ca0.A4L,0,); and tetracalcium aluminoferrite CAF
(4Ca0.41,0;.Fe,0,). In addition there exist small amounts of other oxides in the cement, such as
MgO, Ti0,, Mn,0;,, K,0, and Na,0, that are usually referred to as minor compounds and amount
to not more than a few percent of the weight of the cement. However, it should be born in mind

that the term minor only refers to their quantity and not necessarily to their importance.

As cement is made up of several compounds, its hydration involves a number of chemical
reactions which take place simultaneously. The alite and belite (C,S and C,S) make up
approximately 70% of the cement, so the properties of the hardened cement paste are

significantly influenced by their hydration products. Therefore, a more detailed discussion of the
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hydration of the silicates [alite (tricalcium silicate) and belite (dicalcium silicate)] are presented

here followed by a brief discussion on the hydration of aluminates.

2.2.1 Hydration of Silicates in Portland Cement
The calcium silicates react with water to give calcium hydroxide (CH = Ca(OH),) and
calcium silicate hydrate (C;S,H, = 3Cao.28i0,.3H,0):

e for tricalcium silicate: 2C,S + 6H C,S,H; + 3CH 2.1)
o for dicalcium silicate: 2C,8S +4H CSH; + CH 2.2)

The cementitious calcium silicate hydrate phase (C,5,H; usually denoted as C-S-H) makes
up 50 to 60 percent of the volume of solids in a completely hydrated cement paste and is,
therefore, the most important in determining the properties of the paste [Mehta I 986]. Because
the chemical composition of calcium silicate hydrate is uncertain énd depends on time, hydration
temperature, type of cement and water-to-cement ratio, it is common to refer to it as C-S-H
without being specific about its fixed composition. However, on complete hydration the

composition of C-$-H corresponds to C,S,H;.

The calcium hydroxide (CH) phase constitutes 20 to 25 percent of the volume of solids in
the hydrated cement paste and has no cementitious value [Mehta 1986]. While the presence of
considerable amount of calcium hydroxide makes cement paste highly alkaline and provides good
protection to embedded steel against corrosion, it has the adverse effect on its chemical durability
to acidic solutions [Soroka 1980]. 1t follows from the hydration equations (2. 1) and (2.2) that the
hydration products of C,S are richer in CH than those of C,S. In fact, as is shown below, the CH
produced amounts to 40% and 18% of the total hydration products of the C;5 and C,S

respectively:

Using the atomic weights of basic elements, the molecular weights of different

compounds involved in the hydration equations are:
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e C5 = 3Ca0.5i0, :
3[(40)c,+ (16} o] +[(28)+2(16) o] = 228 units

o C,S = 2Ca0.5i0, :
2((40) o+ (16) o] +[(28)5+2(16) ] = 172 units

e« H=HU0:
2(1)y+(16),] = I8 units

o C,S,H,= 3Ca0.28i0,3H,0 :

3[(40) c,+ (16) o] +2[ (28) g+ 2(16) o] +3[2(1) y + (16) o] = 342 units

e CH = Ca(OH),:
{(40)c,+2{(16) o+ (1)1} = 74 units

hence,

o for hydration of C;S, equation (2.1), the percent CH produced is:

{3(74)/[2(228)+6(18)]}100 = 40%

» and for hydration of C,S, equation (2.2), the percent CH produced is:

{(74)/[2(172)+4(18)]}100 = 18%

Similar calculations based on atomic weights show that C,S and C,S react with

approximately the same amount of water (24% and 21% of water, respectively) for their

hydration.
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The presence of impurities in the alite and the belite (impure C,S and impure C,S) affects the
composition and properties of their hydration products /Neville 1975]. Nevertheless, it is
generally assumed that their hydration products are C-S-H gel of average composition of C;5,H;
and Ca(OH}),.

2.2.2 Hydration of Aluminates in Portland Cement
Gypsum is added during grinding of the cement clinker in order fo regulate the setting

time of cement. The aluminates react with water and the added gypsum (CS = CaSO, calcium
sulfate) to give hydration products which are isostructural with calcium aluminum trisulfate
(CA.3CS.32H = 3Ca0.41,0,.3CaS0,.32H,0 ettringite) and calcium aluminum monosulfate
(C,A.CS.12H = 3Ca0.AlL,0;.CaS0,. 12H,0 monosulphate) usually referred to as AF, (Al-Fe-tri)
and AF,, (Al-Fe-mono) with F indicating the possible substitution of iron for aluminum in the

structure (-tri and -mono show number c_)f moles of CS in the compound).

2.2.3 Hydration of Portland Cement
The hydration process starts at the surface of cement particles. Therefore the rate of

hydration depends on the total surface area of cement particles (fineness of cement) available for
the hydration process. At the start of hyciration, a dense C-S-H gel coating is formed on the
cement grains. This coating together with the ettringite coating on the C;4 particles retards
further hydration and explains presence of a period of relative inactivity lasting 1-2 hours, during
which the paste remains plastic and workable (dormant period). At the end of the dormant period
the breakup of the gel coatings exposes the cement partfcles and hydration is resumed. For a
rapid development of strength (as is needed in precast/prestressed industry), a high fineness is
required. However, the workability requirement of fresh concrete sets a limit on the maximum
fineness of the cement. Maximum cement fineness of 400 m*/kg (281,000 in’/ib) (Blaine) has

been suggested /Blick et al. 1985; Chicago Committee on High-Rise Buildings 1977].

Several types of portland cement are available commercially and special cements can be

produced for specific uses. ACI Committee 363 recommends use of ordinary portland cement
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(ASTM C-150 Type ) in production of high strength concrete except when high initial strength is
the objective, such as in prestressed concrete [ACI-363R 1992]. Ordinary portland cement is the
most common cement in use. It is suitable for use in general construction when there is no
exposure to sulphates in the soil or in the groundwater. High early strength portland cement
(ASTM C-150 Type III) is very similar to ordinary portland cement. The increased rate of
strength gain of Type IIl cement is achieved by a higher C,S content and by finer grinding of the
cement clinker. It should be noted that cement manufacturers invariably produce Type I cements
that are much finer than 280 m*/kg (197,000 ir?/1b) prescribed by ASTM C-150. Also many
plants produce Type I cements with a high C,S content. Therefore sometimes in practice there is
little difference between high early strength and some ordinai’y cements. Table 2.1 summarizes

the ASTM C-150 requirements for all types of cements.

EXéept for the dormant period, the rate of hydration is maxiroum at early ages and
decreases with time. Formation of a dense layer of C-S-H gel around the cement particles may be
the reason for the decrease in the rate of hydration. Even for immersed paste, hydration stops
after a time while still an appreciable amount of unhydrated cement is left in the paste which can
amount to more than 50% of the original weight of the cement [Soroka 1980]. However, it is
reported that the presence of unhydrated cement, in a properly consolidated mix, is not
detrimental to the strength of the paste and that the quality of concrete depends primarily on the
gel/space ratio of the paste [Neville 1975]. The lower the water-to-cement ratio, the lower the
average rate of hydration and the sooner the hydration comes to a halt. This effect is attributed to
the decrease in the available space for formation of hydration products [Soroka I 980, Neville
1975].

When drying of the paste is prevented, the rate of hydration increases with temperature at
early ages. Drying slows down hydration and may stop it completely. Klieger compared 1-, 3-,
7. and 28-day compressive strengths of two concretes made with Type I and Type Il portland
cements, cured at 73, 90, 105 and 120 °F [Klieger 1958]. He reported that while higher

temperature led to an increase in strength of concrete at early ages, the strength at later ages

15




started to decrease beyond a certain temperature which was lower for early strength portland

cement than for ordinary portland cement.

2.3 Water

The requirements for water quality for high strength concrete are no more stringent than
those for conventional concrete fACI-363R 1992]. Blick et al. did not find a detrimental effect on
the high strength concrete mixtures when various sources of water were used [Blick et al. 1985].
Tt was concluded that the limitations listed in ASTM C 94 were adequate for use in high strength

concrete.

2.3.1 Water-to-Cementitious Material Ratio

Mbst researchers agree that the single most important variable in achieving higher
strength concrete is low water-to-cement ratio (w/c). To compute w/c the weight of mix water,
except that absorbed in the aggregates, is divided by the weight of cement in the mix. Other

things being equal, strength and durability of concrete increases with decrease in w/c.

Many high strength concrete mixes include supplementary cementing materials in addition
to the portland cement. For this reason 2 relatively new term, water-to-cementitious material ratio
(w/cm) is being used. To compute w/cm weight of mix water is divided by the total weight of
cementitious materials present in the mix. As is the case for wr/c it is believed that strength and
durability of concrete increases with a decrease in w/cm. Achieving higher strengths is

conditional, of course, on the selection of the optimum strength producing materials [Blick 1985].

As defined in ACI-318-89R92, cementitious materials include portland cement and
blended hydraulic cements, fly ash and other pozzolans, and ground granulated blast furnace
slag. Each of these components have ASTM standard specifications. There was no ASTM
standard for silica fume when ACI-318-89R92 was issued, and it is not counted as a cementitious
material in this code. However, silica fume is frequently used as part of cementitious material

composition, typically as 5% to 10% replacement by weight of portland cement.
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The initial porosity of the cement paste is a function of the water-to-cementitious material
ratio. Because the volume of the hydration products is greater than that of the reacting cement, at
later ages the porosity of the paste decreases as hydration proceeds. However, at the same degree
of hydration, the porosity of the paste and the transition zone is determined by its initial porosity
and therefore by its water-cementitious materials ratio. Some important properties of the paste,
such as strength, stiffness, creep, drying shrinkage, paste-aggregate bond, permeability, and
durability, are highly dependent on porosity and thus on water-to-cementitious material ratio.
Increase in porosity of the paste and porosity of the transition zone with increase in water-to-

cementitious material ratio can explain w/cm - strength relationship.

The total volume of voids in concrete also depends on the degree of compaction of
concrete. With the decreasing water content, mixing, placing, compacting and finishing fresh
concrete become more and more difficult. In practice for any concrete mix there is a limit for
water-to-cementitious material ratio below which full compaction of concrete is no longer
possible. At this point, a lower water-to-cementitious material ratio will not lead to a higher

strength. The actual value for this limit depends on the means of compaction.

2.4 Aggregates
In most cases natural mineral aggregates such as natural sand, gravel, and crushed stones

are used for the production of high strength concrete. Physical characteristics, impurities and
contaminants, mechanical properties, and chemical stability of aggregate particles can have
significant effects on the workability of the fresh concrete and the strength and durability of the

hardened concrete.

Sands and gravel are rock fragments of more resistant minerals which have been able to
withstand the destructive effects of weathering and transport for a long period of time. Most
sands and gravels are obtained from rivers and glacial deposits. Deposits of coarse-grained soil

are also good sources of natural sand and gravel. Soil deposits must be removed from the
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surfaces of sand and gravel particles by washing or dry screening. The choice of the process
between washing and dry screening will influence the amount of deleterious substances in the

aggregate that will adversely affect the properties of both fresh and hardened concrete.

Crushed limestone rocks constitute about two-thirds of all the crushed aggregate used in
production of concrete while other crushed rocks such as granite, sandstone, and basalt make up
the rest [Mehta 1986]. Since the conditions under which Jimestones are formed and consolidated
vary significantly, characteristics of limestopes, such as shape, texture, porosity, strength, and
soundness can vary widely from one source to another source or from one elevation to another
elevation within the same quarry. Limestones tend to be porous if formed under relatively low
pressure and dense if formed under high pressure. The choice of crushing equipment affects the
shape of particles. Laminated limestones tend to produce elongated and flaky fragments,

especially when jaw crushers are used for processing.

In regard to mineral composition, limestones belong to the group of carbonated rocks.
They range from pure limestone, consisting of mineral calcite (calcium carbonate, CaC0y), to
pure dolomite, consisting of the mineral dolomite (equimolecular proportibns of calcium
carbonate and magnesium carbonate, 54.28 and 45.72 mass percentages of CaCO, and MgCO;,
respectively). In general, limestones contain both carbonate minerals in various proportions and

significant amounts of noncarbonate impurities, such as clay and sand.

Shape and surface texture of coarse aggregate affect the total mixing water requirement of
concrete. Rough-textured, angular, elongated particles require more water o produce workable
concrete than do smooth, round, compact aggregates. These characteristics also control the
cement matrix-aggregate bond characteristics and therefore play a significant role in strength
producing qualities in high strength concrete [Blick 1985, Albinger 1988, ACI 363R-92 1992].
Bond is partly due to the interlocking effect between aggregate and the cement matrix. A rougher
surface, such as that of crushed particles, results in better bond. Better bond is also usually

obtained with softer, porous, and mineralogically heterogeneous particles [Neville 1975].
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Mineralogy of aggregate may also affect the cement matrix-aggregate bond characteristics.
Observed better bond between limestone aggregate particles and portland cement paste has been
attributed to possible chemical interaction between limestone and cement paste [Xie Ping et al.
1991, Aitcin and Mehta 1990; Neville 1975]. The ideal aggregate for production of high strength
concrete has been described as a clean, cubical, angular, 100 percent crushed aggregate with a

minimum of flat and elongated particles [ACI-363R 1992].

It is well known that in general the compressive strength of concrete increases as the
maximum size of aggregate decreases [Bloem and Gaynor 1964, Blick 1985]. While using small
size and angular shaped coarse aggregate increases total mixing water requirement, the associated
strength loss is overcome by improved bond developed between the paste and the aggregate. The
thickness of water layer at the aggregate particle-portland cement paste interface in fresh concrete
as well as the thickness of the transition zone in hardened concrete decreases with decreasing
particle size [Xie Ping et al. 1991]. Keeping the maximum size of the coarse aggregate to a
minimum is also advantageous in that less severe concentrations of stress around aggregate

particles occur when smaller aggregate sizes are used.

High strength concrete contains such high amounts of fine cementitious materiéls that the
gradation of the aggregates used is not as important as for the case of less rich concretes [ACI-
363R 1992]. Both fine and coarse aggregates used for production of high strength concrete should
at least meet the requirements of ASTM C-33 fACI-363R 1992]. The division between fine and
coarse aggregates is an arbitrary one based on size. For concrete that portion of material which
passes a No. 4 sieve (4.75 mm) is usually classified as fine (sand), and larger materials are
classified as coarse [ASTM C-125]. Tables 2.2 and 2.3 summarize ASTM C-33 grading

requirements for coarse and fine aggregates.

Selection of fine aggregate for high strength concrete should be based more on its effect
on water requirement than on gradation. In one study the use of sands with fineness modulus

around 3.0 (which are considered coarse for use in normal strength concrete) provided the best
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workability and highest compressive strengths [Blick et al. 1985]. Tt was also reported that
natural sand produces higher strengths than manufactured sand made from either limestone or
traprock. This observation was attributed to the reduced mixing water demand for the natural

sand (less angular material) [Smith et al. 1964].

The previous sections discussed indirect influence of aggregate properties on the strength
of concrete through their effects on the aggregate-paste bond strength. However it is reported that
other properties of aggregate, such as strength and stiffness, affect concrete strength. When
strength of aggregate becomes the dominant factor, further increase in the strength of the paste
does not significantly affect concrete strength. This effect is visible in testing some high strength
concretes, in which cracks propagate through the aggregate [French and Mokhtarzadeh 1993].
Aggregate stiffness affects the stress distribution in the concrete during external loading.
Assuming equal strains, a stiffer aggregate takes a higher fraction of the load and consequently
the fraction of the load taken by the paste decreases. When the strength of the paste is the limiting

factor, a decrease in the loading on the paste delays fracture and therefore increases the concrete

strength.

2.5 High-Range Water Reducers WR) or Superplasticizers

Admixtures are ingredients that are added to the concrete batch immediately before or
during mixing. They offer beneficial effects to concrete, including enhanced frost and sulfate
resistance, controlled setting and hardening, improved workability, increased strength, etc. In
this research program only high-range water reducers (aiso more commonly called
superplasticizers) were used for production of high strength concrete mixtures. The following is a

brief review of the characteristics and the use of superplasticizers in high strength concrete.

Water requirements of a given concrete mixture can be reduced by approximately 10 to
15% with the use of a normal water reducer. Further reduction of water requirement may be
obtained by using higher dosages but this may lead to undesirable effects on setting, air content,
bleeding, segregation, and hardening of concrete [Ramachandran and Malhotra 1984].
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Superplasticizers, also called superfluidizers, superfluidifiers, super water reducers or
high-range water reducers (HRWR), are a more recent and more effective type of water reducer.
They consist of long chain, high molecular weight anionic surfactants with a large number of
polar groups in the hydrocarbon chain. When adsorbed on the surface of cement particles, the
surfactant negatively charges the cement particles, makes them mutually repulsive and results in a
better dispersion of cement particles. It is also said that the adsorbed superplasticizer forms a thin
film membrane around the anhydrous cement particle preventing early hydration and aé a
Consequence more water remains available to fluidify the system. Many other mechanisms have
been suggested to explain the fluidifying effect of water reducers [Collepardi 1 984]. Whatever
the mechanism of action, superplasticizers are capable of reducing the water requirement of a

given concrete mixture by about 30 percent /[Ramachandran and Malhotra 1984].

Superplasticizers permit prodliction of high strength concrete by allowing less water to be
used (low w/c or w/cm) while maintaining workability. The opposing effect of w/c (or w/cm) on
consistency and strength of concrete makes superplasticizers a vital ingredient of high strength
concrete mixtures /Lambotte and Taerwe 1989]. Superplasticizers can also reduce quantities of
both cement and water to obtain a given strength and workability. Easy and quick placement
characteristics of superplasticized concrete makes it suitable, among many other applications, for
placement in precast/prestressed bridge girder forms. Better dispersion of the cement particles in
superplasticized concrete accelerates the rate of hydration resulting in higher compressive
strengths at early ages [Whiting 1979]. This is of special interest in the precast concrete industry,

where high early strengths are required for faster turnover of the formwork.

There are limitations associated with the use of superplasticizers. The improved
workability produced by superplasticizers is of a short duration and a high rate of slump loss is
observed in superplasticized concretes [Whiting 1979; Gebler 1982; Aitcin et al. 199]]. Aftcin et
al. associated the slump loss of superplasticized concrete with the amount and reactivity of C;A,

the fineness of cement, and its soluble alkali content [Aitcin et al. 1991]. The ideal concrete mix
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should have moderate slump loss over a period of 1 hour to ensure easy delivery and placing. In
precast plants this poses a lesser problem because casting of concrete is usually done within 15
minutes of batching. Matching the admixture to the cement, both in type and dosage rate; is
reported to be important. Some cements appear to be more reactive than others at very low w/c
[Aitcin et al. 1991; ACI 363R92 1992]. The ability of the superplasticizer to increase the slump of
concrete depends on the type, dosage and time of addition of the superplasticizer, water-to-
cementitious material ratio, nature and amount of cement and aggregate, temperature, eic. In
some cases, plasticity is not recoverable, even by redosing the superplasticizer [Aitcin et al.
1991]. To avoid problems associated with potential cement-superplasticizer incompatibility, it is
recommended to test selected superplasticizers in combination with job cements under conditions

to be expected on the jobsite prior to their actual incorporation into any full-scale field project

[Whiting 1979].
In general, superplasticizers are classified into four groups:

sulfonated melamine-formaldehyde condensate (SMF),
sulfonated naphthalene-formaldehyde condensate (SNF);
modified lignosulfonates (MLS);

Others including sulfonic-acid esters, carbohydrate esters, etc.

oo e

Variations exist in each of these groups and some formulations may contain a second ingredient.
ASTM C 494, Specifications for Chemical Admixtures for Concrete, defines the characteristics
of superplasticizers. ACI Committee 212-Chemical Admixtures, provides updated guidelines for
use of superplasticizers in concrete fACI 212.4R 1993]. Most of the available data on
superplasticized concrete are obtained using SMF- and SNF-based superplasticizers
[Ramachandran and Malhotra 1984].
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2.6 Pozzolans (Supplementary Cementing Materials)
According to ASTM C 618, Specifications for Fly Ash and Raw or Calcined Natural

Pozzolan for Use as a Mineral Admixture in Portland Cement Concrete, a Pozzolan is defined as:

“A siliceous or siliceous and aluminous material which in itself possesses little or no
cementitious value but will, in finely divided form and in the presence of moisture,
chemically react with calcium bydroxide (Ca(OH),) at ordinary temperature to form

compounds possessing cementitious properties,”

When pozzolans are incorporated into concrete, the portland cement component becomes
the source of calcium hydroxide (product of hydration of portland cement) which reacts with

aluminosilicates present in the pozzolan to produce more cementitious hydrates.

Although natural pozzolans are still being used in some pafts of the world, many
industrial byproducts such as fly ash and silica fume are rapidly becoming the primary source of
pozzolans in use today. Although silica fume and several other byproducts such as granulated
slags and rice husk ash had been in use as pozzolans for many years they are not covered by the
ASTM C 618 Classification. It was just recently in 1993, that the new ASTM C 1240

specification addressed the use of silica fume in concrete.

Three basic mix proportioning approaches have been suggested for use of fly ash in

concrete fHelmuth 1987; Berry and Malhotra 1980}

1. Replacement by weight of a portion of the portland cement with fly ashona 1 to 1

basis.

2. Inclusion of fly ash in concrete mixture as fine aggregate without reduction of

portland cement content.
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3. Optimizing the proportions of concrete for both strength development and economy
by partial replacement of the portland cement with fly ash and making adjustments in

water and fine aggregate content.

Silica furme can practically be used in concrete in the same manner as is described above

for fly ash [FIP 1988].

Two factors adversely affect strength of concrete: the presence of large voids in the
hydrated cement paste; and the microcracks at the aggregate-cement paste transition zone.
Inclusion of pozzolans in concrete can transform large pores into fine pores and reduce

microcracking in the transition zone [Mehta 1984].

2.6.1 Fly Ash
Fly ash is a byproduct of the buming of pulverized coal in power plants. On eatry into the

furnace, where the temperatures are usually around 2700° F, the volatile matter and carbon are
burned off, whereas most of mineral impurities present in the coal, such as shales and clays
(basically consisting of silica, alumina, and iron oxide), melt at high temperature. On rapid
cooling some of the mineral matter agglomerates and forms bottomn ash, but most of it forms into
spherical particles and flies out with the combustion gases and is called fIy ash. This ash is
removed by mechanical collectors or electrostatic precipitators before combustion gases are

discharged into the atmosphere [Swanty 1986].
For use in concrete, ASTM C 618 divides fly ashes into three distinct categories:
1. Class N: Raw or calcined natural pozzolans such as diatomaceous earths, opaline
cherts, clays and shales, tuffs and volcanic ashes or pumicites.

2. Class F or low-lime (low-calcium) fly ash: Fly ash produced from burning anthracite

or bituminous coal.
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3. Class C or High-lime (high-calcium) fly ash: Fly ash normally produced from lignite
or sub-bituminous coal which may contain analytical CaO contents higher than 10%.

A summary of the chemical and physical requirements for fly ashes given in ASTM C

618 is presented in Table 2.4.

In general low-lime fly ash is the product of combustion of anthracite and bituminous
coals. Low-lime fly ash usually contains less than 5 percent CaQ. This category possesses only
pozzolanic properties and needs the calcium hydroxide (Ca(OH),) produced during hydration of
portland cement as an activator to undergo reaction and produce more of the cementitious

mafcrial C-5-H. This reaction can be represented by the following simplified equation:
e xCH+yS+zH CSH, ., (2.10)

High-lime fly ash is generally the product of combustion of lignite and subbiturninous
coals and contains 15 to 35 percent CaO. Because of the high CaCO content, high-lime fly ash
does not need an external source of calcium to activate pozzolanic reaction. Therefore high-lime

fly ash, in the presence of water, can exhibit some cementitious properties on its own.

Fly ash suitable for use in concrete consists mostly of glassy, hollow, spherical particles
with specific gravity between 1.9 to 2.4. The loose bulk density of dry fly ash is about 50 pcf
(800 kg/m’). Depending on the method of collection, fly ash may be finer or coarser than
ordinary portland cement. The color of fly ash ranges from almost cream to dark gray, basically

depending on the amount of its unburned carbon and iron content.

Despite extensive research on the effect of fly ash on properties of concrete there have
been persistent problems in its application due to the variability of fly ash (even from a single
source) and the difficulty of characterizing it for predictable performance in concrete [Helmuth

1987]. Much of the research concerns bituminous coal fly ash and does not necessarily apply to
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the subbituminous coal and lignite fly ash found and used in the Western United States [Helmuth
1987].

Inclusion of fly ash influences concrete mix proportions, rheological behavior of plastic
concrete, degree of hydration of portland cement, strength and permeability of hardened
concrete, resistance to thermal cracking, alkali-silica expansion, and sulfate attack [Berry and
Malhotra 1980; Mehta 1984]. Tt acts in part as fine aggregate and in part as a cementitious
component. In general, concretes containing fly ash show reduced bleeding and segrégation.
Unlike other pozzolans, fly ash reduces the water requirement for a given degree of workability
when used as a partial replacement for portland cement in concrete. Water reductions of 7% or
more have been reported /Berry and Malhotra 1980; Helmuth 1987]. The reduction of the water
requirement for fly ash concrete is usually attributed to the fact that most of the fly ash is
composed of spherical particles with smooth surfaces leading to improved workability. It has
been suggested that this explanation is too simplistic and that the deﬂocculation effects appear to
be more important [Helmuth 1987]. Some Australian, Indian, and Korean fly ashes (generally of

higher carbon content) have increased water requirement of the mix [Shin 1990].

The contribution of fly ash to concrete strength was studied by Slanicka and Smith.
Slanicka proposed modified forms of Abrams and Bolomey formulas /Slanicka 1990]. Smith
(1967) introduced the following formula for computing the equivalent water-to-cement ratio for

mixes containing fly ash:
e (Wic), = w/c+Kf) = wW/cH{1/[1+K{F/c)l} 2.11)

where
(w/c), = equivalent water-to-cement ratio
w = weight of water
¢ = weight of cement

f = weight of fly ash

26




K = cementing efficiency of fly ash (i.e. for a given strength, a given weight f of fly ash

is equivalent to a weight Kf of cement)

For the fly ashes that Smith used, K had a value of about 0.25. It was also reported that inclusion
of fly ash increases the setting time of concrete. This is consistent with Smith’s equation since

equivalent water-cement ratio of the mix increases.

It is reported that hydration of cement is usually accelerated by fly ash after some initial
retardation [Helmuth 1987]. When a control mix and a mix containing fly ash was compared, it
was at 91 days or more that the fly ash concrete showed higher strengths than control mixes
[Mehta 1984]. However, the low early strength of a fly-ash concrete can be increased by
simultaneous use of silica fume [Sarkar et al. 1991]. For concretes made with Chicago fly ash,
Washa and Withey (1953) recommended replacement with a greater amount of fly ash than the
amount of portland cement removed to obtain 28-day strengths equal to those of concretes

without Chicago fly ash.
Reactivity of fly ash is significantly influenced by its fineness, glass content, and silica-
plus-alumina contents [Helmuth 1987]. Sarkar et al. (1991) reported that it is the composition of

the individual particles not the particle size that affects the fly ash reactivity.

2.6.2 Condensed Silica Fume

Condensed silica fume is a byproduct from electric arc furnaces used in the smelting
process to produce silicon metal and ferrosilicon alloys. In general, it contains more than 90
percent silicon dioxide (8i0,), most of which is amorphous [ACT 226]. In the literature,
condensed silica fume has been called various names, such as microsilica, ferrosilicon dust, arc
furnace silica, silica flue dust, amorphous silica, volatized silica, silica dust, silica flour,
pyrogenic silica, and silica fume. "Condensed silica fume" or simply "silica fume", as used
throughout this report, seems to be the most appropriate name since the production process

involves oxidation of SiO vapor followed by condensation of the Si0, fume.
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Silica fume for use in concrete is either in the natural state, densified, or in shurry form
mixed with an equal mass of water. Silica fume in the natural state has a bulk density between
12.5 to 15.5 pcf (200 to 250 kg/m®). This low bulk density causes serious difficulties in handling
the material. Densification of silica fume into a powder that is somewhat coarser than portland
cement results in a bulk density of 31 to 45 pcf (500 to 720 kg/m®) depending on the extent of

densification. Densified silica fume is relatively easy to bag and transport.

As will be discussed later, the performance of silica fume is a function of its chemical
composition as well as its very fine particle size. When using the densified form of silica fume,
higher duration and energy of mixing is required to breakdown densified agglomerates into the
individual fine particles. Incomplete breakdown of densified silica fume in concrete leaves some
unreacted silica fume particles in the mix which not only adversely affect the strength and
permeability of concrete but may become potential sites for formation of expansive alkali silica

gel in case of exposure to alkali ions at a later time.

A practical approach in using silica fume in concrete production is to make a slurry of
silica fume by mixing it with an equal weight of water. The sturry form of silica fume has a
specific gravity of 1 3to1.4. When using the slurry form of silica fume, settlement of solids
from the suspension should be prevented by frequent agitation. A study by Cohen and Olek
showed no significant differences in the engineering properties of concretes containing either of
the three forms of silica fume [Cohén and Olek 1989]. Table 2.5 shows a summary of the ASTM

C 1240 chemical and physical requirements of silica fume for use in concrete.

In concrete applications, part of the cement may be replaced by a much smaller quantity
of silica fume without loss of strength. As an example, ACI Committee 226 report states that, on
a weight basis, 1 part of silica fume may replace 3 to 4 parts of portland cement with no
significant effect on strength of concrete [ACT 226]. Very high strength concretes have been
produced when up to 25 percent of the weight of the cement had been replaced by an equal
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weight of silica fume [fACI 226]. Addition of silica fume is usually accompanied by reduced
bleeding and an increase in the water demand of concrete. Full strength-producing potential of
silica fume is utilized when it is used with a compatible water-reducing agent /Mehta 1986,

Albinger 1988].

Addition of silica fume to concrete densifies the paste through two primary mechanisms:
filler effect and the basic ‘pozzolanic reaction. The particle size distribution of typical silica fume
shows most particles to be smaller than 1 pm with an average diameter of about 0.1 pm, which is
approximately 100 times smaller than the average cement particle [ACT 226]. The extreme
fineness of silica fume particles allows it to fill the microscopic voids between cement particles
(filler effect). These effects lead to pore refinement of the cement paste which improves the
strength and durability of the silica fume cement system. It is reported that, when concrete is
cured at normal temperatures, at very early ages silica fume merely acts as a filler material
[Detwiler and Mehta 1989; Sarkar 1 991 ]. At later ages, high reactivity of silica fume with
calcium hydroxide, released by the hydration of cement produces additional cementitious C-S-H
gel (pozzolanic reaction). However, high reactivity of silica fume can be somewhat dampened in
low w/cm concrete due to the lack of calcium hydroxide, one of the essential ingredients of

pozzolanic reaction [Sarkar and Aitcin 1987; Sarkar et al. 1991].

Recent studies have shown that the use of silica fume densifies the transition zope between
the aggregate and the cement paste [Goldman and Bentur 1989; Detwiler and Mehta 1989]. The
relative higher concentration of calcium hydtoxide at the transition zone favors production of
extra C-S-H gel in the available pores thereby reducing the thickness of the transition zone and
densifying and homogenizing the paste in the near vicinity of the aggregate [Larbi and Bijen
1991]. This zone is thought to be the weakest link in concrete with respect to permeability. The

strength of the transition zone also limits the overall concrete strength.

The long-term compressive strength of silica fume concrete has been recently questioned

by some researchers [Carette et al. 1987]. However, Aitcin and Laplante reported no sign of
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strength loss in cores taken from seven field silica fume concretes, exposed for 4-6 years fo

severe environmental conditions [Aitcin and Laplante 1990].

2.7 Concluding Remarks
High strength concrete is gaining widespread acceptance in both cast-in-place and

precast/prestressed applications. In general, concrete can be considered as a three-phase
composite material consisting of the cement matrix, aggregate, and the transition zone between
the cement matrix and the aggregate. Therefore, it is clear that production of high strength
concrete involves strength improvement of the cement matrix and the transition zone between the
cement matrix and the aggregate together with the selection of a type of aggregate which is stiff,

strong and promotes good bond with the cement matrix.

The problem of selection of the materials and mix proportions for high strength concrete
becomes complicated by the fact that production of high strength concrete requires a low water-
to-cementitious material ratio and simultaneous incorporation of various chemical admixtures and
supplementary cementing materials such as normal water-reducing and set retarding admixtures,
superplasticizers, air entraining agents, fly ash and silica fume. In addition, performance of many
of these constituents may be adversely affected in a low water-to-cementitious material concrete

environment.
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Table 2.1. Summary of the ASTM C 150 specifications for portland cement

Cement Type 1 IA IT | IIA | III | ITIIA | 1v v
A, Standard Chemical Requirements
Si0;, min, % - - 20.C 20.0 ~ - - -
Al,03, max, % - - 6.0 6.0 - - - -
Fez03, max, % - - 6.0 6.0 - - 6.5 -
MgQ, max, % 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
803, max, % 3.0 3.0 3.0 3.0 3.5 3.5 2.3 2.3
when CiA <or= 8%
803, max, % 3.5 3.5 NA NA 4.5 4.5 NA NA
when Csa> B%
Loss on Ignition, max, % 3.0 3.0 3.0 3.0 3.0 3.0 2.5 3.0
Insoluble residue, max, % 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
C35, max, % - - - - - - 35 -
CzS, min, % ~ - - - - - 40 -
CiA, max, % - - 2] g 15 15 7 5
(C3AF+2 (C3A) )} or (C4AF+CoF), max, % - — - - - - - 25
B. Optional Chemical Requirements
C3A, max , % - - - - 8 8 - -
{for moderate sulfate resistance)
Cih, max , % - - - - 5 5 - -
{for high sulfate resistance)
(C35+C38) , max, % - - 58 58 - - - -
{for moderate heat of hydration)
"Alkalies (Nap0+0.658K,0), max, % 0.60 0.60 | 0.60 0.60 0. 60 0.60 0.60 0.60
C. Standard Physical Requirements
Air content of mortar, volume %: 12 22 12 22 12 22 12 12
max - 16 - 16 - 16 - -
min
Fineness, specific surface, m‘/kqg:
Turbidimeter test, min 160 160 160 160 - - 160 160
Air permeability test, min 2890 280 280 280 - - 280 280
Autoclave expansion, max, % 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Compressive strength, min, psi
1-day - - - - 1800 1450 - ~
3-days 1800 1450 1500 1200 3500 2800 - 1200
7-days 2800 2250 2500 2000 - - 1000 2200
28-days - - - - - - 2500 3000
Time of setting:
*Gillmore test:
initial set, min, not less than 60 &0 6C 60 60 60 60 (]
final set, min, not more than 600 600 600 60C 600 600 600 600
*Vicat test:
time of setting, min, not less 45 45 45 45 45 45 45 45
than . 37S 375 375 375 375 375 375 375
time of setting, min, not more
than
D. Optional Physical Requirements
False Set, final penetration, min, 50 50 50 50 50 50 50 50
%
Heat of hydration:
7 days, max, cal/g - - 70 70 - - 60 -
28 days, max, cal/g - - - - - - 70 -
Compressive strength, min, psi
28-days 4000 3200 4000 3209 - - - -
Sulfate expansion, 14 days, max, % - - - - - - - 0.04
0

NA: Not Applicable
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Table 2.4. Summary of the ASTM C 618 specifications for fly ash

Fly ash Class Class Class Class
N F C
A. Standard Chamical Requirements
(S100+41,03+Fey0;3), min, % 70.0 70.90 50.0
503, max, % 4.0 5.0 5.0
Moisture content, max, % 3.0 3.0 3.0
Loss on ignition, max, % 10.0 6.0 6.0
B. Optional Chemical Requirements
available alkalies, as Na;0, max , % 1.50 1.50 1.50
C. Standard Physical Regquirements
Fineness:
Amount retained when wet-sieved on No. 325 (45 um} sieve, max, 34 34 34
$
Strength activity index:
With portland cement, at 7-days, min, % of control 75 75 75
With portland cement, at 28-days, min, % of contrel 75 75 75
Water reguirement, max, % of control 115 105 105
Soundness:
Aunteclave expansion or contraction, max, % 0.8 0.8 0.8
Uniformity:
The density and oversize of individual samples shall not vary
from the average of previous 10 or by all preceding tests if
the number is less than ten, by more than:
Density, max variation from average, %
5 5 5
Oversize, percent retained on No. 325 (45 pm} sieve, max
variation, percentage points from average
3 5 5
D. Optional Physical Requiraments
Multiple factor, product of LGI, max, %, and fineness, max, % - 255 -
Increase of drying shrinkage of mortar bars at 28-days, max, % 0.03 0.03 0.03
Uniformity requirements:
When air-entraining concrete is specified, quantity of AE
agent
required to produce air content of 18.0 vol % shall not vary
from the average of previous 10 or by all preceding tests if 50 20 20
the number is less than ten by more than, %
Reactivity with cement alkalies:
Reduction of mortar expansion at ld4-days, min, % 75 - -
Mortar expansion at l4-days, max, % 0.020 0.02¢ 0.020
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Table 2.5. Summary of the ASTM C 1240 specifications for silica fume

A. Standard Chemical Requirements

510y, Win, %

85.0

Moisture content, max, %

3.0

Loss on Jgnition, max, %

6.0

B. Optional Chemical Requirements

Available alkalies as NaOp, max , %

C. Standard Physical Requirements

Oversize:

Percent retained on No. 325 {45 pm) sieve, max, %

10

Accelerated pozzeolanic activity index:

With portland cement at 7-days, min percent of control

85

Uniformity reguirements:
The density and oversize of individual samples shall not vary from the
average of previous 10 or by all preceding tests if

the number is less than ten, by more than:

Density, max variation from average, %

Oversize, percent retained on No. 325 (45 pm} sieve, max variation,

percentage points from average

D. Optional Physical Regquirements

Increase of drying shrinkage of mortar bars at 28-days, max, %

0.10

specific surface area, m/g

15-30

Uniformity requirements:

When air-entraining concrete is specified, quantity of AE agent
required to produce air content of 18.0 vol % shall not vary
from the average of previous 10 or by all preceding tests if

the number is less than ten, by more than, %

20

Reactivity with cement alkalies:

Reduction of mortar expansion at 1l4-days, min, 3%

80

Sulfate resistance expansion:
(moderate resistance) & menths, max, %
{high resistance} 6 months, max, %

(very high resistance) 1 year, max, %

0.10
0.05
G.05
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CHAPTER 3
EXPERIMENTAL PROGRAM:
MIXES, MATERIALS, FABRICATION AND CURING

3.1 Introduction

During the course of this research program, over 6,300 specimens from 142 high
strength concrete mixes with 28-day compressive strengths in the range of 8,000 to 18,600 psi
(55.2 to 128 MPa) were cast, prepared and tested. These concrete mixtures had water-to-
cementitious material ratios (w/cm) between 0.28 to 0.32 and contained the following
combinations of supplementary cementing materials: none, fly ash only, silica fume only, or

both fly ash and silica fume, replacement by weight of cement.

Each high strength concrete mix was assigned a mix number and an identification code
(ID code), such as: Mix No. 28; 131-MBLI-F30M15-130. The mix number simply designates
the order in which the mix was batched. For example, the above mix was the twenty-eighth
high strength concrete mix batched for the purpose of this study. Figure 3.1 gives a detailed
explanation of the notation used in the mix ID codes. Each mix ID code was divided into four
parts separated by dashed lines. A typical mix ID code provided the following information

about the high strength concrete mix:

s cementitious material content (137-MBL1-F30M15-130);

o type of portland cement (I31-MBLI1-F30M15-130);

e brand of portland cement (131-MBLI-F30M15-130);

o gradation of coarse aggregate (/31-MBLI-F30M15-130);

e coarse/fine aggregate ratio (/31-MBLI-F30M15-130);

s type of coarse aggregate (131-MBLI1-F30M15-130),

» source of coarse aggregate (I31-MBLI-F30M15-130);

e type and amount of supplementary cementing materials (31-MBL1-F30M15-130);
e type of superplasticizer (131-MBLI-F30M15-130);
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o water-to-cementitious material ratio (131-MBLI-F30M15-130).

All of the mixes considered in this research program together with their mix ID codes

are presented in Table 3.1.

3.2 High Strength Concrete Mixes

High strength concrete mixes considered in this study were designed to:

e study the effect of test variables on the mechanical properties of high strength
concrete; and
e study the effect of mix variables on the mechanical properties of high strength

concrete,

Throughout this study, efforts were made to use materials and procedures which were
considered to be representative of typical practice used in the precast/prestressed industry. A
survey of five local manufacturers of precast/prestressed elements, conducted at the beginning
of this research program, provided information about materials and procedures used by the
industry. In addition, standard tests were conducted on companion specimens, to correlate the

results of this study with the results reported elsewhere in the literature.

Test variables included parameters which had an effect on strength test results (e.g.
mold material, mold size, specimen end condition). The curing process of typical precast
bridge girders was simulated by heat-curing specimens according to the manufacturing
procedure described in Section 3.4.4. Results of the heat-cured specimen tests were compared
with companion tests on specimens cured in standard lime-saturated water and other curing
conditions. Details of curing procedures used are given in Sections 3.4.3-5 of this report. Tests
were conducted at various specimen ages. One day compressive strengths gave an indication of

the achievable girder strengths at the time of prestress transfer, 28-day compressive strengths
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were used to correlate with code equations, and older age specimen compressive strengths

corresponded with strength of girders in service. The test variables investigated were:

1. Mold type: reusable steel, single-use plastic

2. Mold size: 4x8in.,6x12in.
(100 x 200 mm, 150 x 300 mm)

3. End condition: high strength sulfur cap, ground ends, unbonded
neoprene caps

4. Curing conditions: heat-curing at 120 or 150 °F (50 or 65 °C), heat-
curing followed by 1 or 3 days of moist-curing, 7,
14, or 28 days of moist-curing, continuous moist-
curing

5. Age at testing: 1 through 365 days

The following is the list of the material variables investigated:

1. Total cementitious material 750, 850, 950 Ib/yd’
content: (445, 505, 565 kg/m’)
2. Type of cement: Type 1, Type I
3. Brand of cement: 2
4. Percent of fly ash: 0%, 10%, 20%, 30%, replacement by weight
of portland cement
5. Percent of silica fume: | 0%, 7.5%, 10%, 15%, replacement by weight
of portland cement
6. Type of silica fume: dry densified, slurry
7. Type and brand of superplasticizer: 3
8. Type and source of coarse 2 limestones (high- and low-absorption), 2
aggregate: granites, river gravel (round and crushed)
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9. Aggregate gradation: as received, recombined

10. Maximum aggregate size: 1/2 in. and 3/4 in. (12.5 mm and 19.0 mm)

There were several combinations and permutations of variables listed. For example, for
each tota]l cementitious material content, mixes containing fourteen combinations of the listed

fly ash and silica fume percentages were investigated.

Based on the stated objectives, different sets of high strength concrete mixes were
batched and appropriate specimens were cast and tested to study the effects of some of the test
and mix variables at a time. More detailed information about mixes, their ingredients and their

specific objectives follows.

Mixes 1, 2 and 3: Concrete balls were formed during production of mixes 1, 2, and 3.

Production of high strength concrete with a very low water-to-cementitious material ratio needs
an efficient mixer. In general, prior to the addition of superplasticizers, high strength concrete
mixes are very dry, stiff and unworkable. Therefore the type and efficiency of the mixer to
break up agglomerates in a stiff mix can play an important role in the successful production of
high strength concrete. For the production of Mix Nos. 1-3 a fixed-blade rotating-drum mixer
was used. The low amount of free water in the mix together with the inefficiency of this type
of mixer resulted in the concrete forming balls during mixing. Generally when this happened,
so much water had to be added to the mix to break up the concrete balls that the resulting mix
was unacceptable. As a result, concrete Mix Nos. 1-3 were discarded. The remainder of the

mixes were produced with the fixed-drum mixer described later in Section 3.4.2 of this report.

Mixes 4 and 5: Except for the coarse aggregate used, these two mixes had identical mix
designs. Mix Nos. 4 and 5 were designed to study the effect of the source of limestone
aggregates on concrete compressive strength and to narrow down to one source of limestone
for future experiments. Limestone aggregates considered had different absorption rates. The

high-absorption limestone is designated as “L1” and the low-absorption limestone is referred to
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as “L2” throughout this report. Detailed information on the properties of all aggregates used is
given in Section 3.3.2 of this report. Tests were also conducted to investigate the effects of
mold material, mold size, specimen end condition (capped vs. ground), and age on

compressive strength test results.

In order to minimize the effect of cleanness and gradation of the coarse aggregate on
the test results, coarse aggregates were washed, separated into individual size fractions and
then recombined to produce a “standard” gradation (gradation “S” in ID codes), conforming
to the grading requirements of ASTM C 33 for size No. 7. The grain size distribution curve
for this gradation together with the limits specified by ASTM C 33 for size No. 7 is shown in
Figure 3.2. As can be seen from this figure the standard gradation selected is closer to the

coarser limit specified by ASTM C 33.

Mixes 6 to 14: These mixes, with the exception of Mix No. 8 which was discarded,
were used to compare the compressive strengths of high strength concrete mixes made with the
limestone aggregate from Source #1, L1 (selected from results of the previous mixes) with
those made with round river gravel aggregate, referred to as “RI” throughout this report.
Aggregates used for these mixes were also washed, separated into individual size fractions and
then recombined to produce the “standard” gradation, Figure 3.2. Tests were also conducted
to study the effects of specimen end condition (capped vs. ground), age and curing methods

(heat-curing, air-curing, moist-curing) on compressive strength test results.

Of the eight mixes studied, two had no supplementary cementing materials (reference
mixes), two contained 10% fly ash, two contained 7.5% silica fume, and two contained the
combination of 10% fly ash and 7.5% silica fume as part of their cementitious material
content. In all cases, the total amount of cementitious materials was held constant at 750 1b/yd’

(445 kg/m?).
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Mixes 15 to 21 These mixes were made with limestone aggregate from Source #1 @h
and were designed to study the effect of the gradation of coarse aggregate on the workability
and compressive strength of high strength concrete. Tests were also conducted to investigate
the effects of mold size, specimen end condition (capped vs. unbonded ‘neopr'ene caps), and age

on compressive strength test results.

~ Mixes considered had various cementitious material compositions. Mix Nos. 15 and 17
were replicas and contained no supplementary cementing materials (reference mixes). Mix
Nos. 16 and 18 were also replicas and were made with combination of 10% fly ash with 7.5%
silica fume. Mix Nos. 19-21 had 10% of silica fume as part of their cementitious material. In
all cases, the total amount of cementitious materials was held constant at 750 Ib/yd® (445

kg/m’).

Four coarse aggregate gradations were considered. Mix Nos. 15 through 18 used “as
received gradation” (gradation “X” in the ID codes), shown in Figure 3.3. The coarse
aggregates for Mix Nos. 19 and 20 were separated into individual size fractions and then
recombined to produce two different gradations: Gradation “A”, and “B”. Gradation “A” and

“B” were the upper and lower limits specified by ASTM C 33 for size No. 7.

Gradation “M” was obtained by combining the “as received” ASTM C 33 size No. 7
coarse aggregate with an “as received” ASTM C 33 size No. 8 coarse aggregate from the same
source. The result was a gradation with less fines (particles smaller than No. 4 sieve) and
smaller particles, conforming to the grading requirements of ASTM C 33 for size No. 7. The
grain size distribution curve for gradation “M” together with the limits specified by ASTM C

33 for size No. 7 are shown in Figure 3.4.

Mixes 22 to 29 and 50 to 83: Total amount of cementitious material as well as the

binder material composition were varied in Mix Nos. 22-29 and 50-83 to determine their
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effects on cylinder compressive strength, static modulus of elasticity, modulus of rupture, and
splitting tensile strength of high strength concrete. These mixes were all made with limestone
from Source #1 (LI) and with gradation “M”, Figure 3.4. Total cementitious material contents
of 750, 850, and 950 Ib/yd® (445, 505, 565 kg/m®) were investigated with several combinations
and permutations of 0, 10, 20, and 30% fly ash and 0, 7.5, 10, and 15% silica fume all as
replacement by weight of portland cement. Also tests were conducted to collect additional data
on the effect of mold size, end condition (capped vs. unbonded neoprene caps), age, and curing

condition (heat-curing, continuous moist-curing) on compressive strength test results.

Mixes 30 to 49: Mix Nos. 30 to 49 were designed to investigate the effect of the type
and brand of five superplasticizers on the compressive strength and strength gain with age of
high strength concrete. Table 3.2 provides detailed information about the superplasticizers
used. Additional variables in this part of the study included the amount of silica fume (0,
7.5%), type of coarse aggregate (limestone from Source #1: LI, and partially crushed river

gravel: R2), and curing condition (heat-curing, continuous moist-curing).

Mix Nos. 30 to 33 and 44 to 49 used “as received”, washed limestone coarse aggregate
from source #1 (LI), Figure 3.3. Other mixes, 34 to 43, used an “as received”, washed
partially crushed river gravel (R2) as coarse aggregate, Figure 3.5. It should be noted that the
“as received” gradation (gradation “X”) for the two types of aggregates were different and as
can be seen from Figure 3.5, the partially crushed river gravel had more fine particles and its

grading curve fell outside the limits 'speciﬁed by ASTM C 33 for size No. 7 coarse aggregate.

Mixes 84 to 91: Mix Nos. 84 to 91 were an expansion to the investigation of the effect
of varying the binder material composition on the mechanical properties of high strength
concrete (see description for Mix Nos. 22 to 29 and 50 to 83). The coarse aggregate used was

the partially crushed river gravel with “as received” gradation, Figure 3.5.
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Mixes 92 to 99: These mixes contained granite from Source #1 (G1) as their coarse

aggregate. For Mix Nos. 92 to 95, the granite was washed, separated into individual size
fractions and then recombined to produce the “standard” gradation shown in Figure 3.2. For
Mix Nos. 96 to 99 the “as received” gradation of granite was washed and used, Figure 3.6. As
can be seen from Figure 3.6, the aggregate GI contained more large particles and its grading
curve fell outside the limits specified by ASTM C 33 for size No. 7 coarse aggregate.
Gradation of the coarse aggregate, as well as the cementitious material composition were the
mix variables studied in this portion of the investigation. In addition tests were also conducted
to investigate the effects of age and curing condition (heat-curing, continuos moist-curing) on

compressive strength test results.

Of the eight mixes studied, Mix Nos. 92 and 96 had no supplementary cementing
materials (reference mixes), Mix Nos. 93 and 97 contained 10% fly -ash, Mix Nos. 94 and 98
contained 7.5% silica fume, and Mix Nos. 95 and 99 contained the combination of 10% fly ash
and 7.5% silica fume as part of their cementitious material content. In all cases, the total

amount of cementitious materials was held constant at 750 b/yd® (445 kg/m’).

Mixes 100 to 139: Based on the results from the previous mixes (Mix Nos. 1 to 99) this

set of mixes was designed to provide additional information on the effect of test and mix
variables on mechanical properties of high strength concrete. In this portion of the study, the
total cementitious material content, water-to-cementitious material ratio, and coarse to fine
aggregate ratio were held constant'at 750 Ib/yd® (445 kg/m®), 0.30, and 1.5, respectively. Four
cementitious material compositions were investigated: reference mix (portland cement only)
and three comparison mixes containing 20% fly ash, 7.5% silica fume, and the combination of

20% fly ash with 7.5% silica fume.

Several new test variables were introduced and studied in this part of the study. Effect

of heat-curing temperature, as well as the effect of the duration of moist-curing on test results
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were investigated. Also investigated was the effect of limited period of moist-curing after the

initial heat-curing period on test results.

Five different types of coarse aggregates were used in this phase of the investigation:
round river gravel (RI), partially crushed river gravel (R2), two crushed limestones (high- and
low-absorption: L1 and L2), and a new granite from a different source (G2). All coarse
aggregates were washed in the laboratory prior to mixing and were used with their “as

received” gradations (Figures 3.3, 3.5, 3.7, 3.8, and 3.9).

Effects of type and brand of portland cement together with the effects of heat-curing
temperature on mechanical properties of high strength concrete were studied with Mix Nos.
100 to 123. Two different types of portland cement from two manufacturers were studied:
Type III of Brand #1 and Type I and Type IH of Brand #2. Specimens cast from each batch
were subjected to heat-curing at 120 and 150 °F (50 and 65 °C). Standard lime-saturated water

moist-curing was used on companion specimens.

In addition to testing for compressive strength, static modulus of elasticity, modulus of
rupture, and splitting tensile strength, high strength concrete specimens from this series of
mixes were tested for creep and shrinkage properties. Weight loss of shrinkage specimens and

weight gain in water of high strength concrete specimens were also investigated.

3.3 Materials
3.3.1 Cementitious Material

The cementitious material comprised ASTM C 150 Type I or Type IH portland
cements, ASTM C 618 Class C fly ash, and dry densified or slurry forms of silica fume. High
strength concrete mixes studied contained a total of 750, 850 or 950 Ib/yd® (445, 505, or 565

kg/m’) of cementitious material.
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Two brands of ASTM C 150 portland cements were chosen. These two brands were the
most frequently used commercial cements by local precast plants. To eliminate the effects of
shipment variations in chemical and physical properties of portland cement, inherent in the
production of portland cement, all of the cements required for the purpose of this study were
delivered in single shipments on 40-bag pallets shrink-wrapped by plastic and were stored in
the laboratory until used. Table 3.3 shows the manufacturers’ lab report on the chemical and
physical properties of the portland cements used in making the high strength concrete
investigated. As can be seen within each brand of portland cement, the main difference

between Type I and Type III cements was the fineness of the cement particles.

ASTM C 618 Class C fly ash was used in making high strength concrete specimens.
Bulk fly ash was obtained from the supplier in a single shipment and was stored in air tight 55
gallon (210 1) steel drums in the laboratory. Table 3.4 shows the chemical and physical
properties of the fly ash used. Depending on the mix, fly ash constituted 0, 10, 20 or 30

percent of the total weight of the cementitious materials of the mix.

Both dry densified and slurry forms of silica fume, from a single manufacturer, were
used in this study. Dry densified silica fume was delivered in a single shipment in 50 Ib. (22.7
kg) bags. Silica fume bags were stored on wooden pallets in the laboratory until time of use.
Silica fume slurry was delivered in 55 gallon (210 1) steel drums in a single shipment and was
stored in the laboratory until used. The slurry contained 5.5 pounds of silica fume per gallon of
slurry (0.66 kilogram of silica fume per liter of slurry). When the shurry form of the silica
fume was used, the mix water was adjusted to account for the water in the slurry. Prior to its
use in concrete, while inside the drum, the silica fume slurry was mixed for at least 4 hours by
a powerful full-height electric mixer mounted over the drum. Mixing the slurry was essential
because silica fume particles settle as a sediment and get separated from the liquid phase over

time.
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Depending on the mix, silica fume constituted 0, 7.5, 10 or 15% of the total weight of
the cementitious materials of the mix. A typical composition of the silica fume, provided by

the manufacturer, is given in Table 3.5.

A 50 Ib. (22,700 g) maximum capacity electronic balance with 0.1 1b. (45.4 g)
resolution (OHAUS Model D5-00) was used to measure the portland cement, fly ash and silica

fume used in all mixes.

3.3.2 Aggregates
All of the aggregates were obtained from local sources. In order to minimize the effect

of cleanness of coarse aggregates on properties of concrete in both fresh and hardened states,
all coarse aggregates were washed in the laboratory prior to their use in high strength concrete
mixtures. Type, source, and gradation of coarse aggregates used in different mixes is shown in
Table 3.1 (as part of the Mix ID Code) and was described in detail in Section 3.2 of this
chapter. Absorption capacities of the coarse aggregates used in this study were 1.11 percent for
the round river gravel (R1), 1.39 percent for the partially crushed river gravel (R2), 1.00
percent for the granites from Source #1 and Source #2 (G1 and G2), 2.97 percent for the high-
absorption limestone (L1} (except for Mix Nos. 124 and 125) and 2.05 percent for the L1 used
in Mix Nos. 124 and 125, and 1.50 percent for the low-absorption limestone (I.2). The reason
for listing two absorption capacities for the high-absorption limestone is that the aggregate was

obtained at two different times from the same source.

A single natural coarse sand with a fineness modulus and absorption capacity of 2.80
and 0.50%, respectively and a gradation within the limits of ASTM C 33 was used for all fine
aggregate. Gradation of the fine aggregate used is shown with the gradation of all coarse

aggregates in Figures 3.2 to 3.9.

A 1000 Ib. (454 kg) maximum capacity mechanical balance with 1 Ib. (0.454 kg)

graduations (TOLEDOQ) was used to measure both fine and coarse aggregates used in all mixes.
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3.3.3 Chemical Admixtures

High-range water reducers (superplasticizers) were added to all mixes to bring the

concrete slump in the range of 4 to 6 in. (100 to 150 mm). In some cases (highly dependent on
the cementitious materials composition), increased dosages of high-range water reducer up to
35 oz./cwt (23 ml/kg), more than the maximum dosage recommended by the admixture
manufacturer, were found to be necessary to bring the slump in the desired range. It should be
noted that the use of high dosages of high-range water reducers in production of high strength
concrete is not unusual fAitcin et al. 1994]. In all cases, the mix water was adjusted to account
for the water in the high-range water reducer. To study the effect and compatibility of different
high-range water reducers with other materials selected for production of high strength
concrete in this research program, five different high-range water reducers were investigated.

Detailed information about the type of high-range water reducers used is given in Table 3.2.

“Ang81b. (4,000 g) maximum capacity high precision electronic balance with 0.0035 oz.
(0.1 g) resolution (OHAUS Model GT 4800) was used to measure high-range water reducers

used in all mixes.

3.4 Fabrication and Curing: Equipment and Techniques
For each mix investigated, all specimens were cast from a single batch. All high

strength concrete mixes were mixed, cured, and tesied in the Structural Engineering
Laboratory of the Civil Engineering Department at the University of Minnesota. The following
equipment and techniques were used for mixing, fabricating, and curing of the concrete

specimens:

3.4.1 Mixer and Mixing Procedure
A 10 ££ (0.3 m®), fixed-drum mixer powered by a 5 hp (3,730 watt) electric motor was

used to mix all the concrete used in this study. The moving shaft inside the fixed drum was

equipped with two open web spiral shape blades which shoveled concrete from one side of the
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drum to the other resulting in a uniform mix. Rubber scrapers were mounted at the edges of

the blades to minimize the amount of cement paste sticking to the sides of the drum.

Following the evaluation of a few trial batches, the standard laboratory mixing and
batching procedures recommended by ASTM C 192 were slightly modified to allow an easy
and uniform production technique. The mixing procedure used throughout this research

program consisted of the following steps:

1. Immediately before loading the mixer, spray interior of the mixer with water.
Completely drain the mixer.

2. Load the mixer with all coarse aggregate and half of the mixing water. Mix for 2
minute.

3. Stop the mixer and allow the coarse aggregate to absorb water for 10 minutes. This
procedure helped to avoid early loss of slump.

4. Dissolve high-range water reducer in the remaining water.

5. Turn on the mixer and add sand, cementitious material, remaining water with high-
range water reducer. Mix for 5 minutes.

6. Stop the mixer for 1 minute. Conduct a slump test. Evaluate mix workability.
Measure additional amount of high-range water reducer, up to total of 35 oz/cwt (23
ml/kg of cement) if needed.

7. Turn on the mixer for 3 more minutes and if needed, add the additional high-range
water reducer (from step 6).

8. Do a final slump test and discharge the concrete into clean, moist metal bins and

cast the specimens.

For each of the mixes, slump and air contents were measured according to ASTM C

143 and C 173 (volumetric method) procedures, respectively.
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3.4.2 Molds and Making Specimens
Plastic molds were used to cast cylindrical specimens throughout this study. However,

to study the effect of mold material on compressive strength test results, companion 6 x 12 in.
(150 x 300 mm) cylindrical specimens, from selected mixes, were cast in heavy-gauge reusable
steel molds. Modulus of rupture specimens, 6 X 6 x 24 in. (150 x 150 x 600 mm) beams, were

cast in heavy-gauge reusable steel molds.

One day prior to mixing, the inside of all molds was lightly oiled with a commercially
available form coating oil (nox-crete). Molds were filled and manually rodded in accordance
with the provisions of ASTM C 192. With the exception of tamping rod, identical tools were
used in filling and consolidating the molds. For 4 in. (100 mm) diameter cylinders, the ‘
tamping rod was a 3/8 in. (10 mm) diameter rod with both ends rounded to a hemispherical tip
of the same diameter. A similar 5/8 in. (16 mm) diameter rod was used for consolidating the 6
x 12 in. (150 x 300 mm) cylindrical and 6 x 6 X 24 in. (150 x 150 x 600 mm) beam molds.
The surface of the concrete was stricken off with the tamping rod and the 'specimens were
placed immediately into the lime-saturated water bath or heat-curing chamber. To prevent
evaporation of water from the unhardened concrete, the exposed surfaces of those specimens
which were moved to the heat-curing chamber were covered immediately with a piece of

plastic wrap. A rubber band kept the plastic wrap in place.

3.4.3 Curing Conditions
The following curing conditions were studied during the course of this research

program:

1. H Condition: Specimens were heat-cured @ 120 or 150 °F (50 or 65 °C). Specimens
were then tested dry at predetermined ages.

7 HW1 and HW3 Conditions: Initial heat-curing of specimens was followed by an

additional 1- or 3-day moist-curing in lime-saturated bath. Specimens were then

tested dry at 28-days of age.
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3. W7 and W14 Conditions: Specimens were moist-cured in lime-saturated bath for

either 7- or 14-days. Specimens were then tested dry at 28-days of age.
4. W28 Condition: Specimens were moist-cured in lime-saturated bath for 28-days.
Specimens were then tested wet at 28-, and dry at 182- and 365-days of age.

5. W182. and W365 Conditions: Specimens were moist-cured in lime-saturated bath

for their entire life. Specimens were then tested wet at 182-, or 365-days

respectively.

The following sections describe heat- and moist-curing methods used throughout this

study.

3.4.3.1 Heat-Curing @ 120 or 150 °F (50 or 65°C)

In order to simulate the accelerated heat-curing process typical of that used by precast-

prestressed bridge girder manufacturers, the walk-in environmental chamber at the Structural
Engineering Laboratory of the Department of Civil Engineering, University of Minnesota, was
used as the heat-curing room. The temperature inside the chamber was electronically

controlled and was varied according to the following procedure:

e 3 hours at room temperature (preset period after casting);
e temperature increased to 120 or 150 °F (50 or 65 °C) over the next 2.5 hours;
e temperature held constant for 12 hours;

s specimens returned to room temperature over the next 2 hours.

The heat-cured specimen molds were stripped after 24 +4 hours. These specimens were

then stored in laboratory ambient humidity and temperature until the time of test.

3.4.3.2 Moist-Curing in Lime-Saturated Water
A 2 ft. (610 mm) deep, 385 gal. (1460 1), galvanized steel tank was used for curing

concrete specimens immersed in lime-saturated water. A clamp-on heater/circulator was used
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to maintain the curing temperature at 73.4+3 °F (23+1.7 °C) throughout the tank. The
heater/circulator had a 1,000 watt capacity electric heater, a dial-type thermostat with a range
of 35-100 °F (2-38 °C), and a single speed submersion pump circulator. An independent
thermometer was installed to verify the accuracy of the thermostat setting. The specimens to be
moist-cured were placed into the lime-saturated water bath immediately after casting. To avoid
damage to the young specimens, molds were stripped after 48 bours (instead of 24 + 8 hours,
as specified by ASTM C 192). The exception was when 1-day compressive strength of moist-
cured specimens were required, where molds were stripped off after 2044 hours. The
specimens were immediately returned to the lime-saturated water bath where they completed

their planned curing duration.
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Table 3.1. Mixes considered in this research program

Mix ID Code '

No. Mix ID Coda No. Mix ID Code ' No.
1 DISCARDED 26 131-MBL1-FOOM15-130 51 231-MBL1-F30M08-1340
2 DISCARDED 27 331-MBL1-FOOM15-130 52 231-MBL1~-FOOM15=-130
3 DISCARDED 28 131-MBL1I-F30M15-130 53 231-MBL1-F30M15-130
4 131-8AL2-FOOMO0-132 29 331-MBL1-F30M15-130 54 131-MBL1-FOCMT75-130
5 131-8AL1~FOOM00-132 30 131-XAL1~-FO0OM00-130 55 131-MBL1~-FCOM10~130
6 131-8AR1~FQOM0O0-130 31 131-XAL1-FOOMOO-230 56 231-MBL1-FOQM75-130
7 131-8AR1~F10M0O0-130 32 131-XAL1-FOOM75-130 57 231-MBL1-FOO0M10-130
8 DISCARDED 33 131-XALI-FOOM75-230 58 331~MBL1-FQOM10-130
9 131-SAR1-FOOM75-130 34 131-XARZ-FOOMDO-130 59 331-MBLI-FQOM75-130
10 131-3AL1-F00M0OG-130 35 131-XAR2-FO0OMC0-230 . 60 131-MBL1-F10M0O0-130
11 131-SAL1-F10MG0-130 36 131-XARZ~FQOM75-130 61 131-MBL1~F10M75-138
12 131-SAR1~F10M75-130 37 131~XAR2-FOOM75-230 62 131-MBL1-F10M10-130
13 131-SAL1-FOOM75-130 38 131-XAR2-FOOMO0~330 63 231-MBL1-F10M00-130
14 151—53L1—F10M75-130 39 131-XARZ2-FOOMO0~430 64 231-MBL1-F10M75-130
15 131-XALi~-FOOMOO-130 40 131-XAR2-FOOMOC~530 65 231-MBL1-F10M10~130
16 131-XAL1-F10M75-130 41 131-XARZ-FO0OM75-330 113 331-MBL:=-F10M00-130
17 131-XaLl-FQ0-MOQ-130 42 131-XARZ~FQ0OM75-430 67 331~MBL1-F10M75-130
18 131-XAL1~-F10M75-130 43 131-XARZ2-FOOM75-530 68 331-MBL1~FIQM1{=130
19 111-AAL1~-FOOMLIO-128 44 131-XAL1-FOOMO0~330 69 131-MBL1-F20M00-130
20 111-BAL1-FOOM10-128 45 131-%¥AL1-FOOM00-430 Y 131-MRL1-F20M75-130
21 111-MALI-FOOM10-128 46 131-XAL1-FOOMOD-530 71 131-MBL1-F20M10-130
22 131-MBL1-FCOMO0-130 47 131-XAL1-FOOM75-330 T2 231-MBLi-F20M00-130
23 331-MBL1-FOOQOMO0-130 48 131-XAL1-FOOM75~430 73 231-MBL1-F20M75-130
24 131-MBL1-F30M0G-130 49 131-¥AL1-FOOMT5-530 74 231-MBL1-F20M10~130
25 331-MBL1-F30M00-130 50 231-MBL1-FOOMO0-130 75 331-MBL1-F20M00-130

* See Figure 1
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Table 3.1. Mixes considered in this research program (continued ...)

No. Mix ID Code = No. Mix ID Code ~ No. Mix ID Code =
76 231-MBL1-F20M75-130 101 112-XAR1-FOOMO0-130 126 131 -%AL1-F20M00-130
77 331-MBL1-F20M30-130 ] 102 ° | 112-XARXI-F20M00-130 127 131-XAL1-F20M75-130
78 131~MBL1-F30M75-130 103 112-XAR1-F20M00~130 128 131-XAR2-FOOMOO-130
75 131-MBL1-F30Mi0-130 | 104 * | 112-XAR1-FOOM75-130 129 131 -XAR2-FOOM75-130
80 Z31-MBL:-F30M75-130 105 112-XBR1-FOOM75-130 i30 131-XARZ-F20M00-130
81 231-MBLI~F30M10-130 106l” 112-%XAR1-F20M75-130 131 T31-KARZ-F20M75~130
82 331-MBL1-F30M75-130 107 112-XAR1-FZ0M75-130 132 131-XAL2-FO0OMO0-130
83 331-MBLI-F30M10-130 108 131-XARI1-FOOM00-130 133 T31-XAL2-FOOM75-130
B4 131-%BRZ2-FOOMOD~-130 109 132-XAR1I-FO0OMO0-130 134 131-%AL2-F20M00~130
85 131-¥BR2-FO0M15.130 110 T31-%XAR1-FZ0M00-130 135 131-XAL2-F20M75-130
86 131-XBR2-F30M00-130 111 132-%AR1-FZ20M00-130 136 131-XAG2-F0OM00-139
87 131-XBRZ-F30M15-130 112 T31-XaR1-FOOM75~-130 137 131-XAG2-FOOM75-130
88 331-XBRZ-FOOMOD-130 113 132-XER1-FOOM75~130 138 131-¥AGZ-F20M00-130
ag 331-XBRZ-FOOM15-130 114 131-XARL-F20M75-130 139 131-%¥BG2-F20M75-130
90 331-XBR2-F30M0C-130 115 132-XAR1-F20M75~130 140 131-MBLi-FO0M15-130
91 331-XBRZ-F30M15-130 | 116 @' | 131-XAR1-FOOMO0O-130 141 131 -MBL1-FOOMOO-130
92 131-SAGL-FOOMO0-130 § 117 7 | 132-XARR1-FOOMOO-130 142 131-MBL1-FOOM15-130
93 131-SAGL-F10M00-130 | 118 * | 131-XAR1-F20M00-130
94 T31-SAGI-FOOMI5-130 | 219 ' | 132-XAR1-F20M00-130
95 T31-SAGi-F1OM75-130 | 120 ' | 131-XAR1-FOOM75-130
96 131-XAG1-FOOMG0-130 | 321 " | 132-XARI-FOOM75-130
97 131-XBG1-F10M00-130 | 122 " | 131-XAR1-F20M75-130
98 T31-XAGL-FOOM75-130 | 123 ' | 132-XAR1-F20M75-130
99 131-XAG1-F10M75-130 124 131-XAL1-F00M00~130

160 ¥ | 112-XAR1-FOOMOD-1320 125 131-¥AL1-FOOMT75-13C

* See Figure 1

# Heat-cured at 120 °F (50 °C)
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Table 3.2. High-range water reducers (HRWR) used

Type & Brand of HRWR

Propaerties

HRWR #1

ASTM C 494 Type A and F; HRWR

Aqueous solution of a modified naphthalene sulfonate.
% Solids: 40%

specific Gravity: 1.20

Manufacturer's Recommended Dosage: 6-20 oz/cwt (4-13 mi/kg)

HRWR #2

ASTM C 494 Type A and F; BRWR

Melamine formaldehyde-based water soluble polymer.
% Solids: 33%

Specific Gravity: 1.20

Manufacturer’'s Recommended Dosage: 6-30 oz/cwt (4-20 ml/kg)

HRWR #3

ASTM C 494 Type F; HEWR

Water-soliuble sulphonated naphthalene condensate.
% Solids: 42%

Specific Gravity: 1.20

Manufacturer’'s Recommended Dosage: 6-18 oz/cwt (4-12 ml/kg)

HRWR #4

ASTM C 494 Type D and G; EBRWR

Based on sodium salits of an unsaturated carboxylic acid and the
hydroxyalkyl ester of such acids.

% Solids: 22%
Specific Gravity: 1.11

Manufacturer’s Recommended Dosage: 6-18 oz/cwt {4-12 ml/kg}

HRWR #5

ASTM C 494 Type & and F; HRWR

Combination of & water-soluble anionic melamine polyceondensate and
a naphthalene condensate. ’

% Solids: 39%
Specific Gravity: 1.23

Manufacturer’s Recommended Dosage: $-25 oz/cwt (4-16 ml/kq)
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Table 3.3. Chemical and physical properties of portland cements used in this study based on

the cement manufacturer’s laboratory reports.

Brand #1 Brand #2

Type I Type 11T Type I Type IIT
5i0; % 21.4 z2l.6 20.52 20.47
Al,03 % 5.0 5.5 4.56 4.54
Fez03 % 2.2 2.3 z2.22 2.28
Ca0 % 64.2 64.1 63.95 63.98
MgO % 2.2 2.0 2.47 2.62
30: % 3.3 3.4 2.99 3.33
Loss on Igniticn % 0.73 c.75 1.01 0.88
Na,C Equivalent % 0.45 0.51 .40 .37
CaS % 52 47 62.1 61.6
C3h % i0 11 8.3 8.2
Fineness (Blaine) m"/kg 362 513 366 581
Set (Gillmore):
* Initial (hr:min) 3:00 2:20 2:30 2:10
* Final {(hr:min) 4:55 4:10 4:50 3:50 -
autoclave expansion % 0.010 0.43 0.011 0.012
Air content % 6.8 7.3 5.1 7.7
Insoluble Residue 0.13 0.14 0.32 0.30
Compressive strength
* 1l-day, psi - 4,110 2,210 3,705
* 3-day, psi 3,720 5,180 3,960 4,810
* 7-day, psi 4,870 - 5,100 5,675
* 28~day, psi - - 6,630 -
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Table 3.4. Chemical and physical properties of the ASTM C 618 Class C fly ash used in this

study based on the fly ash supplier laboratory report.

Chemical and Physical Analysis Fly ash used ASTM C 618
Class C
1. Chemical Analysis

5i02 % 33.74
Bi,03 % 22.44

Fes03 % 6.04

(Si02+A1203+F6203) % 62.22 50.0 Min
503 % 1.57 5.0 Max
Ca0 % 28.47
Molsture content % 0.13 3.0 Max
Loss on ignition % 0.37 6.0 Max
Available alkalies, as Na,0 % 1,46 1.5 Max

2. Physical Analysis

Fineness:

Amount retained when wet-sieved on No. 325 (45 um) sieve % 16.93 34 Max
Specific gravity 2.70

Soundness:

Autoclave expansion or contracticn, % -0.033 0.8 Max
Strength activity index:

With portland cement, at 7-days, % of control 100,87 75 Min
With portland cement, at 28-days, % of control 102.87 75 Min
Water requirement, % of control 94.6 105 Max

Table 3.5. Chemical and physical properties of the dry densified and slurry silica fume used In

this study based on the silica fume supplier laboratory reports.

Silica Fume Used

Dry Densified Slurry ASTM C 1240
510z % 94.5 to 96.5 95.26 85.0, min
Ca0 % 0.36 c.40 -
Al;0: % 0.35 0.32 -
Fez0s 0.144 0.14 -
MgO % 0.120 0.27 -
Loss on Ignition % 2.5 to 4.00 2.94 6.0, max
Moisture Content % 0.20 te 0.50 Na 3.0, max
Total Alkali Metal % 0.50 0.57 1.50, max
+45 Micron - 1.59 10, max
PH - 6.34 -
Solids % - 53.98 -

55




Gradation of Aggregate
{(Figures 3.2 to 3.9)

A: Gradation A

B: Gradaticon B

{M: Gradation M

8: Standard Gradation

X: As Received Gradation

Type of Cement
{Table 3.3}

1: Type I

3: Type III

"13iI-MBL1-F30M15-130

fypa & Source of Coarse Rggregate
(Figures 3.2 to 3.9)

Gl: Granite #1

G2: Granite #2

L1: Limestone #1

L2: Limestone #2

R1: Round River Gravel

R2: Partially Crushed River Gravel

% Silica Fume
{Table 3.5)

MOC: 0%

M75: 7.5%

M10: 10%

M15: 15%

Water-Cementitious
Materiala Ratio

28: 0.28
30: 0.30

32: 0.32

Type & Brand of HRWR

{Table 3.2}
% Fly ash : HRWR #1
{Table 3.4) . HRWR #2
F00: 0% : HRWR #3
P10: 10% HRWR $4
F20: 20% HRWR #5
F30: 30%

Coarse~to-Fine Aggregate Ratio

A: 1.5
B: 2.0

Brand of Cement
{Table 3.3)
1: Brand #1

|2: Brand #2

Total Cementitious Materials Contaent

1: 750 1b/yd® (445 kg/w’)
2: 850 1b/yd® (505 kg/m’)
3: 950 lb/yd® (565 kg/m’)

Figure 3.1. Notation used in the mix identification codes.
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CHAPTER 4
LITERATURE REVIEW:
EFFECTS OF SOME OF THE TEST PARAMETERS ON THE
COMPRESSIVE STRENGTH TEST RESULTS

4.1 General

Although in many practical cases characteristics other than strength of concrete may be
of more importance (e.g. durability, impermeability, etc.), strength test results usually provide
an overall picture of the concrete quality. While strength test results are directly related to the
structure of the hardened cement paste, they are also significantly affected by other factors

involving the test specimen.

Part of this research program was devoted to the study of some of the factors that may
have an effect on strength test results. These parameters included mold size, mold material,
and specimen end condition. The results from this part of the study were used by the author to
narrow the parameters used in other parts of the study, and also to correlate the results from

this study with published results from other studies with different test setups.

4.2 Effect of Specimen Size

In the United States, 6 x 12 in. (150 x 300 mm.) cylinders have been used as standard

specimen for testing concrete since 1921 when ASTM adopted a tentative standard test method
for measuring compressive strength of concrete (ASTM C 39-21T). Today most concrete
suppliers and precast/prestressed plants have testing machines with a nominal compressive
capacity of approximately 250,000 Ib. (1,100 kN). This correlates with maximum compressive
strengths of 8,800 psi for 6 x 12 in. (60.7 MPa for 150 x 300 mm) cylinders and 19,900 psi
for 4 x 8 in. (137 MPa for 100 x 200 mm) cylinders. The limitation on the capacity of existing
testing machines has led companies to use 4 x 8 in. (100 x 200 mm) cylinders. Smaller size
cylinders have the added advantage of easier fabrication, bandling and transportation, smaller

required storage space, and less concrete and capping compound required to fabricate test
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specimens [Janak 1985]. However, in general, smaller size cylinders are more susceptible to
damage due to mishandling and can only be used when the nominal maximum size of the

coarse aggregate does not exceed 1 inch [Malhotra 1 976, Janak 1985].

A general tendency that compressive strengths of standard 6 x 12 in. (150 x 300 mm)
cylinders are lower than those of 4 x 8 in. (100 x 200 mm) cylinders has been pointed out by
several researchers, (see Table 4.1). However, the results are not consistent. At least two
studies reported that 6 x 12 in. (150 x 300 mm.) high strength concrete specimens resulted in
higher compressive strength values than companion 4 x 8 in. (100 x 200 mm) specimens
[Carrasquillo and Carrasquillo 1986; Radain et al. 1993]. .Many studies have attributed the
differences in strength between the two sizes of cylinders to the influence of specimen
dimension and shape. However, particularly with high strength concrete, there are studies
suggestiﬂg measured strengths are also affected by the manner in which the specimens are
fabricated, cured, and ioaded [Hester 1980] as well as the type of coarse aggregate used in

concrete [SHRP 1993].

Some studies have suggested that when 4 x 8 in. (100 x 200 mm) cylinders are used in
measuring compressive strength of concrete, an increased number of smaller specimens should
be used in order to provide comparable precision [Tucker 1941, 1945; Malhotra 1976, Hester
1980]. This is contrary to the view expressed by others that no significant dispersion of resuits
are observed when testing smaller specimens /[Moreno 1990; Lessard et al. 1993]. It has also
been suggested that the difference in the strength of two sizes of specimens increases with
increase in the strength level of concrete [Malhotra 1976; Janak 1985]. Researchers have been
urged to clearly indicate the size, shape, methods of fabrication and testing of specimens
considered in any reported results [Lessard et al. 1993]. The following represent some of the
studies that have been conducted on the effect of specimen size on compressive strength test
results. Table 4.1 summarizes compressive strength conversion factors reported by different

sources.
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[Gonnerman 1925]: Harrison F. Gonnerman of the Lewis Institute was among the
earliest researchers who investigated the relative compressive strength of different forms of test
specimens (cylinders, cubes and prisms of different sizes) when compared with the
compressive strength of standard 6 x 12 in. (150 x 300 mm) cylinders from the same concrete.
His investigation comprised compressive strength tests on 1,755 concietc specimens with 28-
day compressive strengths of 6 x 12 in. (150 x 300 mm) cylinders ranging from 1,200 to 4,680
psi (8.3 to 32.3 MPa). He concluded that for cylinders with length equal to 2 diameters, lower
strengths were generally observed with the larger cylinders, however, the decrease in strength
with increasing size of cylinder was not significant for diameters under 6 in. (150 mm). For
example, for the case of 4 x 8 in. (100 x 200 mm) specimens he found that the £, ./f,.,, ratio
was 1.01. He also recommended that the ratio of the cylinder diameter to the maximum size of

aggregate should not be less than 3.0.

[Tucker 1941, 1945]: John Tucker Jr. attempted to explain the effect of specimen size
on compressive strength test results theoretically. Based on the assumption that each test
specimen is made up of smaller elements with an inherent strength distribution, he studied two
models: a series model (the weakest-link theory) and a parallel model (the strength-summation
theory). In the weakest-link theory a specimen fails when the stress in any one of the
component elements is just sufficient to cause at least one element to fail. As Tucker stated in
this model it is not assumed that failure will necessarily occur in the element subjected to the
maximum stress but it may occur in a weaker element subjected to a lower stress level. In the
strength-summation theory the strength of the speci.meﬁ is equal to the sum of the strengths of

all the elements.

Using test data, Tucker concluded that the strength-summation theory better predicted
the effect of specimen size on compressive strength results. According to this theory: (i) the
compressive strength of geometricaily similar concrete cylinders (i.e. specimens having
constant length-diameter ratio) is independent of the diameter of the specimen; and (ii) the

standard deviation of the compressive strength test results increases with decrease in cylinder
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diameter; however, equal information is obtained if the summation of the cross-sectional area
of the cylinders of the two sizes are equal. Therefore to measure average compressive strength
of concrete using 4 x 8 in. (100 x 200 mm) specimens with the same precision as that obtained
when standard 6 x 12 in. (150 x 300 mm) specimens are used, 2.25 times more 4 x 8 in. (100

x 200 mm) cylinders are needed:

e USC, in*: (4.1-a)
Agpr = 977
Ay = 47
AgpolApg = Inldm = 2.25

o SI, mm? .1-b)
Ajspusm = 56257
Aygpun = 25007
A s/ Aroonzn = 56257m/25007 = 2.25

where
Agiz A sonson) = cross-sectional area of a 6 x 12 in. cylinder in?, (150 x 300 mm)
mm’
Age A ooe00) = cross-sectional area of a 4 x 8 in. cylinder in®, (100 x 200 mm)
2
mm-

[Price, 1951]: Walter H. Price of the United States Bureau of Reclamation has
published data regarding the influence of the specimen diameter on the 28-day compressive
strength for the same concrete tested in cylinders with diameters ranging between 2 and 36 in.
(51 and 914 mm) and with length/diameter ratios remaining constant at 2, Figure 4.1.
According to his results (Figure 4.1), the average 28-day compressive strength of 4 x 8 in.
(100 x 200 mm) cylindrical specimens is about 104 percent of the standard 6 x 12 in. (150 x
300 mm) cylinders. In another part of his study he reported practically the same compressive
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strength values for 10 and 22 in. (254 and 560 mm) diameter cores drilled from five year old
concrete test blocks. Based on these observations Price concluded that smaller diameter
cylinders may have a faster strength gain and that age may equalize the difference in
compressive strengths of geometrically similar specimens (specimens having constant length-

diameter ratio) of different diameters.

[Neville 1966]: Adam N. Neville suggested that the three most important variables
affecting compressive strength of a test specimen were its volume, its maximum lateral
dimension, and its ratio of height to lateral dimension. Based on this assumption Neville
suggested the following empirical equation to relate the strength of a specimen of any size and

shape to the strength of a standard 6 in. (150 mm} cube specimen:

e USC, psi: (4.2-a)
P/P; =[0.56+ (0.697d)/(h+ V/6h)]

o SI, MPa: (4.2-b)
P/P,s, =[0.56+ (0.697d)/(h+V/150R)]

where
P = strength of a specimen of any dimension, psi (MPa)
Ps (P;5) = strength the standard 6 in. cube specimen psi, (150 mm) MPa
d = specimen maximum lateral dimension, in. (mm)
V = volume of the specimen, in® (mm®)

h = specimen height, in. (mm)

Based on the above equation 4 x 8 in. (100 x 200 mm) cylinders test three percent
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higher than companion 6 x 12 in. (150 x 300 mm) cylinders:

P4:c8/P6 = P]goxggg/Pﬁg = 0.836 and
Py / Ps = Pisosson / Prso = 0.810  hence
Pos/ Pesz = Pisvuaon / Prsoesoo = 0.836/0.810 = 1.03 | 4.3)

[Malhotra 1976]: V. M. Malhotra compared the relative strength of 4 x 8 in. (100 x
200 mm) concrete cylinders with the strength of companion 6 x 12 in. (150 x 300 mm)
cylinders from a variety of mixes available to CANMET (Canada Center for Mineral and
Energy Technology) during a period of several years. A comparative study was conducted on
parallel sets of specimens at ages of 3 to 218 days. The 28-day compressive strengths of
concretes investigated were in the range of 1,000 to 6,000 psi (6.9 to 41.4 MPa). Malhotra
concluded that: (i) the compressive strengths of 4 x 8 in. (100 x 200 mm) cylinders were
higher than those of 6 x 12 in. (150 x 300 mm) cylinders; however, at low strength levels the
reverse may be true; (ii) the difference in the strength of two sizes of cylinders increases with
increase in the strength level of concrete; (iii) considerably more than twice the number of 4 x
8 in. (100 x 200 mm) cylinders (as suggested by Tucker’s strength-summation theory [Tucker
1941, 1945]) must be tested for each 6 x 12 in. (150 x 300 mm) cylinder to gain the same

degree of precision.

Malhotra reported values between 0.84 to 1.32 for the ratio of the strengths of 4 x 8 in.
(100 x 200 mm) concrete cylinders to those of 6 x 12 in. (150 x 300 mm) cylinders at 28 days.
He suggested that the use of 4 x 8 in. (100 x 200 mm) cylinders will not result in any technical
advantages or savings in testing costs. He stated that due to their smaller size and weight, 4 x 8
in. (100 x 200 mm) cylinders are more open to abuse at the construction sites, and the cost of
testing will increase if more specimens are to be tested to gain equal precision. However, he
stated that on projects staffed with competent guality control personnel, the 4 x & in. (100 x

200 mm) cylinder can be satisfactorily used for overall production control.
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[Hester 1980]: Weston T. Hester reported the results of a critical review of the
contemporary testing procedures for high-strength concrete. In his report he concluded that the
observed differences between the measured strengths of nonstandard (i.e., other than 6 x 12 in.
(150 x 300 mm) cylinders) and standard specimens are not only influenced by specimen shape
and dimensions but, particularly with high-strength concrete, are affected by the manner in
which the specimen is fabricated, cured, and loaded in compression. Hester recommended
exclusive use of vertically cast 6 x 12 in. (150 x 300 mm) cylinders. He pointed to the
interaction of test specimen with the testing machine at the platen-specimen interface and
argued that “short” specimens (i.e., less than 6 in. (150 mm) high in the loading axis) will
develop a non-uniform distribution of stress throughout their height, but the “long” specimens
(e.g., 6 x 12 in. (150 x 300 mm) cylinder) will develop a more uniform compressive stress
distribution and rupture at the specimen mid-height. Hester urged meticulous attention to the
proper functioning of the test equipment, compliance of the test specimen with appropriate
specifications, and increased number of specimens to gain comparable levels of precision if

nonstandard specimens are used for testing.

[Carrasquillo, Nilson, and Slate 1981]: Carrasquillo et al. have stated that the average
ratio of compressive strengths of 4 X 8 in. (100 x 200 mm) concrete cylinders to 6 x 12 in.
(150 x 300 mm) concrete cylinders is about 1.11 regardless of compressive strength level or
age at testing. Compressive strengths of concretes investigated ranged from about 3,000 to
11,000 psi (20.7 to 75.9 MPa). In a separate study later on 6,000 to 14,500 psi (41 to 100
MPa) high-strength concrete [Carrasquillo and Carrasquillo 1988], Carrasquillo made a
different conclusion and reported that strength of 4 x 8 in. (100 x 200 mm) cylinders are

approximately 93 percent of companion 6 x 12 in. (150 x 300 mm) cylinders.

[Janak 1985]: Karl J. Janak conducted a comparative study of compressive strengths of
4 x 8 in. (100 x 200 mm) versus 6 x 12 in. (150 x 300 mm) concrete cylinders for the
Materials and Tests Division of Texas SDHPT (Texas State Department of Highways and
Public Transportation). In this study, concrete cylinders from 22 different mix designs, made
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with a variety of cement, aggregate and admixture types and brands, with 28-day, 6 x 12 in.
(150 x 300 mm) cylinder compressive strengths in the range of 6,000 to 10,000 psi (41.4 to
69.0 MPa) were investigated. Comparisons were conducted at ages of 7, 14, 28 and 56 days.
For the entire data, the relationship between compressive strengths of 4 x 8 in. (100 x 200
mm) and 6 x 12 in. (150 x 300 mm) cylindrical specimens was plotted. Based on that plot the
compressive strengths of 4 x 8 in. (100 x 200 mm) cylinders and 6 X 12 in. (150 x 300 mm)

cylinders were related according to the following equation:

o USC, psi: fog = 1.0%5,, - 456 “.4-a)
o SL MPa: fipam = 1.0 50300 - 3-14 (4.4-b)

Janak concluded that (i) 4 x 8 in. (100 x 200 mm) cylinders tested slightly higher than 6
x 12 in. (150 x 300 mm) cylinders; (i) the difference in the compressive strength of the two
sizes of cylinders increased with an increase in the strength level of concrete; and (iii) the
difference in the compressive strength of the two sizes of cylinders was not significant for
compressive strength levels of up to 10,000 psi (69.0 MPa). Janak found the 4 x8in. (100 x
200 mm) cylinders were satisfactory for compressive strength determination of concretes up to

10,000 psi (69.0 MPa), the maximum concrete compressive strength investigated in this study.

Janak suggested that the replacement of the 6 x 12 in. (150 x 300 mm) cylinders by
smaller 4 x 8 in. (100 x 200 mm) cylinders may be advantageous in'that : (1) smaller cylinders
are easier to fabricate, handle and transport; (2) smaller storage space is required by smaller
cylinders; and (3) less concrete and capping compound is needed to make and test concrete
specimens. However, he noted the susceptibility to mishandling due to its smaller size and the
1 inch (25.4 mm) limit on maximum size of aggregate in concrete as disadvantages of the use

of 4 x 8 in. (100 x 200 mm) cylinders.

[Peterman and Carrasquillo 1986]: Peterman et al. reported the results from their

study of the effects of specimen size on compressive strength. The range in compressive
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strengths of the concretes investigated was 7,000 to 11,000 psi (48.3 to 75.9 MPa). In this
study, 4 x 8 in. (100 x 200 mm) cylinders always yielded higher compressive strength results
than companion 6 x 12 in. (150 x 300 mm) specimens when cast in molds made of the same
material. They concluded that, for specimens cast in steel molds, 4 x 8 in. (100 x 200 mm)
cylinders can result in compressive sirength values of between 10 to 15 percent higher than 6 x

12 in. (150 x 300 mm) concrete cylinders of the same batch.

[Carrasquillo and Carrasquillo 1988]: Carrasquillo et al. reported the results of a
tesearch program for the study of the various quality control procedures as applied to high-
strength concrete. Among the variables studied was the effect of test specimen size on
compressive strength of concrete having compressive strengths ranging from 6,000 to 14,500
psi (41.4 to 100 MPa). Their results indicated that on average, compressive strength test
results from 4 x 8 in. (100 x 200 mm) cylinders were approximately 93 percent of those from 6
x 12 (150 x 300 mm) concrete cylinders. This conclusion differs from conclusions of two
earlier investigations conducted by one of the authors [Carrasquillo et al. 1981, Peterman et

al. 1986].

[Howard and Leatham 1989]: Howard et al. have reported the results of comparative
tests between 4 x 8 in. (100 x 200 mm) and 6 x 12 in. (150 x 300 mm) cylinders on mock-ups
of the Two Union Square Building in Seattle, Washington. The range of compressive strengths
of the concretes investigated was approximately 10,000 to 17,000 psi (69.0 to 121 MPa)
measured on 6 x 12 in. (150 x 300 mm) standard cylinders. Concrete specimens were cast in
both plastic and steel molds and were either rodded, vibrated, or filled without compaction.
Concrete cylinders received three different curing conditions: ambient cure, moist room, or
lime-saturated water bath. They reported that although more sensitive to abuse, the 4 x 8 in.
(100 x 200 mm) cylinders cast in steel molds and rodded by hand yielded the highest and most
consistent results. Based on a figure published in their paper, compressive strengths of 4 X 8
in. (100 x 200 mm) cylinders and 6 x 12 in. (150 x 300 mm) cylinders were related according

to the following equation:
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o USC, psi: fs = 1.09s,; - 150 4.5-a)
e SI, MPa: ﬁoaczm = 1.09_]‘}5&300 - 1.04 (4-5'b)

[Moreno 1990]: Jaime Moreno reported the results from comparative tests between two
parallel sets of 4 x 8 in. (100 x 200 mm) 12,000 and 14,000 psi (82.8 and 96.6 MPa) concrete
cylinders to standard 6 x 12 in. (150 x 300 mm) cylinders from concreie delivered to 225 W.
Wacker Drive Project, Chicago. Reported results indicate almost identical (3.4% and 3.8%)
within-test coefficient of variations on 6 x 12 in. (150 x 300 mm) and 4 x 8 in. (100 x 200 mm)
cylinders. In this stady, 4 x 8 in. (100 x 200 mm) cylinders exhibited strengths which were
101 percent of those from 6 x 12 in. (150 x 300 mm) specimens.

[Burg and Ost 1992]: Burg et al. reported the results from the first 19 months of a
three year study of engineering propérties of high-strength concrete conducted at Construction
Technology Laboratories (CTL), Skokie, Illinois. Compressive strengths of 6 x 12 in. (150 x
300 mm) cylinders from six concrete mixes with 28-day compressive strengths in the range of
11,400 to 17,250 psi (78.6 to 119 MPa) were compared to companion 4 x 8 in. (100 x 200
mm) cylinders. They reported good general agreement for the strength of the two specimen
sizes with 4 x 8 in. (100 x 200 mm) cylinders yielding strength values within about one percent
of those determined from 6 x 12 in. (150 x 300 mm) cylinders. They concluded that 4 x 8 in.
(100 x 200 mm) cylinders are an acceptable substitute for 6 x 12 in. (150 x 300 mm) cylinders

at least for developmental work.

[Lessard, Chaallal, and Aitcin 1993]: Lessard et al. tested and compared compressive
strength test results from 18 pairs of 6 x 12 in. (150 x 300 mm) and 4 x 8 in. (100 x 200 mm)
specimens from 10 different high-strength concrete mixes. The 28- and 91-day compressive
strengths of 6 x 12 in. (150 x 300 mm) cylinders considered ranged from 10,500 to 15,700 psi
(72.4 to 108 MPa) and 14,000 to 17,000 psi (96.6 to 117 MPa) respectively. They concluded

that the average conversion factor fue/far> (romaoe!fisone) Was 1.05. Contrary to the view that
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the dispersion of results is larger for smaller specimens, results from this study showed almost
identical within-test coefficient of variation when sets of three 6 x 12 in. (150 x 300 mm) and 4
x 8 in. (100 x 200 mm) specimens from the same concrete mix were tested. They urged

researchers to clearly indicate the diameter of specimens considered in any reported results.

[Novokshchenov 1993]: Vladimir Novokshchenov reported the results of a study on the
effects of various factors on the compressive strength of high-strength concrete. As a part of
this study, Novokshchenov compared compressive strength test results from two sets of4x8
in. (100 x 200 mm) and 6 x 12 in. (150 x 300 mm) concrete cylinders. One set of specimens
was subjected to standard moist-curing condition and the specimens were tested at 7, 28 and 56
days. The second set was air-cured at 55 percent relative humidity and approximately 74 °F (23
°C) for 56 days and then tested. Compressive strength of the air-cured 6 x 12 in. (150 x 300
mim) cylinders at 56 days was reported to be 18,000 psi (124 MPa). According to this study,
regardless of curing conditions, the average strength of 4 x 8 in. (100 x 200 mm) cylinders was
higher than that of 6 x 12 in. (150 x 300 mm) cylinders. For moist-cured specimens, age at
testing did not have any significant effect on difference in strength of the two sizes of
specimens, and the difference in strength due to specimen size did not exceed 3 percent. The
difference in compressive strengths for air-cured cylinders was reported to be about 7.2

percent.

[Radain, Samman, and Wafa 1993]: Radain et al. reported higher compressive
strength test results (approximately‘z percent higher) for 6 x 12 in. (150 x 300 mm) cylinders
when compared to values obtained by testing 4 x 8 in. (100 x 200 mm) cylinders. They tested
specimens from twenty concrete mixes with 28-day compressive strengths between 5,770 to

13,000 psi (39.8 to 89.7 MPa) as measured on standard 6 x 12 in. (150 x 300 mm) cylinders.

[Tomosawa, Noguchi, and Onoyama 1993]: Tomosawa et al. reported results from an
experimental investigation conducted in Japan by University of Tokyo and the Building

Research Institute of the Ministry of Construction on the effects of various parameters on
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compressive strength results of high-strength concrete. The range of compressive strengths of
concretes investigated was 5,800 to 17,400 psi (40.0 to 120 MPa). The study covered many
factors that may affect the test results. Among them was the specimen size effect. Tomosawa et
al. reported increases of 2 to 9 percent in compressive strength of high-strength concrete when
the size of specimens decreased from 6 x 12 in. (150 x 300 mm) to 4 x 8 in. (100 x 200 mm).
In this study the coefficients of variation of compressive strength of high-strength concretes fell
within the rage of approximately 5 percent regardless of the specimen size, and tended to

decrease as the specimen size increased.

[Day and Haque 1993]: Day et al. published the results of a study on the influence of
specimen size on the measured compressive strengths of concrete. Comparison was made
between compressive strengths of 3 x 6 in. (75 x 150 mm) and 6 x 12 in. (150 x 300 mm)
cylindrical specimens. In order to substantiate their findings, they also included the results of
strength comparison between 3 x 6 in. (75 x 150 mm) and 4 x 8 in. (100 x 200 mm) cylinders
with those of standard 6 x 12 in. (150 x 300 mm) specimens available in the literature from
other sources (Date and Schnormeier). The conclusions indicated that for concretes with
compressive strengths less than 7,250 psi (50.0 MPa) there was a statistical equivalence
between strength measured on 6 in. (150 mm) diameter cylinders and that measured on 3or4
in. (75 or 100 mm) diameter cylinders. They also stated that the confidence interval for
prediction of large-cylinder strengths from small-cylinder tests increased with increase in the

strength level of concrete.

[Strategic Highway Research Program “SHRP” 1993]: Results from strength
comparisons between 4 x 8 in. (100 x 200 mm) and 6 x 12 in. (150 x 300 mm) cylinders for
HPC (high-performance concrete) have been published in a series of SHRP documents. SHRP
classifies HPC into the following three categories: (1) very early strength concrete (VES); (2)
high early strength concrete (HES); and (3) very high strength concrete (VHS). VES concrete
is defined as concrete that will achieve a minimum compressive strength of 2,000 psi (13.8

MP3) in 6 hours or 2,500 psi (17.2 MPa) in 4 hours (VES concrete options A and B
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respectively). HES concrete is defined as concrete that will achieve a minimum compressive
strength of 5,000 psi (34.5 MPa) in 24 hours. VHS concrete is defined as concrete that will
achieve a minimum compressive strength of 10,000 psi (69.0 MPa) in 28 days. All above
categories shall meet the minimum durability factor of 80% after 300 cycles of freezing and
thawing according to ASTM C666, Procedure A. It was concluded thaf the ratio of 4 x 8 in.
(100 x 200 mm) cylinder strength to 6 x 12 in. (150 x 300 mm) cylinder strength varies with
the type of coarse aggregate used. Values for fi,s/fi12 (Fromao/fisos00) Were between 1.06-1.49
for VES (A), 1.18-1.35 for VES (B), 0.95-1.11 for HES, and 1.02-1.10 for VHS concretes.
For the coarse aggregates studied, the ratio of fy.s/fs.12 (Fooan/fisos00) Was lowest for concrete
made with a marine mar] and highest for concrete made with crushed granite. Concretes made
with round gravel produced lower ratios for fio/fs.r2 (Frooe00/fis0300) than concretes made with

dense limestone.

4.3 Effect of Mold Material

Availability, ease of use and other advantages offered by single-use molds (plastic, tin,

or cardboard) have made them a practical mold option for the concrete construction industry.
In addition ASTM C 470, “Standard Specification for Molds for Forming Concrete Test
Cylinders Vertically”, does not explicitly require that a consistent type of mold be used for a
particular series of tests. In fact it is common practice to use reusable rigid steel molds for
laboratory prepared concretes and single-use plastic molds for field specimens. As an example,
Burgess et al., reporting on the use of high strength concrete for the Willows Bridge, indicated
that while all specimens were made in tin molds, cast iron molds wére used in the preparation
of specimens for final acceptance testing /Burgess et al. 1970]. As a result, it is advantageous
and of interest to compare and find a relation between the compressive strength test results
obtained from concrete cylinders cast in single-use molds and those obtained from companion

cylinders cast in heavy-gauge reusable steel molds.

The following section presents a brief review of the results from some of the published

research conducted in this area.
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[Hester 1980]: Hester reported the results of a critical review of the contemporary
testing procedures for high-strength concrete. In his report he recommended use of rigid,

reusable steel molds to maximize measured strengths and minimize variations.

Hester also presented results from a limited study on the comparison of the compressive
strengths of concrete specimens cast in steel, tin molds, new plastic molds, and plastic molds
after multiple (approximately 20) reuses. He showed that the specimens cast in steel molds
achieved approximately 6 percent higher strengths than those cast in tin molds. Hester also
reported that the specimens cast in steel molds produced about 13 percent higher compressive
strengths than those cast in new single-use plastic molds. Strengths of specimens cast in plastic

molds were further reduced with reuse of the mold as it became more flexible.

[Peterman and Carrasquillo 1986]: Peterman et al. reported the results from their
study on the effects of mold type on 28-day compressive strength test results from four high
strength concrete mixes. The 28-day compressive strengths of the concretes investigated
ranged from 8,000 to 11,000 psi (55.2 to 75.9 MPa). Both 4 x 8 in. (100 x 200 mm) and 6 x
12 in. (150 x 300 mm) cylindrical specimens were investigated. Based on the results from 4 x
8 in. (100 x 200 mm) specimens, concrete cast in steel molds always had higher compressive

strengths, than specimens made using cardboard.

For 6 x 12 in. (150 x 300 mm) specimens, concrete cast in steel molds were generally
stronger than those made in cardboard molds. Comparison of the compressive strength test
results between specimens made in plastic and steel molds was inconclusive. Table 4.2

summarizes their findings.

[Carrasquillo and Carrasquillo 1988]: Carrasquillo et al. reported the results of a
research program for the study of the various quality control procedures as applied to high-

strength concrete. Among the variables studied was the effect of mold material on compressive
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strength of concrete having compressive strengths ranging from 6,000 to 14,500 psi (41.4 to
100 MPa). Their results indicated that compressive strengths of 4 x 8 in. (100 x 200 mm)
cylinders were, on average, equal for specimens cast in steel, plastic, or cardboard molds. This
conclusion differs from conclusions made in a study reported by one of the authors [Peterman
and Carrasquillo 1986] where it was concluded that an increase in compressive strength of 10
percent can be expected when using same size cylinder molids made of steel rather than

cardboard.

For 6 x 12 in. (150 x 300 mm) specimens, the compressive strength of cylinders cast in
plastic molds was about 97 percent of cylinders cast in rigid steel molds. The more pronounced
effect of the mold material on larger specimens was attributed to the greater flexibility of a 6 x
12 in. (150 x 300 mm) plastic cylinder mold as opposed to a 4 x 8 in. (100 x 200 mm) plastic

or cardboard cylinder mold.

4.4 Effect of Specimen End Ceondition
When a concrete cylindrical specimen is tested for its compressive strength, expected

modes of failure can be classified into three general modes:

e Mode 1. Under normal conditions of test (i.e. with friction acting), the testing
machine platens restrain the lateral expansion of the concrete specimen and the
specimen assumes a barrel-like shape and at some load fails at its mid-height.

*  Mode 2: When the friction is eliminated, the specimen exhibits a uniform lateral
expansion along its entire height and eventually at some load splits vertically along
its full height.

e Mode 3: When the concrete is stronger than the cap, the cap fails first and the
failure of the test specimen starts at the ends of the cylinder. This mode of failure

leads to weak and scattered results in compression tests.
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It is reported that for a given concrete, compression tests with Mode 2 or Mode 3
failures produce test results lower than those obtained from Mode 1 failure [Neville 1975,

Tomosawa et al. 1993].

The limit on the compressive strength of commercially available sulfur-based capping
mortars has made researchers look for other practical options for end preparation of high
strength concrete specimens. A few alternative approaches for end preparation of high strength

concrete cylinders have been proposed:

1. Grinding the cylinder ends. This technique eliminates the need for capping and the
cylinders can be put in direct contact with the platens of the testing machine.

2. Use of an unbonded capping system. In this method the idea is to transfer the load

| from the testing machine platen to the concrete specimen through neoprene pads

placed in rigid steel retainer frames, as shown in Figure 2. The pads between the
concrete specimen and the retainer frames flow under compression to fill
irregularities in cylinder ends. In this system the pads may be reused several times
and the retainer frames are permanent. Pads with adequate hardness must be used to
prevent the pad from flowing out of the retaining frame during application of load.

3. Use of the sand-box system [Boulay and de Larrard 1993]. In this method a fine
siliceous clean dry sand is used in lieu of the neoprene pad in the unbonded capping
system. The concrete specimen is placed in a steel retainer frame partially filled
with sand and the space between the frame and the specimen is filled with molten
paraffin. After the paraffin is hardened the other end of the specimen is capped in

the same way.
Since capping the ends of cylindrical concrete specimens with sulfur mortars is an

accepted standard, it is important to establish a relationship between the test results obtained

from specimens with alternative end conditions to those obtained by using sulfur mortar. Once
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this relationship is established, the end preparation technique to be used, at any strength level,

shall be the one that economically provides the most consistent results.

In this research program, compressive strengths of specimens with ends ground or with
ends capped with unbonded neoprene caps were compared with the test results from specimens
capped with a high strength sulfur-based capping compound. In the following sections, results
from some of the studies on the effect of specimen end condition on strength test results of

high strength concrete are briefly presented.

[Ozyildirim 1985]: Célik Ozyildirim studied the feasibility of using unbonded neoprene
caps instead of sulfur-mortar caps in compressive strength tests of 438 pairs of 6 x 12 in. (150
x 300 mm) cylinders. Cylinders were cast from commercial batches and were moist cured until
tested at 14 days. The great majority of the 14-day compressive strength values ranged from
3,000 to 5,500 psi (20.7 to 37.9 MPa). The ncoprene pads used were 1/2 in. (13 mm) thick

and had a 50 durometer hardness.

Based on a statistical paired ? test, the difference between the two procedures was
determined to be statistically significant. However, Ozyildirim reported good correlation
between the results from the two test methods and concluded that for practical purposes the
differences in the values obtained by the two capping methods were negligible. In fact, the
largeét difference in compressive strength values between the two methods was found to be 108
psi (0.7 MPa). For the entire data, the average of all tests with the neoprene pads was only 55
psi (0.4 MPa) lower than the average for the cylinders capped with sulfur mortar.

[Carrasquillo and Carrasquillo 1988]: Carrasquillo et al. reported the results of a
comparative study on the compressive strength values of 6 x 12 in. (150 x 300 mm) high
strength concrete cylinders capped with a high strength sulfur mortar and those capped with
unbonded neoprene caps. Based on their study, for concrete strengths between 6,000 and

10,000 psi (41.4 and 70.0 MPa), specimens tested with unbonded caps produced 97 percent of
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the compressive strength values of companion specimens tested with high strength sulfur
mortar. However, for concrete strengths between 10,000 and 17,000 psi (70.0 and 117 MPa)
specimens tested with unbonded neoprene caps produced much higher compressive strength
values than those capped with high strength sulfur mortar. Insufficient strength of the sulfur
mortar at the time of the test and the reduction of the effective L/d ratio of the specimen due to
the flow of the neoprene pad, under load, into the space between the steel retainer frame and
the concrete specimen was presented by the authors as the probable causes for the observed

differences in test values at high compressive strength levels of concrete.

For all concrete strength levels, the within-test variations for tests using the unbonded

neoprene caps were lower than those using high strength sulfur mortar.

[Richardson 1990]: David N. Richardson studied the effects of both in-specification
and out-of-specification deviations on compressive strength test results of specimens with
unbonded neoprene caps versus those of specimens capped with the standard sulfur mortar. A
total of 127 pairs of 6 x 12 in. (150 x 300 mm) specimens from ten batches with compressive
strengths in the range of 3,500 to 6,000 psi (24.1 to 41.4 MPa) were investigated. Deviations
considered were: roughness of the cylinder end (bad finishing), air gap under cap (bad
capping), eccentric loading, inclined specimen ends, out-of-roundness of one end of the

specimen, and rate of loading.

Based on the results of this study Richardson concluded that, for the range of
compressive strengths considered, the unbonded neoprene cap system can be used as an
alternative to sulfur mortar caps if ASTM tolerances are followed for the test variables

included in the study.

[Pistilli and Willems 1993]: Pistilli et al. conducted a study on the effect of alternative
end-preparation methods on the measured compressive strength of high strength concrete.

Concrete with compressive strengths in the range of 3,000 to 18,000 psi (20.7 to 124 MPa)
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were used to compare compressive strength test results of specimens tested with sulfur caps
with those of specimens tested with an unbonded cap system. Both 6 x 12 in. (150 x 300 mm)

and 4 x 8 in. (100 x 200 mm) cylindrical specimens were included in their study.

Pistilli et al. concluded that for 6 x 12 in. (150 x 300 mm) specimens and concrete
strengths up to 8,000 psi (55.2 MPa) there was no significant difference between compressive
strengths of specimens tested with unbonded caps and those of companion specimens tested
with sulfur mortar. Likewise, there was no significant difference up 1o 13,000 psi (89.7 MPa)
for 4 x 8 in. (100 x 200 mm) specimens. Above these levels, specimens tested with the
unbonded cap system produced higher compressive strength values. The following two

equations were proposed to correlate compressive strengths obtained with sulfur mortar and

unbonded cap systems:

o TUSC, psi: (4.6-a)
f, = 0.76(f)"" for 6 x 12 in.
=0 45(f )% for 4x 8in.

L SI, MPa: (4.6'b)
f, = 0.90(f)" " for 150 x 300 mm
£, = 0.71(f)"* for 100 x 200 mm

where
f, = compressive strength of specimen measured with unbonded cap system, psi (MPa)

f, = compressive strength of specimen measured with sulfur mortar, psi (MPa)
[New RC Project: Tomosawa et al. 1993]: As part of a report on the method of

compressive strength testing of high strength concrete, Tomosawa et al. reported results of a

study on the effect of end preparation on compressive strengths of three 5,800, 11,600, and
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17,400 psi (40, 80 and 120 MPa) high strength concretes. The following are some of their

findings relevant to this section of the report:

1. Regardless of the strength level, all specimens with ground ends exhibited Mode 1
failure (cone). In the case of specimens capped with sulfur mortar, only specimens
of the 5,800 psi (40 MPa) strength level exhibited Mode 1 failure (cone). Specimens
from the two other strength levels exhibited Mode 2 failure (split).

2. Regardless of the strength level, all specimens with a 0.12 in. (3 mm) thick sulfur
mortar cap exhibited Mode 1 failure (cone). When the thickness of the cap was
increased to 0.39 in. (10 mm) only specimens from the 5,800 psi (40 MPa) concrete
exhibited Mode 1 failure (cone). Specimens from the two other strength levels
exhibited Mode 3 failure (failure started at ends).

3. Specimens with unbonded caps produced compressive strength test values
equivalent to those of specimens tested with ground ends. Exceptions were some of
the specimens from 5,800 psi (40 MPa) strength level, which showed a significant
loss in the compressive strength test results for the unbonded cap end condition.

4, The failure mode of the specimens tested with unbonded caps was either a localized

fracture at the ends of the specimen or a flexural fracture.

s

4.5 Concluding Remarks
High strength concretes are being more frequently utilized in structural applications and

therefore, there exists an increasing need for in-situ quality control of high strength concretes.
Availability, ease of use and other advantages offered by single-use plastic molds have made
them a practical mold option for the concrete construction industry. Limitation on the capacity
of the existing testing machines suggests the use of 4 x 8 in. (100 x 200 mm) concrete
cylinders instead of the standard 6 x 12 in. (150 x 300 mm) specimens. Also, the limit on
compressive strength of commercially available capping compounds makes it necessary to look

for other practical options for end preparation of high strength concrete specimens.
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Recently many researchers have focused on the effect of flexible single-use plastic
molds, the use of smaller size specimens, and alternative end conditions on compressive
strength test results of high strength concrete. Different relationships have been proposed to
correlate the compressive strengths of “nonstandard” specimens with those of “standard”
specimens. In some cases, these studies have reached different or conflicting conclusions about

the effect of these test parameters on compressive strength test results.

These variables were included in the investigation described herein (Sections 5.4-5.6).
In addition, the effect of specimen size on the modulus of elasticity and splitting tensile
strength test results of high strength concrete was studied (Sections 7.6 and 8.3.1). Very little

information is available in the literature on these latter effects.
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Table 4.1. Compressive strength conversion factors according to different sources

Year Source Concrete Conversion Factor
Strength, psi
1925 | Gonnerman 1,200 - 4,680 f 4y / E ex12 = 1.01
1961 RILEM 1,450 foaxs / E ex32 = i.03
1951 | Price (Bureau of Reclamation) - f 4ua / E exza = 1.04
1966 | Neville - faxs / £ ena = 1.03
1976 Malhotra 1,000 - 6,000 f axs / £ exaz = C.84 to 1.32
1981 | Carrasquillo, Nilson, Slate 3,000 - 11,000 f oaxs / £ sx1z = 1.11
1981 | Forstie and Schnormeier <2,870 f axs / £ sm2 < 1.0
3,050 foaxe / £ eaz > 1.0
6,950 £ oaxe / £ sz = 1.14
1984 Date and Schnormeier 3,500 - 5,200 f axs / £ exaz > 1.0
1985 Janak 6,231 - 9,988 £ oges = 1.09 £ gx12 — 456
1986 | Peterman and Carrasquillo 7,000 - 11,000 f axs / F eraz = 1.10 to 1.15
1988 | Carrasguillo and Carrasquillo 6,000 - 14,500 f oaxs / £ ex12 = 0.93
1989 Howard and Leatham 10,000 - 17,500 £ oaug = 1.0% £ gz — 150
1990 | Moreno 12,000 & 14,900 f axa / f ex1z = 1.0C1
1992 Burg and Ost 11,400 - 17, 250 f oqxa / £ ez = 1.01
1993 Lessard, Chaallal and Aitcin 10,500 - 17,000 f ogxs / £ exzz = 1,05
1993 Novcockshchenov 18,000 f ogus / F exzz = 1.03
moist-cured
foaxe / £ ex12 = 1.07
air-cured
1993 | Radain, Samman and Wafa 5,770 - 13,000 f oaxs / £ exiz = 0.98
1993 Tomosawa, Noguchi and Oncyama 5,800 - 17,400 f oawg / F ex12 = 1.02 to 1.09
1993 Day and Haque 2,900 - 5,800 f oagus ¥ £ w2z = 1.0
1993 SHEP:
Very Early Strength (VES): “A" 1,540 - 2,205 f oaws / F 6x12 = 1.06 to 1.49
Very Early Strength (VES}: “B” 1,670 - 2,670 £ sxa / f ex1z = 1.18 to 1.35
High Early Strength (HES} 4,300 - 6,370 f oaxg / £ ex12 = 0.95 to 1.11
Very High Strength (VHS) 7,910 - 12,230 fae / £ aaz =2.02 to 1.30
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Table 4.2. Comparison of the compressive strength test results of specimens made in plastlc

cardboard and steel molds [Peterman and Carrasquilio 1986].

Mold Size Strength Ratio Mix Q Mix R Mix 8 Mix T

4 x 8 in. Cardboard/Steel 0.88 .95 0.98 0.93
(100 x 200 mm)

6 x 12 in. Cardboard/Steel 0.96 1.02 0.95 0.9%
(150 x 300 mm) - ‘

6 x 12 in. Plastic/Steel 0.93 1.13 0.93 1.07
{150 x 300 mm)
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Figure 4.1. Effect of diameter of cylinder on compressive strength of concrete reported by
Price (1951). This shows the strength of a 4 in. (100 mm) diameter cylinder as being
approximately 104 % that of a 6 in. (150 mm) diameter cylinder.
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CHAPTER 5
TEST RESULTS: COMPRESSIVE STRENGTH

5.1 Test Machine

All compression tests, splitting tensile strength tests and modulus of rupture tests were

conducted using an MTS Model 810 Material Testing System. The system has a dual capacity
of 120,000 or 600,000 Ib. (534 or 2,670 kN), tension or compression, and can be programmed
to operate in either load or displacement control modes. The spherical bearing block of the
testing machine conformed to the requirements stated in ASTM C 39. The same bearing block
was used in all tests regardless of the type of test or the size of the specimens. Figure 5.1

shows a schematic sketch of the spherical bearing block used.

For compression tests, the load was continuously applied to the specimens, in a
dispiacenient meoede, by moving the top spherical bearing block at a rate of 0.05 in. (1.3 mm)
per minute. The splitting tensile strength tests and modulus of rupture tests were conducted
under the load control mode with the 120,000 Ib. (534 kN) capacity of the testing machine
selected. Splitting tensile strength of 4 x 8 in. (100 x 200 mm) cylinders and 6 x 12 in. (150 x
300 mm) cylinders were determined by loading the specimens at a rate of 7,540 Ib. (33.5 kN)
and 16,965 Ib. (75.5 kN) per minute respectively. The modulus of rupture specimens were
loaded at a rate of 1,800 1b. (8 kN) per minute. These loading rates corresponded to a stress
increase of 150 psi (1.03 MPa) per minute. The ASTM C 496 (Standard Test Method for
Splitting Tensile Strength of Cylindrical Concrete Specimens) and ASTM C 78 (Standard Test
Method for Flexural Strength of Concrete Using Simple Beam with Third-Point Loading)
specified ranges for loading rates were 100 to 200 psi (0.69 to 1.38 MPa) and 125 to 175 psi
(0.86 to 1.21 MPa) per minute respectively.

Detailed descriptions of the apparatus and the test procedures specific to each test are
provided in the chapters where the test results are discussed. Compressive strength test

apparatus, procedures and results are the focus of the present chapter. Test apparatus and
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procedures used to study modulus of elasticity and tensile strength of high strength concrete
specimens together with the discussion of the test results are presented in Chapters 7 and 8
respectively. Apparatus, test procedures, and results from the study of shrinkage and creep of
high strength concrete are described in Chapter 10. All of the experimental test data collected
during the course of this study are presented in Appendices A through F at the end of this

report.

5.2 Effect of Disturbance on Compressive Strength Test Results

Compressive strengths of undisturbed specimens were compared to those of disturbed
specimens, remanence from modulus of elasticity tests. During the tests for modulus of
clasticity, specimens were loaded to 50 percent of their ultimate stiength, as determined by
testing undisturbed (virgin) specimens. The study included both 4 x 8 in. (100 x 200 mm) and
6 x 12 in. (150 x 300 mm} cylindrical specimens from 98 high-strength concrete mixes cast

during the course of this research program.

Each value of compressive strength of disturbed specimens was paired with and then
plotted against the value of the compressive strength of companion undisturbed specimens.
_ These scatter diagrams are shown in Figures 5.2.5.4. In the case of 4 x 8 in. (100 x 200 mm)
specimens, data from total of 2,585 concrete cylinders (1,313 undisturbed and 1,272 disturbed)
with compressive strengths in the range of 6,000 to 19,500 psi (41.4 to 135 MPa) were used to
form a set of 711 pairs of data. Each element of the pairs was the average of between lto4
replicas. Similarly a set of 260 paired data for 6 x 12 1n (150 x 300 mm) specimens were
obtained by using data of compression tests on 744 concrete cylinders (376 undisturbed and
368 disturbed) with compressive strengths in the range of 5,500 to 16,000 psi (38.0 to 110
MPa). Each element of the pairs was average of between 1 to 3 replicas. Detailed information
on the compressive strengths of specimens considered, together with their mix numbers,
curing, age at testing and number of replicate specimens tested o obtain elements of each pair
of data are shown in Table 5.1 for 4 x 8 in. (100 x 200 mm) cylinders and in Table 5.2 for 6 x
12 in. (150 x 300 mm) cylinders.
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The pattern made by the test data on the scatter diagrams, shown in Figures 5.2-5.4,
strongly suggests a linear relationship between the two measured compressive strengths. The
points are scattered around the line of equality shown in the scatter diagrams. Regression

analysis was done on the test data to link the compressive strength of undisturbed and disturbed
specimens. The resulting equations for best-fit, zero-intercept, least-squares regression lines

for each of the three cases were:

e 4x8in: (5.1)
Jasturvet = 1- O unisturvea (R’ = 0.96)
e 6x12in.: (5.2)
Jiisursed = 0- 9 ndisturbea R’ = 0.94)
e All data: ‘ (5.3)
Jusurves = 1-O0f ngigurpe (R’ = 0.96)

where R’ is the coefficient of determination showing the strength of the relationship. It ranges

from O to 1, where 1 indicates a perfect relationship.

Figure 5.5 shows the approximately normal (bell-shaped) spread of the compressive
strength ratios of the undisturbed to disturbed specimens (f, s fasurses? fOT the entire set of
data. As a check on the normality of the strength ratio data, a normal probability plot for the
compressive strength ratios was constructed and is shown in Figure 5.6. It is a plot of the
compressive strength ratio data versus the values that would be obtained, on average, if the
data came from a normal population. This plot resembles an approximately straight line if the
data is from a normal population. The best-fit line through the points in the normal probability
plot of Figure 5.6 shows that the spread of the strength ratios is very close to normal
distribution. The best-fit line had a coefficient of determination (R?) of 0.98. Descriptive

statistics for the compressive strength ratios were computed and are shown in Table 5.3.
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Figures 5.2 through 5.6 together with Table 5.3 indicate that, regardless of the
specimen size, the compressive strengths of the high-strength concrete cylindrical specimens
were not significantly affected when specimens were once loaded to 50 percent of their
ultimate strength. The average value of the compressive strength ratios was approximately 1.00

(0.998) with a standard error of 0.0012.

When each element of a compressive strength data pair was the average of more than 2
replicate specimens the coefficient of variation of the compressive strength of both undisturbed
and disturbed specimens were calculated. In all, 618 data pairs for coefficient of variation of
compressive strength values were found and are compared in the scatter diagram of Figure 5.7.
As can be seen there is no clear difference between the coefficients of variation of the two sets
of specimens (undisturbed and disturbed), and the majority of the coefficient of variation
values for both sets of the specimens fell within the range of approximately O to 5%. For the
data shown in Figure 5.7, the means and the standard errors of the coefficients of variation
were 2.434 and 0.0877 for undisturbed specimens and 2.413 and 0.0868 for disturbed

specimens.

Based on this study, the specimens which were used once for determining modulus of
elasticity of concrete were tested for compressive strength and the result of disturbed and

undisturbed specimens, with no adjustment, were averaged, used, and reported.

5.3 Compressive Strength versus Time

American Concrete Institute Committee 209 [ACI 209 1971] has recommended the

following general expression for the time dependent strength of concrete:

o (Fd = [t/@+b)](f I za 6.4

where

(f’.), = compressive strength of concrete at any time ¢
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¢t = time in days from placing concrete

(f’):es = 28-day compressive strength of concrete
a = constant, (0.50< g <9.25)

b = constant, (0.67< b <0.98)

The following equations approximate time dependent strength of moist- and steam-

cured normal strength concretes made with Type I and Type LI portland cements /ACI 209

¢ Moist-cured concrete, Type I cement: (5.5)
('), = [t/(4.00+0.850)](f )54 .
e Moist-cured concrete, Type III cement: (5.6)
('), = [t/(2.304+0.920](F ) s,
e Steam-cured concrete, Type I cement: (5.7)
(), = [t/(1.00+0.95)](F ) 254 t
o Steam-cured concrete, Type 1II cement: (5.8)

() = [1/(0.70+0.989](f ) 20

A study of concrete strength versus time for all of the data collected during the course

of this study, resulted in the following equations:

+ Moist-cured concrete, Type I cement:

= All Mixes: (f’),=[t/(3.09+0.89)](.) 5 (5.9)

= Enough data was not available to compute reliable values for constants a and b for
special cases of Ref. mixes, FA mixes, SF mixes, and FA+ SF mixes individually.

e Moist-cured concrete, Type I1I cement:

= All Mixes: (f’.),=[t/(1.00+0.96)1(f".) s (5.10-a)
= Ref mixes: (), ={t/(0.89+0.97)](F ) s (5.10-b)
= FA mixes: (f’.),=[t/(3.76+0.860](F" ) sss (5.10-c)
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— SF mixes: (f),=[t/(1.04+0.968)](F ) s (5.10-d)
— FA+SF mixes:(f.),={t/(1.10+0.96)] (") as (5.10-¢)

Heat-cured concrete, Type I cement:

— All Mixes: (f’.),=[t/(0.15+0.9901(F ) s (5.11-a)
— Ref. mixes: (), =[t/(0.24+0.98)1(F ) a4 (5.11-b)
— FA mixes: (f.),=[t/(0.24+0.980](F ) s (5.11-c)
— SF mixes: (f'.),={[t/{0.09+0.99)](F" ) s, (5.11-d)
— FA-+SF mixes:(),=[t/(0.10+1.000]( ) s (5.11-¢)

Heat-cured concrete, Type I1I cement:

= All Mixes: (f’,),=Jt/(0.21+1.000J(f’ ) s (5.12-a)
= Ref. mixes: (), =[t/(0.28+0.99)](") s (5.12-b)
= FA mixes: (f’,),=[t/(0.28+0.990](F )2 (5.12-c)
= SF mixes: (f'.),=[t/(0.17+1.000](f ) (5.12-d)
= FA+SF mixes:(f'),=[t/(0.16+1.00](f )15 (5.12-¢)

These equations were derived by fitting a total of 865 observed values of ('), /(')
versus time in the general equation suggested by ACI Committee 209, using the method of
nonlinear least-square regression analysis. Total numbers of data points used to derive each
equation were 21 for moist-cured concrete Type I cement, 289 for moist-cured concrete Type
III cement, 32 for heat-cured concrete Type I cement, and 523 for heat-cured concrete Type III
cement respectively. All of the experimental data fell within about 20 percent of the predicted
values given by the equations derived for “All Mixes” in each case. The same level of accuracy

was reported for the equations suggested by ACI Committee 209 for normal strength concrete.

ACI 209 equations were compared with the derived equations from the experimental

data. The results from this comparison are summarized in Tables 5.4-A and 5.4-B.
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As expected the strength developed at early ages was higher for moist-cured concretes
made with rapid hardening portland cement (Type IIT) than for ordinary portland cement (Type
I). However, heat-cured high strength concrete specimens made with ordinary portland cement
and rapid-hardening portland cement had basically the same strength de{relopment rate. High
cement content and low water-to-cementitious material ratio used in the production of high
strength concrete leaves considerable amount of unhydrated cement particles in the hardened
concrete. When cement is not hydrated there is no difference between the use of ordinary and

rapid hardening portland cement.

It is seen that high early strengths were obtained by high strength concretes considered.
The portion of the 28-day compressive strength developed at early ages was significantly
higher for high strength concretes than for normal strength concretes. The only exception was
the case of moist-cured concretes containing fly ash where the strength development was
slower than for normal strength concfete. This behavior was not unexpected because the
pozzolanic reaction of fly ash takes place at a much slower rate than hydration of portland
cement. High ()’ (F)2s, Tatio, (1.16), of moist-cured fly ash concrete supports this
argument. Inclusion of fly ash did not affect strength development of heat-cured high strength

concrete because fly ash practically replaced unhydrated cement particles in the cement matrix.

Partial replacement of portland cement with silica fume, alone or in combination with
fly ash, on a 1 to 1 basis slightly increased early age strength development of heat-cured
specimens. Improved strength development of heat-cured silica fume concretes was attributed
to silica fume high reactivity (high surface area). Silica fume had no apparent effect on the

strength development of moist-cured high strength concretes at all ages.

As seen in Tables 5.4-A and 5.4-B, except for moist-cured fly ash concrete, the
(' )/(f ) s Tatios do not change significantly with time at later ages. In heat-cured specimens,
the limit on () /(f".),s, ratio is reached when the hydration process comes to a halt due to lack

of moisture, and therefore, there is no further improvement in quality of the cement matrix
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with time. In moist-cured specimens, the limited strength of the aggregate-cement matrix bond
or the limited strength of the aggregate itself, set a limit on (f",)/(f".) 25« Tatio. Improvement in
the quality of the cement matrix, in moist-cured fly ash concretes, is reflected in (") /(F" ) aas

ratios at later ages.

The reader is reminded of the difference between the steam-curing procedure (used by
ACI Comumittee 209) and heat-curing used throughout this study. Steam-curing provides a
favorable accelerated curing environment for concrete by providing both heat and moisture.
However, heat-curing as used in this study is basically application of dry heat to a sealed

specimen. This curing condition is less ideal and is assumed to be muore realistic.

Based on the studied experimental data, the following empirical equations are proposed
for predicting compressive strength at any time ¢ for the reference, silica fume and combination

fly ash/silica fume (FA+SF) mixes:

e Moist-cured concrete:

= Type I cement:

(), =1t/(3.09+0.89)](f ) sas (5:13-a)
= Type III cement: '
(), =[t/(1.00+0.960)](f )25 : (5.13-h)

¢ Heat-cured concrete:

= Type I cement:

(), =1t/(0.15-+0.99)]{f ) zs (5.14-a)
= Type III cement:
(f)=1t/(0.21+1.00)]{f" ) 24 (5.14-b)

The empirical equation to predict the compressive strength at any time ¢ for moist-cured

fly ash mixes made with Type III cement is proposed as:
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e Moist-cured concrete, Type III cement:
= FA mixes:
) =1t/(3.76+0.860)](f" ) 384 (5.15)

Note that these equations refer to average values only and are valid for high strength
concretes made and cured similar to the concretes studied in this research program. Change in
the water-to-cementitious material ratio of the mix, use of steam-curing, or replacement of
portland cement with pozzolans in levels which differ significantly from those used in this

study may affect substantially the strength-time relationships.

5.4 Effect of Specimen Size on Compressive Strength Test Results

Compressive strength of 4 x 8 in. (100 x 200 mm) cylinders: Compressive strength test
results of both 4 x 8 in. (100 x 200 mm) and the standard 6 x 12 in. (150 x 300 mm) high
strength concrete specimens were analyzed to determine the effect of the specimen size on the
strength test results. A total of 1,833 specimens formed 278 data pairs some of which were
compressive strengths of individual specimens while others were the average of replicate
specimens. Tables 5.5-5.7 provide detailed information on the compressive strengths of
specimens considered, together with their mix numbers, age at testing and number of replicate
specimens tested to obtain elements of each data pair, for each of the moist-cured and heat-

cured sets of specimens.

High strength concrete specimens considered were cast from 94 different batches, used
in this research program, and were made with different cementitious material compositions and
different aggregate types. All specimens were cast using plastic molds and were capped with a
high strength sulfur-based capping mortar. Heat-cured specimens were tested for compressive
strength at 1-, and 28-days. Moist-cured specimens were tested after 28-days of continuous

moist-curing in a lime-saturated water bath.
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Figure 5.8 shows the compressive strengths of 4 x 8 in. (100 x 200 mm) specimens
plotted as a function of the compressive strengths of the companion standard 6 x 12 in. (150 x
300 mm) specimens. The data presented in Figure 5.8 include test results from both heat-cured
and moist-cured high strength concrete specimens. Also shown in Figure 5.8 is the line of
equality. It is clearly seen that the average compressive strengths of both heat-cured and moist-
cured 6 x 12 in. (150 x 300 mm) cylinders were lower than those of companion 4 x 8 in. (100
x 200 mm) cylinders. The data also shows 2 linear relationship between the two measured
strengths. The linear correlation coefficient (r) for thé measured compressive strengths of 6 x
12 in. (150 x 300 mm) cylinders and the measured compressive strengths of companion 4 x 8
in. (100 x 200 mm) cylinders shown in Figure 5.8 was found to be 0.98 indicating a very
strong positive correlation between the two measured compressive strengths (a value of r = 1
is a perfect positive correlation). The equation for a best-fit, zero-intercept, least-squares

regression line for the data shown in Figure 5.8 was determined to be:

o USC, psi: fus = 1.07f5u2 (5.16-a)

To determine the effect of curing condition on the size effect, if any, the heat-cured and
the moist-cured data were analyzed separately. For heat-cured specimens the linear correlation
coefficient (7) for the data was found to be 0.98. The linear correlation coefficient (r) for
moist-cured specimens was slightly lower and was found to be 0.93. However, the same best-
fit zero-intercept least-squares regression line equation was obtained in both cases. Limited
strength of the capping compound, and not the curing condition, is believed to be the possible
cause for the less than perfect linear relationship between the two measured compressive
strengths in the case of the moist-cured specimens. As can be seen from Figure 5.8, the
compressive strengths of the 6 x 12 in. (150 x 300 mm) cylinders did not increase significantly
when the compressive strength of the companion 4 x 8 in. (100 x 200 mm) specimen exceeded
the 15,000 psi level. Results of this study, did not support the SHRP report [Strategic Highway
Research Program 1993] conclusion that the ratio of the 4 x 8 in. (100 x 200 mm) cylinder
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strength to 6 x 12 in. (150 x 300 mm) cylinder strength depends on the type of coarse

aggregate.

The histogram of the fi/fs;, strength ratios (fuan/fise00)» Shown in Figure 5.9,
resembles a normal distribution. Close agreement of the observed distribution of the strength
ratio values with a normal distribution was checked and verified by constructing the normal
probability plot, shown in Figure 5.10. The average value of the strength ratio for all data was
computed as 1.07 with a standard error of 0.002. Thus it can be conciuded that the
compressive strength measured using 4 x 8 in. (100 x 200 mm) specimens will on average, be

about 7% greater than that measured using 6 x 12 in. (150 x 300 mm) specimens.

When test results from two or more replicate specimens were used to generate each
element of a data pair, the coefficient of variation values for the compressive strengths of both
4 x 8 in. (100 x 200 mm) cylinders and 6 x 12 in. (150 x 300 mm) cylinders were computed
and compared. Figure 5.11 shows the coefficient of variation of compressive strength values
obtained from testing 4 x 8 in. (100 x 200 mm) cylinders versus those obtained from testing 6
x 12 in. (150 x 300 mm) cylinders. No distinct relationship between the ‘coefficients of
variations of the two cylinder sizes is observed. Table 5.8 gives the descriptive statistics of the
coefficient of variation of the compressive strength values for both sizes of cylinders for each
curing condition. As seen in Figure 5.11 and Table 5.8 the majority of the coefficient of
variation values for both sizes of specimens fell within the range of approximately 5%
regardless of the specimen size and-had a tendency to decrease with increase in the size of the
specimen. These findings agree with earlier findings of Tomosawa et al. and Lessard et al.

[Tomosawa et al 1993, Lessard et al. 1993].

Figures 5.12 and 5.13 show that the coefficient of variation of the compressive strength
values of the two sizes of cylinders do not have a clear systematic relationship with the

compressive strength of concrete.
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Compressive strength of 4 x 11 in. (100 x 280 mm) cylinders: According to ASTM
C31 or C192 compressive strength tests of hardened concrete must be performed on cylindrical
specimens with a length as close to twice the diameter as possible. Correction factors are
available in ASTM C42 for specimens with lengths 1 to 2 times the diameter. When the test
specimens do not have these relative dimensions, a curve such as the one suggested by the
U.S. Burean of Reclamation, shown in Figure 5.14, or an equation such as the one suggested
by Neville /Neville 1966], described in Section 4.2 of this report, may be used to correct
indicated strength so they will be comparable with those obtained from standard specimens.
Both the curve suggested by the U.S. Bureau of Reclamation and the equation suggested by
Neville were developed from tests on normal strength conéretes. Cylindrical high strength
concrete creep specimens used in this study had a 4 x 11 in. (100 x 280 mm) dimension with
L/D = 2.75 (ratio of length of cylinder to its diameter). In order to apply the sustained loads
during the creep tests with reasonable accuracy it was necessary to conduct a limited study on
the effect of change in specimen geometry (length/diameter ratio) on compressive strength of
high strength concrete specimens. The result was a relationship between compressive strengths
of 4 x 11 in. (100 x 280 mm) creep specimens with those of standard 6 x 12 in. (150 x 300
mm) specimens, Figure 5.15. Each data point shown in this figure is the average of the 1-day
compressive strengthé of two replicate heat-cured high strength concrete specimens made from
some of the mixes considered in this study. Figure 5.15 shows that the average compressive
strengths of 4 x 11 in. (100 x 280 mm) specimens were only slighily lower than those of
companion standard 6 x 12 in. (150 x 300 mm) cylinders. The least-squares regression line for

the data shown in Figure 5.15 was determined to be:

b USC, Psi: f;).‘ff = 0.98]:&]2 (5-17‘a)
o SI, MPa: fipms = 0-98fisouso0 (5.17-b)

Figure 5.14 and Neville’s equation suggest 0.97 and 0.96 values for the f;1/fsr
(F 100280/ Trsox00) Strength ratios respectively. Because the effect of the change in specimen

geometry was observed to be small, it was decided to use the compressive strength of the
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standard 6 x 12 in. (150 x 300 mm) specimens as the basis for computing the sustained loads

for the creep tests.

5.5 Effect of End Condition of the Test Specimen on Compressive Strength Test Results

Compressive strength test results of 4 x 8 in. (100 x 200 mm) high strength concrete
cylinders with three end conditions were compared. High strength concrete specimens
considered were either capped with a commercially available high strength sulfur-based
capping compound, capped with an unbonded capping system, or had ground ends. In all cases

both ends of the specimens (top and bottom) had similar end conditions.

Sulfur based capping: When the high strength sulfur-based capping compound was
used, the capping procedures specified by ASTM C 617, Standard Practice for Capping
Cylindrical Concrete Specimens, were closely followed. An automatic temperature control
capping compound melting pot was used to melt “Hi-Cap ™ high strength capping
compound. This particular capping compound is distributed by Forney Inc., Wampum, PA,
and according to its manufacturer is suitable for use with high strength concrete up to 16,000
psi (110 MPa). The ideal melting temperature for this capping compound was 265 °F (130 °C).
Significant loss of strength was observed when melting temperatures exceeded approximately
280 °F (138 °C). To assure maximum cap strength, all the test specimens were capped at least
1-day in advance. Moist-cured specimens were returned to the curing tank after capping the

specimen.

Unbonded capping (neoprene pad) system: Figure 5.16 shows a schematic sketch and
dimensions of the unbonded cap system used in this study. Each cap consisted of a steel
retainer frame and a flexible neoprene pad. The steel retainer frames had no seams or welds
and were machined from one piece. The inside and outside bearing surfaces of the retainer
frames were plane within 0.002 in. (0.05 mum). The pads had a durometer hardness of 70, were
flat on both sides and fit snugly into the retainer frames. A schematic diagram of the concrete

specimen with the unbonded capping system is shown in Figure 5.17. During a uniaxial
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compressive test, the pads between the concrete specimen and the steel retainer frames flow
under compression and provide uniform load by filling irregularities in specimen ends. After

each test, the pads were blown with compressed air and wiped clean.

Ground ends: Before grinding the ends of the high strength concrete cylinders, a thin
slice, approximately 1/8 in. (3 mm), was cut from the troweled end of the specimens. This
reduced the grinding time significantly while the length to diameter ratio (L/d) ratio was still
within ASTM C 39 specifications. A manually controlled industrial surface grinder was then
used to grind both ends of the specimens. Saw cutting and grinding of the ends of the
specimens were done with a “FELKER DI-MET” saw, made by Felker Mfg. Co., Torrance,
CA, and a surface grinding machine made by K.O. Lee Company of Aberdeen, SD. The saw
was equipped with a 14 in. (356 mm) diameter, 0.075 in. (1.9 mm) thick diamond saw blade.
The blade and the sample were kept cool during the saw cutting process by a constant stream
of water. The surface grinding machine had a precision of removing 0.001 in. (0.025 mm) per
pass. The grinding wheel and the surface of the specimen were kept cool by a constant stream
of a 2% solution of “Hi-D $973” (coolant and antirust solution). The ground specimens were

washed with plain tap water upon completion of the grinding process.

Compressive strength test results from 360 4 x 8 in. (100 x 200 mm) specimens formed
a total of 42 data pairs used in this part of the study. Concrete specimens were made from 21
high strength concrete batches mixed at the early stages of this research program and had
compressive strengths in the range‘of 8,500 to 15,800 psi (58.6 to 109 MPa). Tables 5.9 and
5.10 provide detailed information on the compressive strengths of specimens considered,
together with their mix numbers, curing condition, age at testing, and number of replicate

specimens tested to obtain elements of each data pait.

The two scatter diagrams shown in Figures 5.18 and 5.19 give a graphical presentation
of the compressive strength test results of the specimens tested with the unbonded cap system

and ground ends versus those of specimens capped with the high strength sulfur-based capping
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compound. Also shown in Figures 5.18 and 5.19 is the line of equality. The data in both
scatter diagrams clearly are clustered around the line of equality. This observation was verified
when the equations for zero-intercept best fitting lines through both sets of data were computed

using the least-square regression method:

o Figure 5.18:  fioree = 1.0If,,  (R* = 0.96) (5.18)
o Figure 5.19:  foou = 1.0If,, (R = 0.98) (5.19)

where R’ is the coefficient of determination showing the strength of the relationship.
Therefore, for the range of compressive strengths considered in this part of the study, the
compressive strengths of ground cylinders and concrete cylinders tested with the unbonded cap
system were only slightly higher than those of concrete cylinders capped with a high strength
sulfur-based capping compound. However, the grinding process is costly and the advantage
obtained by grinding both ends is insignificant (about 1%). Grinding should be used as the last
resort when high strength concrete with compressive strengths up to 15,500 psi (107 MPa) are

being tested.

The coefficient of variation of the compressive strengths of cylinders tested with the
unbonded cap system and ground ends were also compared with the coefficient of variation of
the compressive strengths of cylinders with capped ends using a high strength sulfur-based
capping compound, Figures 5.20 and 5.21. Table 5.11 gives the descriptive statistics for the
coefficients of variation of the compressive strength for both cases considered (unbonded cap
versus sulfur cap and ground ends versus sulfur cap). It is seen that on average, the coefficients
of variation of the compressive strength test results were lower for specimens with ground ends
and the unbonded cap system than those of specimens tested with the high strength sulfur-based
capping compound. Similar observations about variability of the compressive strength test data

were also reported by Pistelli et al. (1993).
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In addition to the compressive strength values, the type of break of high strength
concrete specimens of different end conditions were also recorded. In general, most of the
breaks for specimens capped with the high strength sulfur-based capping compound and
specimens with ground ends were shear or double-cone type failure. The failure of the
specimens tested with the unbonded cap system, depending on the strength of the concrete, was
either a localized fracture at the ends of the specimen or at the higher strength levels, complete
shattering of the specimen upon failure. While shattering of specimens was also observed in
some specimens tested with the high strength sulfur-based capping compound, shattering of the
specimens tested with unbonded cap systems was 1more frequent and happened at lower
concrete strength levels. The stored energy in the flexible pads developed during the
compressive strength tests of high strength concrete is believed to be the cause of the more

frequent cases of violent failure of specimens tested with unbonded cap systems.

5.6 Effect of Mold Material on Compressive Strength Test Results
Table 5.12 shows compressive strength data, that were collected during the course of

the study, for 6 x 12 in. (150 x 300 mm) high strength concrete specimens cast in heavy-gauge
reusable steel molds and single-use plastic molds. A total of 8 data pairs were formed by
testing the compressive strengths of 42 high strength concrete specimens. Each element of a
data pair, as is shown in Table 5.12, was the average of 2 to 4 replicate specimens. Figure
5.22 shows the compressive strengths of high strength concrete specimens cast in single-use
plastic molds versus those of companion specimens cast in heavy-gauge reusable steel molds.
As can be seen in the figure, the compressive strength 'of the high strength concrete decreased
when specimens were cast in single-use plastic molds. For the data pairs considered, on
average the change in compressive sirength was 236 psi. The minus sign indicates that this
change was negative, so compressive strength decreased on average when single-use plastic

molds were used. The equation for a zero-intercept best fit line through the data was
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determined to be:
o 6x12in.:fupe = 0.97 e (R = 0.98) (5.20)

where

foasic = compressive strength of specimens cast in single-use plastic molds, psi (MPa)

f.. = compressive strength of specimens cast in heavy-gauge reusable steel molds,
psi (MPa)
R = coefficient of determination, showing the strength of the relationship.

Figure 5.23 shows a comparison of the coefficient of variation of the compressive
strength values associated with the two mold materials. It is seen that, on average, the
coefficient of variation of compressive strength increased when high strength concrete
specimens were cast in single-use pléstic molds. For the data considered, the average increase
in the coefficient of variation of compressive strength test results, due to the use of single-use

plastic molds, was 2.82% with a 95% confidence interval of -0.64 % to 6.29%.

Flexibility of the plastic molds, in general, results in convexity of one end and out of
roundness of the other end of the test specimen. The rigid steel molds will deform less during
consolidation and result in more compacted specimens. Regular use of steel molds, however, is

cumbersome and expensive and its benefit does not warrant its use in routine testing.

Other researchers have reported that the mold material has a more pronounced effect for the
larger cylinder sizes. Carrasquillo et al. (1988) reported equal compressive strength values for
4 x 8 in. (100 x 200 mm) specimens cast in steel, plastic or cardboard molds. The results of
their study on the effect of mold material on 6 x 12 in. (150 x 300 mm) specimens was quite

consistent with the results reported in the present study.
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5.7 Effect of e of High-Range Water Reducers WR or Superplasticizers) on
Compressive Strength Test Results

The use of high-range water reducers in the production of concrete can either improve
the strength of concrete at a given workability, by allowing less water to be used, or reduce
quantities of both water and cement used to produce concrete of a given strength and
workability. When high-range water reducers are used in high dosages, such as 1 to 4 gal./yd’
(5 - 20 1/m®) required in the production of high strength concrete with low water-to-
cementitious material ratios, unexpected behaviors such as entrainment of excessive amount of
large air bubbles, loss of entrained air, over retardation, rapid slump loss, severe segregation,
etc. due to incompatibility between cement and high-range water reducer (usually referred to as

“cement-superplasticizer incompatibility™) may be experienced [Aircin et al. 1994].

In order to avoid problems associated with the cement-superplasticizer combination, a
study was made of five commercially available high-range water reducers used in high strength
concrete mixes made with the selected cement for this project (ASTM C 150 Type III, Brand
1). The high-range water reducers selected were supplied in aqueous solution and represented
those used by local precast manufacturers. Pertinent properties for the high-range water

reducers considered are given in Table 5.13.

To investigate the effect of superplasticizers, a total of 360 4 x 8 in. (100 x 200 mm)
cylinders from 20 high strength concrete mixes (Mix No. 30 to Mix No. 49) made with two
different types of coarse aggregates (high absorption limestone “L1” and partially crushed
river gravel “R2”) were prepared and tested at 1, 14 and 28-days of age. The high strength
concrete mixes were designed for a nominal cementitious material content of 750 Ib/yd® (445
ke/m®), and ASTM Type III (Brand 1) cement. In ten of the mixes considered, 7.5% of the
total weight of the cementitious materjal content was replaced by silica fume. A sufficient
amount of superplasticizer, up to a maximum of 35 oz./cwt (23 ml/kg), was added to obtain a
target slump in the range of 4 to 6 in. (100 to 150 mm). Both heat-cured and moist-cured

specimens were studied in this part of the research program.
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Except for high strength concrete mixes made with high-range water reducer No. 4
which experienced almost immediate slump loss, all other high-range water reducers provided
expected workability, minimal bleeding and performed satisfactorily as a fluidifying agent.
Rapid slump loss of high strength concrete mixes made with high-range water reducer No. 4
was a clear case of a cement-superplasticizer incompatibility because it happened with all

coarse aggregates and cementitious material compositions considered.

Compressive strength development of high strength concrete mixes made with all five
of the high-range water reducers considered and for both curing conditions are showil in
Figures 5.26 through 5.31. Data are presented in Table 5.14. Each point represents the
average of three 4 x 8 in. (100 x 200 mm) cylinders capped with a high strength sulfur-based
capping compound. Figures 5.24 through 5.27 show the test results for high strength concrete
mixes made with the high absorption limestone while Figures 5.28 through 5.31 show the

results of high strength concrete mixes made with the partially crushed river gravel.

Practically, for all combinations of cementitious material composition and curing
condition, the high strength concretes made with high-range water reducer No. 1 resulted in
the highest compressive strength at all ages. There were only a few exceptions for which the
compressive strength of high strength concretes made with the high-range water reducer No. 1
was slightly lower than the maximum values obtained. Table 5.14 also shows the compressive
strength development of all high strength concrete mixes expressed as a percentage of the
compressive strength of the high strength concrete mixes made with the high-range water

reducer No. 1 at equal ages and similar curing conditions.

In mixes with 7.5% silica fume, high-range water reducers No. 2 and No. 3 resulted in
compressive strengths close to those of high strength concrete mixes containing high-range
water reducer No. 1. On average, in mixes with 7.5% silica fume, compressive strengths of

specimens made with high-range water reducers No. 2 and No. 3 were 96% and 98% of
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compressive strengths of companion specimens made with high-range water reducer No. 1.
For reference mixes, these percentages were calculated to be 91% for both high-range water

reducers No. 2 and No. 3.

Extreme difficulty was experienced during consolidation of specimens cast from high
strength concrete mixes made with high-range water reducer No. 4, due to their rapid slump
loss. On average, compressive strengths of specimens cast from high strength concrete mixes
made with high-range water reducer No. 4 were 78% of the compressive strength of
companion specimens cast from high strength concrete mixes made with high-range water

reducer No. 1.

High strength concrete mixes made with high-range water reducer No. 5 produced
compressive strength test results lower than those of companion specimens from high strength
concrete mixes made with high-range water reducer No. 3. It is interesting to note that the
compressive strength gain of high strength concrete mixes made with this high-range water
reducer depended on the type of coarse aggregate used in the mix. When high-range water
reducer No. 5 was used in high étrength concrete mixes with limestone as coarse aggregate, its
28-day compressive strength results were apprdximately 92% of companion specimens made
with high-range water reducer No. 1. This percentage reduced to 83 % when this high-range
water reducer was used in high strength concrete mixes made with partially crushed river

gravel.

Results from this part of the study suggest that in order to gain the most benefit and
avoid serious problems from incorporation of high-range water reducers, prior to their actual
use in any full-scale field project, the user should investigate compatibility of the candidate
admixtures with all the cementitious materials, and other constituents under conditions to be
expected on the job site. In addition, the selection of high-range water reducers not only should
be based on their effect on the properties of the fresh concrete but also should include the

effect of the high-range water reducer on the long term properties of concrete as well.
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Based on the results of this part of the study high-range water reducer No. 1 was

selected and used for all other high strength concrete mixes used in this research program.

5.8 Effect of Type of Coarse Aggregate on Compressive Strength Test Results
Table 5.15 shows the effect of aggregate type on compressive strength of high strength

concrete mixes. In comparing the compressive strength of concrete made with crushed
limestone (L1 and 1.2) versus round river gravel (R1), the concrete made with limestone
aggregate achieved higher compressive strengths. Crushed limestone particles showed a very
strong bond with cement paste, and the plane of fracture in the limestone concrete crossed
through many coarse aggregate particles. In contrast, the smooth surface of round river gravel
particles resulted in a relatively poor bond with cement paste, and the plane of fracture passed
around all but the smaller coarse aggregate particles. Compressive strengths of the mixes using
granite (G2) and partially crushed river gravel (R2) were between those of the limestone and
the round river gravel mixes. The partially crushed river gravel mix failures were attributed to
the flaky physical nature of the aggregate. Detailed discussion on the effect of the type of
coarse aggregate on compressive strength of high strength concrete mixes made with different

cementitious material compositions is presented in Sections 9.2 and 12.4 of this report.

5.9 Concluding Remarks

A number of parameters were studied in relation to the compressive strength of high
strength concrete. To increase the database of specimens used to investigate compressive
strength, an investigation was conducted to determine whether compressive strength data
obtained from the modulus of elasticity test specimens (specimens loaded to 50% of ultimate
compressive strength, unloaded, and subsequently loaded to ultimate compressive strength)
could be included in the database. It was concluded that the compressive strength data from
the modulus of elasticity test specimens could be included in the database with no modification

to their results.
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Empirical equations were developed to describe the compressive strength gain with time
of the high strength concrete mixes. The results showed that the high strength concrete mixes
investigated in this study achieved higher proportions of their respective 28-day compressive
strengths at earlier ages relative to those predicted by American Concrete Institute Committee
209 [ACT 209 1971] relations. The reverse trend was observed at later ages with the exception
of moist-cured fly ash specimens. That is, the high strength concrete mixes developed
compressive strengths at later ages, relative to their respective 28-day compressive strengths,

that were lower than those predicted by the ACI 209 fACT 209 1971] relations.

A pilot investigation was conducted to investigate the effect of specimen size, end
condition, and mold material on compressive strength. The compressive strengths of 4 x 8 in.
(100 x 200 mm) specimens were seven percent greater than those of corresponding 6 x 12 in.
{150 x 300 mm) specimens; whereas the compressive strengths of 4 x 11 in. (100 x 280 mm)
specimens were comparable to their 6 x 12 in. (150 x 300 mm) counterparts. Relative to the
specimens capped with a commercially available high strength sulfur-based capping compound,
a one- percent increase in compressive strength was observed both for specimens capped with
neoprene pads and for specimens with the ground end condition. Using the manual rodding
technique for consolidation, specimens cast in plastic molds had compressive strengths, which

were approximately three percent less than those observed for specimens cast in steel molds.

The effect of type and brand of high range water reducers (HRWRs) on compressive
strength were also studied. A total of five different HRWRs were investigated using twenty
mixes (reference and silica fume mixes) with two different curing conditions and tested at
different ages (1-,14-,and 28-day). The HRWRs were found to have a significant impact on
both the fresh and hardened concrete. Before producing high strength concrete, it is
recommended that pilot tests be conducted to test the compatibility of the HRWR with other

mix ingredients.
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders.

No. Cure Age Fundisturbed n STD Lot gtarbad n STD Diff, Ratioc
psi psi psi psi psi

22 H 1 10979 3 43 10533 2 392 446 1.04
22 H 28 13808 3 947 14121 2 105 -313 0.98
23 H 28 12930 3 247 13381 2 24 -451 0.97
24 H 28 10980 3 210 10967 2 277 13 1.00
25 H 1 8442 3 111 8174 2 135 267 1.03
25 H 28 10028 3 242 10046 2 20 ~-18 1.00
26 H 1 12073 3 713 12388 2 30 -314 0.97
26 ] 28 13691 3 284 14140 2 172 -450 0.97
27 H 1 10297 2 43 10320 2 408 w23 1.00
27 H 28 11329 3 364 11738 2 327 -410 0.97
28 H 1 7298 3 259 7334 2 169 -36 1.00
28 H 28 B913 3 78 9201 1 -288 0.97
29 H 1 8682 3 1885 8413 2 398 269 1.03
29 H 28 10417 3 185 10156 2 68 262 1.03
50 B 1 9870 4 135 10108 1 -238 0.98
50 B 28 12299 3 184 12187 2 395 103 1.01
51 H 1 7722 3 267 7947 2 300 -225 0.97
51 H 28 10147 2 154 9888 2 95 259 1.03
51 H 182 10519 1 10271 2 82 247 1.02
52 H 1 11244 3 62 11247 2 165 -2 1.00
52 1 28 13104 3 116 12994 2 78 110 1.01
52 H 182 11960 1 12631 2 368 -671 0.95
53 H 1 6083 3 232 6252 2 354 -170 0.97
53 H 28 8900 3 183 8B19 2 223 a1 1.01
53 H 182 8733 1 8513 2 196 220 1.03
54 H 1 11310 3 283 11359 2 41 -49 1.00
54 H 28 13416 2 487 14302 2 523 -886 0.94
54 B 182 13231 1 13562 2 1] -332 0.98
54 W28 182 14773 1 14868 1 -95 0.99
55 H 1 10471 3 148 14511 2 1589 -41 1.00
55 H 28 11956 2 311 12818 2 10 -862 0.93
55 H 182 11029 1 11323 2 51 -294 .97
55 W28 182 13135 1 12376 i 759 1.06
56 H 1 11088 3 183 11278 2 108 -180 0.98
56 H 28 13006 3 50 12987 2 439 19 1.00
56 H 182 11932 1 12259 2 17 -327 0.97
56 W28 182 14028 1 13718 1 310 1.02
57 H 1 11006 3 13 11065 2 287 -60 0.99
57 H 28 12497 3 404 12111 2 105 386 1.03
57 R 182 11284 1 11834 2 3 -550 0.95
58 B 1 11349 2 263 11416 2 236 ~67 0.99
58 H 28 12680 3 140 12744 2 257 -64 1.00
58 H 182 12008 i3 12225 2 186 -217 0.98
58 w28 182 14162 1 12997 1 1165 1.09
59 H 1 11136 3 82 10989 2 327 147 1.01
59 H 28 12589 3 115 12739 2 1006 -150 .99
59 H 182 11860 1 11746 2 257 115 1.01
60 H 1 9198 3 210 9389 2 98 -1982 0.98
60 H 28 11388 3 492 11810 2 37 ~423 0.9%
60 H 182 11512 1 11249 1 263 1.02
61 H 1 10024 3 131 10077 2 111 -53 0.99
61 H 28 12061 3 261 11879 2 1107 181 1.02
61 H 182 11416 1 11980 2 101 -563 0.95
62 H i 10827 3 466 11034 2 257 -207 0.98
62 H 28 12483 3 225 12815 2 54 -333 0.97

n = pnomber of replicate specimens tested

STD = sample standard deviation (n > 1}

Diff. = fundisturbed — Ldisturbed

Ratio = fundisturbed / Edisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Lunds sturbed n STD L34 gturbad n sSTD Diff. Ratio
psi psi psi psi psi

62 B 182 12724 1 13266 2 64 -542 0.96
€3 H 1 9893 3 274 10492 2 78 -599 0.9%4
63 B 28 11402 3 331 12116 2 145 -714 0.94
63 H 182 11335 1 11540 2 34 —205 0.98
64 H 1 10297 2 71 1171¢ 2 10 -1413 0.88
64 H 28 13133 2 98 12985 2 341 148 1.01
64 H 182 12424 1 12533 2 61 -110 0.99
64 W28 182 15068 1 14505 1 563 1.04
65 H 1 10571 2 230 12419 2 317 ~1848 0.85
65 H 28 13551 2 174 13804 2 527 -252 0.98
65 H 182 13522 1 13054 2 243 468 1.04
65 W28 182 15618 1 15317 1 301 1.02
66 H 1 9514 3 271 9393 2 9 120 1.01
66 H 28 12354 2 341 11805 2 685 549 1.05
66 H 182 11898 1 11481 2 199 418 1.04
66 W28 182 15061 1 15331 1 =271 0.98
67 H 1 10908 3 368 10480 2 378 428 1.04
67 H 28 11970 2 540 12414 2 27 -444 0.96
67 H 182 11855 1 11276 2 326 579 1.05
67 w28 182 13913 1 13947 1 -33 1.00
68 H 1 10366 3 153 11089 2 179 =123 0.93
68 H 28 12815 3 385 12868 2 68. -53 1.00
68 H 182 12285 1 11839 2 91 446 1.04
68 w28 182 14992 1 14405 2 14 587 1,04
69 H 1 8349 3 103 8984 2 564 -634 0.93
69 H 28 11710 2 118 11585 2 253 115 1.01
69 H 182 11034 1 10805 2 560 228 1.02
69 wz2e 182 13350 1 13374 2 290 -24 1.00
70 H 1 11244 3 67 11559 2 270 =315 0.97
70 H 28 12293 3 404 12175 2 34 118 1.01
70 H 182 12328 i 12794 2 246 ~466 0.9%6
71 H 1 10487 3 218 10460 2 374 27 1.00
71 H 28 11944 3 406 12049 2 152 -105 0.99
71 H 182 12185 1 12020 2 294 165 1.01
71 W2s 182 14004 i 14486 1 -482 0.97
72 H 1 3003 3 466 9478 2 296 -474 0.95
72 H 28 10924 3 215 10695 2 20 229 1.02
72 H 182 10657 1 10815 2 344 -158 0.99
72 w2 182 13675 1 14276 1 -602 0.%6
73 H 1 9734 3 459 10528 2 128 -794 0.92
73 H 28 13028 3 526 13094 2 179 ~66 0.99
73 H 182 13140 1 13159 2 47 ~19 1.00
73 W28 182 16028 1 15370 1 659 1.04
74 H 1 9853 3 256 10098 2 371 -245 0.98
74 H 28 13265 3 170 12579 2 125 686 1.05
74 H 182 13030 1 12920 2 432 110 1.0:
74 wW2e 182 15040 1 14916 1 124 1.01
75 H 1 9580 3 238 10034 2 17 -454 0.95
75 H 28 11266 3 17 11292 2 203 -26" 1.00
75 H 182 11626 1 11189 2 436 437 1.04
75 w28 182 14844 1 14672 1 172 1.01
76 H 1 9868 3 363 10163 2 152 -295 0.97
76 H 28 11834 2 118 11559 2 162 275 1.02
76 H 182 11473 1 11755 2 88 -282 0.98
76 W28 182 13837 1 14663 2 108 ~-826 0.94

n = number of replicate specimens tested

STD = sample standard deviation (n > 1)

Diff. = fundisturbed — ZLdisturbed

Ratio = fundisturbed / ELdisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Lundisturbad n STD Laisturbad n STD Diff. Ratio
psi psi psi psi psi
77 H 1 10757 3 101 10523 2 0 234 1.02
77 H 28 11796 2 98 11686 2 64 110 1.01
77 H 182 11547 2 294 11707 2 41 ~160 0.99
77 W28 182 14329 1 15432 1 -1103 .93
78 H 1 10215 3 74 9969 2 7 245 1.02
78 H 28 11400 3 106 11607 2 81 -207 0.98
78 H 182 12314 1 12066 1 248 1.02
79 H 1 10628 3 54 10573 2 233 55 1.01
79 H 28 11490 2 30 11574 2 95 -84 0.99
79 H 182 11879 1 12116 2 321 ~-236 0.98
79 W28 182 14926 1 14720 1 205 1.01
80 H 1 10324 3 191 10447 2 520 ~123 0.99
80 H 28 11672 3 228 11600 2 192 72 1.01
80 H 182 12132 i 11996 2 246 136 1.01
80 W28 182 13698 1 12142 1 1557 1.13
81 H 1 10323 3 84 10325 2 105 -2 1.00
81 H 28 11450 3 78 11414 2 91 36 1.00
81 H 182 11397 1 11550 2 169 -153 0.99
81 W28 182 13436 1 13197 1 239 1.02
g2 B 1 8658 3 117 8714 2 34 -56 0.99
B2 H 28 9419 3 290 9471 2 91 -52 0.99
52 H 182 9387 1 9287 1 110 1.01
82 W28 182 12624 1 12724 1 -100 0.99
83 H 1 9740 3 174 9476 2 106 264 1.63
83 H 28 10514 3 146 10793 2 3 -279 0.97
83 H 182 10495 1 10373 2 118 122 1.01
83 W28 i82 13297 1 13436 1 -138 0.99
84 B 1 10794 3 291 10492 2 3 302 1.03
84 H 28 12561 3 105 12538 2 27 22 1.00
84 H 182 13188 1 13159 2 81 29 1.00
85 H 1 11937 3 241 11965 2 101 ~-29 1.00
85 H 28 12365 3 311 12666 2 224 -302 0.%8
85 H 182 12242 1 12331 2 91 ~88 0.99
85 we2e 182 15857 1 15842 1 14 1.00
86 B 1 7461 3 196 7871 2 118 -410 0.95
86 H 28 9644 3 217 9917 2 61 ~273 0.97
86 H 182 10251 1 10502 2 37 -251 0,98
86 W28 182 13885 1 14391 1 -506 0.96
87 H 1 8588 3 320 8941 2 17 -353 0.96
87 H 28 9597 3 149 9725 2 1 ~128 0.99
87 H 182 9330 1 9506 2 486 =177 0.98
87 w2e 182 13675 1 13722 1 -48 1.00
88 B 1 5931 3 83 10017 1 -86 G.99
88 H 28 11604 3 41 11691 2 179 ~-87 0.99
88 H 182 12056 1 11877 2 125 179 1.02
88 W28 182 15484 1 15193 1 291 1.02
B89 H 1 10439 3 179 10729, 2 135 -290 0.97
89 H 28 11195 3 131 11039 2 27 156 1.01
89 H 182 10824 1 11201 2 425 -377 0.97
89 W2e 182 15011 1 15002 1 10 1.00
80 B 1 6774 3 52 6785 2 47 ~11 1.00
80 H 28 7918 3 282 8131 2 7 -213 0.87
90 H 182 8427 1 8217 2 270 210 1.03
90 W28 182 11817 1 12519 1 -702 0.94
9t H 1 8147 3 103 8009 2 30 138 1.62
n number of replicate specimens tested

[}

STD sample standard deviation (n > 1)
Diff, = fundistuerbed — ELaisturbed
Ratio Lyundisturbed / Laistvrbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fandisturbed n STD £oti gturbed n STD Diff. Ratio
psi psi psi psi psi
91 H 28 8607 3 279 8563 2 3 44 1.01
91 H 182 8642 1 8673 2 226 -31 1.00
91 W28 182 12796 1 12696 1 1060 1.01
92 H 28 11579 2 176 11605 2 415 -26 1.00
92 W28 28 12913 2 125 13016 2 769 -103 0.99
92 W28 182 14782 1 14295 2 263 487 1.03
93 H 28 99093 2 162 9607 2 196 387 1.04
93 W28 28 11889 2 311 11908 2 0 -19 1.00
93 W28 182 13622 1 13269 2 101 353 1.03
94 H 28 12197 2 465 11848 A 179 3438 1.03
34 w28 28 14615 2 41 14455 2 78 160 1.01
94 w28 182 16277 1 15792 2 199 485 1.03
95 H 28 10883 2 182 10301 2 57 582 1.06
95 W28 28 13990 2 169 13913 2 560 76 1.01
95 W28 182 15981 i 15210 2 179 771 1.05
96 H 28 11600 2 354 12015 pA 64 -415 0.97
96 w28 28 12946 2 51 13025 2 176 -79 0.99
96 w28 182 14945 1 15243 2 226 ~298 0.98
97 H 28 9681 A 226 991¢ 2 192 -229 0.98
97 w28 28 11848 2 186 12128 2 54 =279 Q.98
97 W28 182 13574 1 13601 2 111 -26 1.00
98 H 28 12513 2 308 12545 2 71 -33 1.00
98 W28 28 15284 2 338 15300 2 159 -17 1.00
98 W28 182 16759 1 16356 2 409 403 1.02
99 H 28 11698 2 108 11872 2 132 -174 0.99
99 w28 28 14684 2 456 14742 2 3 -57 1.00
95 W28 182 15623 1 16401 2 0 ~-778 0.95
100 H H 8606 2 44 8489 2 162 117 1.01
100 i 28 10805 2 47 104316 2 449 389 1.04
100 H 182 11185 2 172 11075 2 18 110 1.01
100 H 365 11021 2 33 10552 2 142 469 1.04
100 HW1 28 11550 2 176 11268 2 230 282 1.03
100 HW3 28 11922 2 385 12292 2 807 ~370 0.97
100 W7 28 12887 2 203 12662 2 27 224 1.02
100 W14 28 11712 2 601 12646 2 658 -933 0.93
100 W28 28 11022 2 726 11294 2 618 -272 0.98
100 W28 182 13577 2 409 13357 2 449 220 1.02
100 W28 365 13444 2 232 13658 2 294 -214 .98
100 wlgz 182 12648 2 297 12521 2 356 127 1.01
100 W365 365 13254 2 378 13030 2 196 224 1.02
101 H 1 8578 2 30 8673 2 17 -95 0.99
101 H 28 10308 2 594 10285 2 770 24 1.00
101 H 182 10865 2 517 11118 2 260 -248 0.98
101 B 365 10946 2 172 11013 2 382 -67 0.99
101 HWL 28 10581 2 1895 10894 2 529 -314 0.97
101 HW3 28 10733 2 284 10994 2 145 -260 a.98
101 W7 28 12887 2 203 12662 2 27 224 1.02
101 W14 28 11712 2 601 12646 2 658 ~933 0.93
101 w28 28 11022 . 2 726 11294 2 618 -272 0.98
101 W28 182 13577 2 409 13357 2 449 220 1.02
101 wWzZ8 365 13443 2 233 13658 2 294 =215 0.98
101 wlgz2 182 12648 2 297 125231 2 356 127 1.01
101 W365 365 13254 2 378 13030 2 196 224 1.02
102 H 1 6482 2 415 6844 2 517 -363 0.95
102 K 28 8358 2 111 8659 2 199 -301 0.97
n = number of replicate specimens tested
STD = sanple standard deviation (n > 13

Diff. = fundisturbed — Ldisturbed
Ratio fundisturbes / Ldisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Lmeli  trrrbad n STD Edisturbed n STD Diff. Ratio
psi psi psi psi psi
102 H 182 9155 2 375 8683 2 246 473 1.05
102 H 365 84840 2 95 8671 2 162 -191 0.98
102 HWl 28 8859 2 591 9151 2 253 -291 0.97
102 HW3 28 8907 2 422 9611 2 81 ~704 .23
102 W7 28 11325 2 668 11130 2 271 196 1.02
102 wl4 28 11175 2 955 11700 2 213 -525 0.9%6
102 W28 28 10117 2 432 10427 2 771 -310 0.97
102 W28 182 12901 2 405 13049 2 432 ~148 0.99
102 W28 365 13023 2 591 12881 2 982 172 1.01
102 wig2 182 12961 Z 490 12638 2 864 322 1.03
102 W365 365 13142 2 37 14085 2 405 -953 0.93
103 H 1 7351 2 483 7606 1 . =255 0.97
103 H 28 8761 2 142 8382 2 658 380 1.05
103 H 182 9549 2 34 9714 2 17 -165 0.98
103 H 365 10180 2 574 9313 2 618 867 1,09
103 HW1 28 9215 2 47 9148 2 270 67 1.01
103 HW3 28 9432 2 24 9375 2 186 57 1.01
103 w7 28 11325 2 668 11130 2 277 196 1.02
103 W1l4 28 11175 2 955 11700 2 213 -525 0.96
103 W28 28 10117 2 432 10427 2 - 771 -310 0.97
103 W28 182 12901 2 405 130489 2 432 -148 0.99
103 W2e 365 13023 2 591 12851 2 982 172 1.01
103 W1lg2 182 12961 2 490 12638 2 864 322 1.03
103 W3i65 365 13142 2 37 14095 2 405 -953 0.93
104 H 1 11108 2 17 10939 2 74 170 - 1.02
104 H 28 12285 2 162 11199 2 834 10896 1.10
104 H 182 12789 2 91 13059 2 250 -270 0.98
104 B 365 12559 2 88 12467 2 203 02 1.01
104 HW1 28 12042 2 547 12206 2 544 ~165 0.99
104 HW3 28 11839 2 469 12271 2 257 -432 0.9%6
104 W7 28 14649 2 763 15163 2 344 -544 0.96
104 Wl4 28 14579 2 402 14566 2 51 -387 G.97
104 W28 28 139892 Z 564 13802 2 990 1990 1.0t
104 W28 182 16279 2 422 150848 2 594 1191 1.08
104 W28 365 14839 2 937 15642 2 74 ~-803 .85
104 wilg2 182 15157 2 78 14880 2 989 2717 1.92
104 W365 365 14835 2 7 14895 2 341 -60 1.00
105 H 1 10134 2 598 10516 2 3 -382 0.96
105 H 28 11643 2 192 10542 2 452 1101 2.10
105 H 182 11877 2 213 11858 2 273 19 1.00
105 H 365 10865 2 1394 11703 2 506 -838 0.93
105 HW1 28 11707 2 g 11325 2 270 381 1.03
105 HW3 28 12075 2 101 11526 2 189 549 1.05
105 W7 28 14649 2 763 15193 2 344 -544 0.96
105 wld 28 14579 2 402 14966 2 51 -387 0.97
105 W28 28 13892 2 564 13802 2 Xy 190 1.01
105 W28 182 16279 2 422 15088 2 594 1191 1.08
105 W28 365 14839 2 937 15642 2 74 ~803 0.95
105 wlgz 182 15157 2 78 14880 2 989 277 1.02
105 W3es 365 14835 2 7 14895 2 341 -60 1.00
106 H 1 9652 2 111 9599 2 51 53 1.01
106 H 28 10464 2 760 10948 2 T4 ~485 0.96
106 H 182 10430 2 159 10566 2 216 -136 0.99
106 B 365 10113 2 263 9989 2 230 124 1.01
106 HW1 28 11132 2 44 11038 2 1 o4 1.01
number of replicate specimens tested

=1
[

3TD sample standard deviation {(n > 1}
Diff. = Ffungisturbed — Tdisturbed
Ratio = fundisturbed / TLdisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fundi sturbad n ST L35 sturbed n 8TD Diff. Ratio
psSi psi psi psi psi
106 HW3 28 11111 2 162 11056 2 24 55 1.00
106 W7 28 13020 2 1290 13620 2 240 -599 d.96
106 Wld 28 13285 2 989 14083 2 429 ~788 0.94
106 W2g 28 11571 2 37 12710 2 7 -1139 0.91
106 W28 182 15009 2 625 15319 2 307 -310 Q.98
106 W2e 365 14763 2 439 14601 2 790 162 1.01
106 w182 182 14466 2 447 14163 2 741 303 1.02
106 W365 365 14283 2 436 13561 2 952 322 1.02
107 H 1 8847 2 14 8707 2 523 141 1.02
107 H 28 9456 2 10 9599 2 753 -143 0.99
107 H 182 10032 2 709 %960 2 128 72 1.01
107 H 365 9559 2 189 9392 2 27 167 1.02
107 HW1 28 9163 2 34 9411 2 108 -248 0.97
107 HW3 28 9005 2 81 9502 2 155 -497 0.95
107 W7 28 13020 2 1290 13620 2 240 -599 0.96
147 Wl4 28 132895 2 989 14083 2 429 -788 G.94
107 W28 28 11571 2 37 12710 2 7 -1139 0.91
107 W28 182 15009 2 625 15319 2 307 ~310 .98
107 w28 365 14763 2 439 14601 2 790 162 1.01
107 W182 182 14466 2 447 14163 2 741 303 1.02
107 W365S 365 14283 2 436 13961 2 952 322 1.02
108 H 1 8785 1 8900 1 -115 G.99
108 H 28 11101 1 11335 1 -234 0.98
108 H 182 11428 2 219 11402 2 311 26 1.00
108 H 365 11476 2 321 11271 2 476 205 1.02
108 HW1 28 11583 2 1040 12276 2 331 -692 0.94
108 HW3 28 12218 2 966 12223 2 176 -5 1.00
108 W7 28 14541 2 658 13854 2 712 688 1.05
108 Wi4 28 14721 2 458 14434 2 182 287 1.02
108 w28 28 12574 2 128¢6 13796 2 652 ~1222 0.91
108 W28 182 15257 2 915 14631 2 700 626 1.04
108 W28 365 14964 2 506 15176 2 422 -212 0.99
108 w182 182 14462 2 149 14515 2 560 -53 1.00
108 w365 365 14713 2 327 14966 2 780 ~253 0.98
109 H 1 8746 2 137 8520 2 557 225 1.03
109 H 28 11146 2 246 11118 2 172 29 i.00
109 H 182 11144 2 621 13120 2 14 24 1.00
109 H 365 10619 2 311 11220 2 304 -602 0,95
109 HW1 28 11538 2 503 11022 2 64 516 1.05
109 BW3 28 11750 2 7 11956 2 20 -205 0.98
109 W7 28 13603 2 878 13297 2 966 306 1.02
109 Wid 28 13414 2 996 14088 2 1124 -673 0,95
109 W28 28 12416 2 382 12781 2 412 -375 o.97
109 W28 182 14405 2 1209 14196 2 1015 209 1.01
108 W28 365 13605 2 523 14718 2 1212 -1112 0.92
108 wlg2 182 13505 2 675 14040 2 678 -535 0.96
109 W365 365 14372 2 750 14114 2 675 258 1.02
110 H 1 8544 2 132 8406 2 207 138 1.02
110 H 28 11049 2 20 16767 2 567 282 1.03
110 H 182 11280 2 199 11321 2 311 -41 1.00
110 H 365 10924 2 185 16727 2 759 197 1.02
110 EWl 28 10569 2 294 11275 2 287 =707 0.94
110 HW3 28 11523 2 32 11686 2 354 -163 0.99
110 W7 28 13152 2 7386 13288 2 500 -129 0.99
110 Wid 28 13032 2 523 13994 2 246 -62 1.00
n number of replicate specimens tested

[

STD sample standard deviation (n > 1}
Diff. = fundistorbed — Laisturbed
Ratio = fundisturbed / Laisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fondisturbad n STD foisturbad n STD Diff. Ratio
psi psi psi psi psi

110 W28 28 11855 2 938 11909 2 156 -53 1.00
110 W28 182 © 14801 2 338 15045 2 392 -244 0.98
110 W28 365 14438 2 276 14861 2 523 -423 0.97
110 Wls2 182 14324 2 149 14357 2 101 -33 1.00
110 W3es 365 14945 2 47 15052 2 118 -107 0.99
111 H 1 7501 2 527 8296 2 165 -795 0.90
111 H 28 10409 2 i69 10106 2 219 303 .03
111 H 182 10507 2 396 10705 2 236 -197 D.98
111 H 365 10466 2 358 10230 2 611 236 1.02
111 HW1 28 10270 2 338 10650 2 159 -38C 0.96
111 EW3 238 i0139 2 233 31197 2 385 -1058 0.91
111 W7 28 11898 2 804 12202 2 517 -303 c.98
111 W14 28 11886 2 24 12729 2 405 ~B43 C.93
111 wW2g 28 109817 2 368 11251 2 273 -334 0.97
111 W28 182 13689 2 257 13536 2 196 153 1.01
111 W28 365 13145 2 438 13102 2 54 44 1.00
111 wle2 182 13507 2 351 13149 2 932 358 1.03
111 W365 365 13963 2 341 13410 z 345 554 1.04
112 H 1 11325 1 11793 1 -468 0.96
112 H 28 13221 il 12619 1 602 1.05
112 H 182 13023 2 24 13185 2 44 -162 0.99
112 H 365 12333 2 425 12362 2 628 -29 1.0C
112 HWi 28 13200 2 469 12870 2 287 329 1.03
112 HW3 28 13228 2 152 13374 2 88 ~146 0.99
112 W7 28 15861 2 419 14489 2 1118 1373 1:09
112 W14 28 15530 2 699 15613 2 1567 -84 0,99
112 w28 28 13871 2 663 15062 2 638 -1190 0.92
112 w28 182 15754 2 503 15976 2 621 ~222 0.99
112 w28 365 15847 2 a8 15709 2 169 138 1.01
112 Wig2 182 15205 2 679 15382 2 186 -177 0.99
112 W365 365 15150 2 466 15527 2 338 =377 0.98
113 H 1 11526 2 162 11996 2 476 ~470 .96
113 H 28 12908 2 638 13233 2 84 -325 0.98
113 H 182 13433 2 496 13283 2 128 150 1.01
113 H 365 13367 2 78 12488 2 125 879 1.07
113 EWl 28 13049 2 493 13228 2 213 -179 0.99
113 EW3 28 13321 2 284 13605 2 361 -284 0._98
113 Wi 28 14548 2 810 14747 2 415 -198 0.99
113 Wi4 28 15785 2 547 15487 2 483 298 1.02
113 W28 28 14560 2 57 15043 2 577 -482 Q.97
113 W28 182 16336 2 226 16240 2 212 96 1.01
113 W28 365 15563 2 334 15845 2 159 -282 0.98
113 Wig2 182 15202 2 255 15362 2 581 ~-161 0.9%
113 w365 365 15162 2 685 15541 2 189 -380 0.98
114 H 1 10621 2 341 10165 2 88 456 1.04
114 H 28 11743 2 57 11290 2 3 454 1.04
114 H 182 11230 2 34 11395 2 145 -165 0.99
114 H 365 10972 2 122 11025 2 284 -53 1.00
114 HW1 28 11810 2 37 11707 2 135 103 1.01
114 HW3 28 12097 2 111 11858 2 30 239 1.02
114 W7 28 14930 2 34 14871 2 449 60 1.00
114 W14 28 15513 2 554 14639 2 162 874 1.06
114 W28 28 14653 2 668 15028 2 611 -375 c.98
114 w28 182 15983 2 152 15962 2 189 21 1.00
114 W28 365 15721 2 118 15783 Z 37 -62 1.00
n = number of replicate specimens tested

STD = sample standard deviation {n > 1)

Diff. = fupdisturbed — ZLdisturbed

Ratio = fundisturbed / Laisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Lundisturbed n ki) fainturhed n STD Diff. Ratio
pai psi psi psSi psi
114 wig2 182 14859 2 68 15296 2 2490 -437 8.97
114 W365 365 15274 2 905 14610 2 1654 664 1.405
115 H 1 9929 2 307 9876 2 246 - 53 1.01
115 )3 28 10881 2 34 10562 2 708 320 1.03
115 H 182 10554 2 78 10822 2 37 -267 .58
115 ;] 365 10206 2 132 10760 2 273 -554 .95
115 HWl 28 10645 2 577 11211 2 486 ~566 .95
115 HW3 28 11359 2 513 10941 2 577 418 1.04
115 W7 28 14606 2 128 14236 2 537 370 1.03
115 W14 28 15374 2 189 15119 2 625 255 1.02
115 W28 28 13968 2 436 13297 2 1377 671 1.05
115 W28 182 15830 2 321 15110 2 295 . 720 1.05
115 W28 365 15386 F 179 15291 2 132 95 1.01
115 w182 182 14411 2 55 14816 2 135 =405 C.97
115 W365 365 14510 2 47 14947 2 192 -437 0.57
116 H 1 9861 2 450 9566 2 158 295 1.03
116 H 28 13025 2 7 13049 2 101 -24 1.00
116 H 182 12810 2 54 12214 2 7 597 1.05
116 H 365 12471 2 81 12643 2 7 -172 0.99
116 HW1 28 13644 2 368 13324 2 172 320 1.02
116 HW3 28 13617 2 95 13381 2 348 236 1.02
116 W7 28 14541 2 658 13854 2 712 688 1.05
116 Wld4 28 14721 2 458 14434 2 182 287 1.02
116 w28 28 12574 2 1286 13796 2 652 -1222 0.91
116 W28 182 15257 2 915 14631 2 700 626 1.04
116 W2e 365 14964 2 506 15176 2 422 -212 0.99
116 wlgz igz 14462 2 149 14515 2 560 ~-53 1.00
116 W365 365 14713 Z 327 14966 2 780 -253 0.98
117 H 1 89581 2 905 10251 2 81 -1270 0.88
117 H 28 12543 2 378 13028 2 334 -485 0.96
117 H 182 13309 2 172 12555 2 37 754 1.06
117 H 365 12722 2 213 12946 2 78 -224 0.98
117 EWl 28 12686 2 250 13223 2 78 -537 0.96
117 EW3 28 12462 2 182 13374 2 527 -912 0.93
117 W7 28 13603 2 878 13297 2 966 306 1.02
117 Wid 28 13414 2 996 14088 2 1124 -673 D.95
117 w28 28 12416 2 382 12791 2z 412 -375 0.97
117 W28 182 14405 2 1209 14196 2 1015 209 1.01
117 W28 365 13605 2 523 14718 2 1212 -1112 0.92
117 Wlg2 182 13505 2 678 14040 2 678 ~535 Q.96
117 W365 365 14372 2 750 14114 2 675 258 1.02
118 H 1 7773 2 263 7950 2 68 =177 0.98
118 H 28 10255 2 105 10514 2 0 -259 .98
118 H 182 11067 2 28 11113 2 267 ~46 1.00
118 H 365 10930 2 35 10571 2 655 359 1.03
118 HWL 28 10578 2 91 10545 2 260 33 1.00
118 HW3 28 11199 2 64 11223 2 24 ~-24 1.00
118 w7 28 13159 2 736 13288 2 500 -1289 0.982
118 Wl4 28 13032 2 523 13094 2 246 ~62 1.00
118 W28 28 11855 2 939 11909 2 156 -53 1.00
118 w28 182 14801 2 338 15045 2 392 -244 0.98
118 W28 365 14438 2 276 14861 2 5232 -423 0.97
118 w182 182 14324 2 149 14357 2 101 -33 1.00
118 W365 365 14945 2 47 15052 2 118 -107 0.99
119 H 1 7179 2 71 7243 2 [s] -64 0.99
number of replicate specimens tested

=]
[

STD sample standard deviation {n > 1)
Diff. = fund'i.sturbed - fdjstu:bea‘
Ratio fundisturbed / fdsisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age FLundisturbad n STD faistarbed n STD Diff. Ratio
psi psi pei psi psi
119 H 28 9622 2 296 9518 2 44 103 1.01
119 H 182 9972 2 51 10301 2 422 ~329 0.97
119 H 365 9549 2 122 9370 2 206 179 1.02
119 HW1 28 9922 2 14 10382 2 105 ~461 0.96
119 HW3 28 9721 2 7 10285 2 101 -563 0.95
118 W7 28 11898 2 804 12202 2 517 -303 0.98
119 Wl4 28 11886 2 24 12729 2 405 ~843 0.93
119 W28 28 10917 2 368 11251 2 273 -334 0.97
119 Wes 182 13689 2 297 13534 2 196 153 1.01
119 W28 365 13145 2 838 13102 2 54 44 1.00
119 W1g?2 182 13507 2 351 13149 2 932 358 1,03
ii9 W365 365 13963 2 341 13410 2 145 554 1.04
120 H 1 11934 2 17 11767 2 179 167 1.01
120 H 28 14197 2 787 13737 2 912 461 1.03
120 H 182 |. 13486 2 78 13503 2 88 -17 1.00
120 H 365 13343 2 91 13374 2 270 -31 1.00
120 HWl 28 138901 2 463 14052 2 270 -251 0.98
120 HW3 28 13880 2 74 13476 2 402 403 1.03
120 w7 28 15861 2 419 14489 2 1118 1373 1.09
120 Wl4 28 15530 2 699 15613 2 1567 -84 0.99
120 was 28 13871 2 663 15062 2 638 ~11980 0.92
120 W28 182 15754 2 503 15976 2 6zl -222 0.59
120 W28 365 15847 2 88 157089 2 169 138 1.01
120 wlg2 182 15205 2 679 15382 2 186 -177 0.99%9
120 W365 365 1515¢ 2 466 15527 2 338 =377 0.98
121 H 1 11569 2 439 11395 2 321 174 1.02
121 H 28 13710 2 159 13264 2 736 446 1.03
121 H 182 13424 2 37 13285 2 78 129 1.01
121 H 365 12989 2 118 13145 2 439 -155 C.99
121 BW1 28 13283 2 398 13106 2 176 177 1.01
121 EW3 28 13644 2 267 12674 2 1320 969 1.08
121 | W1 28 14548 2 810 14747 2 415 -128 0.99
121 Wid 28 15785 2 547 15487 2 483 298 1.02
121 W28 28 14569 2 57 15043 2 577 -482 0.97
121 W28 182 16336 2 226 16240 2 212 96 1.01
121 W28 365 15565 2 331 15845 2 159 - -279 0.98
121 W1ig2 182 15226 2 290 15362 2 591 -136 0.99
121 W365 365 15162 2 685 15541 2 189 ~3B0 0.98
122 H 1 11096 2 122 10934 2 176 162 1,01
122 H 28 12887 2 7 12638 2 216 248 1.02
122 H 182 12452 2 81 1200% 2 64 451 1.04
122 H 365 12543 2 61 12020 2 145 523 1.04
122 HW1 28 13016 2 0 12870 2 105 146 1.01
122 EW3 28 13233 2 226 12935 2 ic8 298 1.062
122 W7 28 14930 2 34 14871 2 449 60 1.00
122 Wid 28 15513 2 554 14639 2 162 874 1.06
122 W28 28 14653 2 668 15028 2 611 -375% 0.98
122 W28 182 15983 2 152 15962 2 189 21 1.00
122 W28 365 15721 2 118 15783 2 37 -62 1.00
122 Wig2 182 14859 2 68 15296 2 240 -437 0.97
122 W365 365 15274 2 805 14610 2 1654 664 1.05
123 H 1 10671 2 344 10454 2 382 217 1.02
123 B 28 11330 2 358 11431 2 35 -101 Q.99
123 H 182 11357 2 37 11068 2 473 289 1.03
123 H 365 11314 2 172 11309 2 105 5 1.00
n = number of replicate specimens tested
STD = sample standard deviation {(n > 1)
Diff. = Ffundisturbed ~ Ldisturbed
Ratio = Fundisturbed / Ldisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fundisturbad n STD Faisturbad n . 8TD DifE. Ratio
psi psi psi pei p3i
123 HW] 28 12044 2 334 11736 2 257 308 1.03
123 HW3 28 11772 2 510 11796 2 199 -24 1.00
123 W 28 146906 2 128 14236 2 537 370 1.03
123 Wl4 28 15374 2 189 15119 2 625 ‘255 1.02
123 W2e 28 13968 2 436 13297 2 1377 671 1.05
123 W28 182 15830 2 321 15110 2 295 720 1.05
123 W28 365 15386 2 179 15291 2 132 95 1.01
123 wig2 182 14411 2 55 14816 2 135 -405 0.57
123 W363 365 14510 2 47 14947 2 192 -437 0.97
124 B 1 12089 2 285 12588 2 98 ~500 0.96
124 H 28 15405 2 368 14894 2 133 5312 1.03
124 H 182 15148 2 428 15119 2 111 29 1.00
124 H 365 147086 2 331 15222 2 169 -516 0.97
124 HW1 28 15520 2 118 14978 2 371 542 1.04
124 HW3 28 16045 2 801 15778 2 273 267 1.02
124 W7 28 17542 1 16726 1 816 1.05
124 W14 28 17103 1 17676 1 -573 0.97
124 W28 28 16439 1 16535 1 -85 0.99
124 W28 182 18335 1 17127 1 1208 1.07
124 W182 182 16563 1 17055 1 -492 G.97
124 W365 365 17232 1 16172 1 1060 1.47
125 H 1 13722 2 439 13935 2 78 -212 0.98
125 H 28 16790 2 314 16422 2 761 368 1.02
125 H 182 16447 2 428 16568 2 344 -121 0.99
125 H 365 16843 2 57 16500 2 125 -57 1.00
125 HWL1 28 16804 2 469 17005 2 71 -201 0.99
125 HW3 28 16547 2 976 16974 2 203 -427 0.97
125 W7 28 16792 1 16721 1 72 1.00
125 Wl4 28 19070 1 17174 1 1896 1.11
125 W28 28 17265 1 16969 1 296 1.02
125 w28 182 18688 3 18311 1 377 1.02
125 W28 365 19399 1 19452 1 -53 1.00
125 wigz 182 16945 1 17599 1 -654 0.96
125 W365 365 16855 1 17575 1 =721 0.96
126 H 1 9069 2 138 9368 2 149 -298 0.97
126 B 28 12414 2 358 12495 2 7 -81 Q.99
126 H 182 12775 2 341 12202 2 30 573 1.05
126 H 365 12309 2 270 12376 2 338 -67 0.99
126 HW1 28 12818 2 71 12701 2 446 - 117 1.01
126 HW3 28 12879 2 294 13283 2 74 -413 0.97
126 W7 28 14391 1 14119 1 272 1.02
126 W14 28 14763 1 14443 1 320 1.02
126 W28 28 14224 1 14305 1 -81 0.9%
126 W28 182 14873 1 14663 1 210 1.01
126 w28 365 15183 1 15241 1 =57 1.00
126 wWig2 182 14314 1 15914 1 -1600 0.20
126 W365 365 15169 1 16067 1 -898 0.94
127 H 1 11736 1 11898 1 ~162 0.99
127 H 28 14100 2 101 13655 2 223 444 1.03
127 H 182 138982 2 496 13467 2 37 425 1.03
127 H 365 13350 2 398 13734 2 01 -384 0.97
127 HW1 28 14123 2 122 13973 2 165 150 1.01
127 HW3 28 14171 2 299 13715 2 213 456 1.03
127 W7 28 15809 1 15689 1 220 1.C01
127 Wl4 28 15718 1 16339 1 ~6Z1 0.96

number of replicate specimens tested

5TD = sample standard deviation (n > 1}
Diff. = fundisturbed — faisturbed
Ratioc = Fundisturbed / Tfaisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fundisturbad n STD Faisturbad n STD Diff. Ratio
psi psi psi psi pai
127 w23 28 15694 1 15413 1 282 1.02
127 w28 182 16893 1 16396 1 497 1.03
127 W28 365 14534 1 15016 1 -482 4.97
127 w182 182 162189 1 15895 1 325 1.02
127 W365 365 16172 1 16043 1 129 1.01
128 B 1 11435 2 182 11824 2 179 -388% 0.97
128 H 28 12773 2 316 13024 2 37 -321 0.98
128 H 182 12605 2 47 12887 2 162 -282 0.98
128 H 365 12727 2 267 12715 2 290 12 1.00
128 HW1 28 13028 2 591 12927 2 98 1g0 1.01
128 HW3 28 13400 2 382 13137 2 287 263 1.02
128 W7 28 16024 1 16181 1 -158 0.99
128 Wl4 28 16453 1 16344 1 119 1.01
128 W28 28 15260 1 14801 1 458 1.03
128 W28 182 16874 1 16697 1 177 1.01
128 w28 365 16353 1 16406 1 -53 1.00
128 w182 182 16105 1 15699 1 406 1.03
128 W3e5 365 15809 1 15890 1 -81 0.98%
129 H 1 11998 2 14 12168 2 415 -170 0.99
129 H 28 14353 2 425 14345 2 64 7 1.00
129 H 182 14522 2 327 13997 2 206 525 1.04
129 H 365 14212 2 219 14379 2 57 -167 0.9%
129 HW1 28 14522 2 98 14498 2 314 24 1.00
129 HW3 28 15088 2 162 15152 2 402 -64 1.00
129 w7 28 . 169490 1 15904 1 1036 1.07
129 wWl4 28 17174 1 16917 1 258 1.02
129 w28 28 16043 1 15164 1 879 1.06
129 W28 182 17203 1 16931 1 272 1.02
129 w28 365 17657 1 17609 1 48 1.00
129 W1lg2 182 16530 1 16477 1 53 1.00
129 W365 365 15771 1 16716 1 -945 0.94
130 H 1 9948 2 64 10017 2 216 -69 0.99
130 B 28 12476 2 189 12433 2 182 43 1.00
130 H 182 12624 2 128 12304 2 398 320 1.03
130 H 365 12273 2 10 12340 2 294 -67 0.99
130 HW1 28 12488 2 71 12868 2 243 -380 0.97
13C HW3 28 127467 2 196 13276 2 327 -509 0.9%6
130 W7 28 14911 1 15155 1 -244 0.98
130 wWl4 28 16057 1 15756 1 301 1.02
130 w28 28 14792 1 15284 1 -492 0.97
1306 W28 182 16606 1 15799 1 807 1.05
130 W28 365 16067 1 16444 1 =377 0.98
130 Wig2 182 15742 1 16234 1 -492 0.97
130 W365 365 15486 1 16659 1 -1173 0.93
131 H 1 12023 2 20 129063 2 179 -41 1.00
131 H 28 12851 2 260 13429 2 78 -578 0.96
131 H 182 13140 2 304 12975 2 213 165 1.01
131 H 365 13121 2 182 12825 2 88 296 r1.02
131 HW1 28 13157 2 286 13073 2 189 84 1.01
131 HW3 28 13536 2 20 13450 2 14 86 1.01
131 W7 28 16535 1 16501 1 33 1.00
131 Wl4 28 16592 1 16296 1 296 1.02
131 w28 28 15890 1 15933 1 =43 1.90
131 w28 182 17287 1 17041 1 247 1.01
131 w28 365 16816 1 17590 1 -773 0.2%6
n = number of replicate specimens tested
STD = sample standard deviation (n > 1}
Diff. = Lundisturbed — Ldisturbed
Ratio = Ffundisturbed / Xdisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fandisturbed n ST Fdipturbed n 8TD Diff. Ratic
psi psi psi psi psi
131 Wig2 182 16325 1 16792 1 -468 0.97
131 W365 365 17743 1 16807 1 936 1.06
132 H 1 14580 2 513 14978 2 189 -~398 0.97
132 H 28 16086 2 533 16511 2 277 ~425 0.97
132 H 182 15728 2 123 15570 2 493 158 1.01
132 H 365 15723 2 317 15749 2 348 -17 1.00
132 HEW1l 28 159899 2 157 16642 2 138 -643 0.%6
132 BW3 28 16243 2 311 16126 2 44 117 1.01
132 W7 28 16558 1 18249 1 ~1690 0.%1
132 Wid 28 17776 1 18483 1 =707 0.96
132 W28 28 15551 1 16516 1 -964 0.94
132 W28 182 16738 1 17069 i -331 0.58
132 W28 365 17685 1 17972 1 -286 0.98
132 W12 182 16086 1 16473 1 -387 0.98
132 W365 365 16482 1 17294 1 -812 0.95
133 H 1 14384 2 118 13792 2 348 502 1.04
133 H 28 16036 2 199 16749 2 338 -714 0.96
133 H 182 16995 2 152 15945 2 118 1050 1.07
133 B 365 16800 2 327 16644 2 263 155 1.01
133 HW1 28 15530 2 44 17270 2 230 ~-1740 0.90
133 HW3 28 16781 Z 820 17454 2 294 -673 0.96
133 W7 28 17384 1 19323 1 -1939 0.90
133 wWild4 28 18764 1 18378 1 387 1,02
133 W28 28 16749 1 18397 1 1647 0.91
133 W28 182 18949 1 19270 1 -321 0.98
133 W2g 365 18830 1 19567 1 =137 0.96
133 wig2 182 17766 1 17509 1 258 1.01
133 W365 365 18425 1 18416 1 10 1.00
134 H 1 10657 2 68 10719 2 270 -62 0.29
134 H 28 13567 2 442 14752 2 i25 -1184 0.92
134 H 182 14813 2 132 14546 2 71 267 1.02
134 H 365 14396 2 135 14415 2 243 -19 1.00
134 HW1 28 14104 2 230 14878 2 338 -773 0.95
134 HW3 28 14054 2 334 15000 2 57 -945 0.94
134 W7 28 15083 1 14114 1 969 1.07
134 Wi4 28 16453 1 15923 1 530 1.03
134 W28 28 13952 1 15847 1 -1896 0.88
134 W28 182 17919 1 17292 1 627 1.04
134 W28 365 17408 1 17256 1 153 1.01
134 Wilg2 182 16765 1 16621 1 148 1.01
134 W365 365 17490 1 16807 1 683 1.04
135 H 1 14061 2 1580 15150 2 47 -1089 0.93
135 H 28 15589 2 68 16659 2 135 -10790 0.94
135 B 182 16418 2 382 16141 2 78 277 1.02
135 H 365 16377 2 142 16160 2 334 217 1.01
135 HWl 28 16000 2 7 16509 2 78 -910 0.95
135 HW3 28 16079 2 463 16913 2 90 -835 0.95
135 W7 28 17571 1 18507 1 ~936 .95
135 wi4 23 18306 1 18046 1 ~640 0.97
135 w28 28 15336 1 16582 1 -1246 .92
L35 W28 182 17986 1 17719 1 267 1.02
135 w2 365 19552 1 18869 1 683 1.04
135 Wlg2 182 17074 1 17733 1 -659 0.96
135 W365 365 17136 1 17852 1 -716 0.5%6
136 H 1 11538 2 354 11342 2 152 196 1.62
n number of replicate specimens tested

]

STD sample standard deviation (n > 1}
Diff. = fundistvrbed ~ FLaisturbed
Ratio = Tfundisturbed / TLdisturbed
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Table 5.1. Comparison of compressive strengths of undisturbed and disturbed specimens,
4 x 8 in. (100 x 200 mm) cylinders. Continued ...

No. Cure Age Fondisturbed n STD Eaiaturbod n STD Diff. Ratio
psi psi psi psi psi
136 H 28 12660 2 3 12588 2 192 72 1.01
138 H 182 12486 2 405 12679 2 84 - =193 .98
136 H 365 12598 2 354 12643 2 230 -45 1.00
136 HW1 28 13214 2 37 13037 2 145 177 1.01
136 H#W3 28 13565 2 176 13016 2 290 549 1.04
136 W7 28 14257 1 14458 1 -201 0.99
136 Wil4 28 15303 1 14057 1 1246 1.09
136 W28 28 14310 b 14233 1 76 1.01
136 W28 182 15909 1 15728 1 181 1.01
136 W28 365 16043 1 15360 1 683 1.04
136 W182 182 14588 1 15408 3 -820 0.95
. 136 W365 365 15136 1 14758 1 377 1.03
137 H 1 12439 2 775 12894 2 314 -455 0.96
137 H 28 13990 2 405 14255 2 17 -255 0.98
137 H 182 13983 2 233 13453 2 98 530 1.04
137 H 365 13550 2 34 13823 2 81 -272 0.98
137 HW1 28 13971 2 439 14606 1 -635 0.96
137 HW3 28 14193 2 463 14479 2 192 -286 0.98
137 Wi 28 17518 1 17174 1 344 1.02
137 wld 28 16702 1 16883 1 -181 0.9%
137 w28 28 16902 1 16344 1 559 1.03
137 wae 182 18191 1 17523 1 668 1.04
137 W28 365 17452 1 17872 1 -419 0.98
137 W1lg2 182 16931 1 17480 1 -549 0.97
137 W365 365 16697 1 16630 1 67 1.00
138 H 1 10375 2 271 10203 2 311 172 1.02
138 H 28 11629 2 51 11829 2 442 -201 0.98
138 H 182 11885 2 141 11521 2 135 364 1.03
138 H 365 11789 2 7 11774 2 432 14 1.00
138 HW1 28 12328 2 149 12290 2 351 38 1.00
138 HW3 28 13419 2 240 13369 2 54 S0 1.00
138 W7 28 14018 1 14701 1 -683 0.95
138 W14 28 13999 1 15532 1 -1533 0.90
138 W28 28 13550 1 14954 1 ~-1404 8.91
138 W28 182 15732 1 15050 1 683 1,05
138 W28 365 15861 1 15054 1 807 1.05
138 wlg2 182 15254 1 15546 1 -263 0.98
138 W365 365 15570 1 15618 1 -48 1.00
138 H 1 11163 2 662 11357 2 300 -193 0.98
139 H 28 12920 2 250 13056 2 78 -136 0.99
139 H 182 12980 2 37 12784 2 37 196 1.02
139 H 365 12896 2 386 13159 2 122 -263 0.98
139 EWl 28 13412 2 7 13746 2 270 ~-334 0.58
139 EW3 28 13965 2 595 14083 2 679 -1l8 0.99
139 Wi 28 15109 1 15088 1 21 1.00
139 Wi4 28 15479 1 16788 1 -1308 0.92
139 W28 28 15460 1 16611 1 -1151 0.93
139 W28 182 17332 1 16697 i 635 1.04
139 W2g 365 16692 1 17628 i -936 0.95
139 W182 182 15413 1 16153 H ~740 0.95
139 W365 365 15717 1 16415 1 -699 0.96
n number of replicate specimens tested

(1]

STD sample standard deviation (n > 1)
Diff. = Fupdistarbed — Tdisturbed
Ratio = Ffundisturbed / Fdisturbed
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Table 5.2. Comparison of compressive strengths of undisturbed and disturbed specimens,
6 x 12 in. (150 x 300 mm) cylinders.

No. Cure Age Fundisturbad n sSTD fyimturbad n STD Diff. Ratio
psi psi psi psai psi

22 ! 1 9732 1 10247 1 -516 Q.95
22 H 28 13281 3 197 12667 1 614 1.03
23 H 28 12739 2 183 12086 2 302 653 1.05
24 K 28 10664 2 137 10772 2 72 -107 0.99
25 H 1 8144 1 8299 i -155 0.98
25 H 28 9591 2 83 9715 2 231 ~-124 0.99
25 Waeg 28 10875 2 305 11345 2 60 -470 0.96
26 H 1 11296 1 11786 1 -480 0.96
26 H 28 12607 2 6 12569 2 477 38 1.00
26 w28 28 13803 2 221 13857 1 -54 1.00
27 H 1 9819 1 9963 1 -144 0.99
27 H 28 11229 2 65 10837 2 393 392 1.04
27 w28 28 12297 1 11998 1 299 1.02
28 H 1 7072 1 7126 1 -54 0.99
28 H 28 9277 2 1331 8361 2 234 915 1.11
28 wWZ8 28 8734 1 9711 2 96 23 1.00
29 H 1 8503 1 8248 1 255 1.03
29 H 28 9751 2 168 9968 2 52 ~218 0.98
50 H 1 9435 1 9452 i -17 1.00
S0 H 28 11505 2 80 11597 2 33 -92 0.99
50 W28 28 11852 1 11673 2 165 178 1.02
51 H i T84 1 7709 1 14 1.01
51 H 28 9632 2 57 9966 2 29 -334 0.97
51 W28 28 9908 2 81 10133 2 252 -225 0.98
52 H 1 10676 1 10566 1 11¢ 1.01
52 H 28 12112 2 5 12364 2 56 -252 0.98
52 w28 28 13091 2 [3] 12896 2 411 195 1.02
53 H 1 5424 1 6027 1 -603 0.90
53 H 28 8872 2 9 9498 2 12 -626 0.93
53 L7E] 28 9586 2 216 9498 2 12 488 1.05
54 H 1 10434 1 10317 1 117 1.01
54 H 28 12401 2 312 12633 2 372 -231 .98
54 W28 28 13498 2 16 13570 2 142 -72 0.99
55 H 1 9742 1 9863 1 =121 0.99
55 H 28 11458 2 17 11948 2 746 -490 0.96
585 W28 28 11939 2 315 12493 2 24 -554 0.96
56 H 1 1G536 1 10313 1 223 1.02
56 H 28 11999 2 119 12271 2 S8 -272 0.98
56 W28 28 12895 2 53 12845 1 50 1.00
57 H 1 10156 1 10381 1 -225 0.98
57 H 28 12059 2 19 12295 2 231 -236 0.98
57 W28 28 12031 2 9z 12626 2 133 -595 0.95
58 H 1 10738 1 10568 1 170 1.02
58 H 28 12284 2 203 12015 2 42 268 1.02
58 W28 28 12237 2 32 11583 2 107 654 1.06
59 H 1 10678 1 10438 1 240 1.02
59 B 28 11989 2 244 11868 2 3B 122 1.4
59 was 28 12142 2 312 12010 2 38 133 1.01
&0 H 1 8582 1 8437 1 144 1.02
60 H 28 1iozo 2 73 10528 2 258 492 1.05
&0 W28 28 11327 2 89 11406 2 18 -89 0.99
61 H 1 9316 1 9515 1 -199 Q.98
61 3 28 11318 2 200 11327 2 11 -8 1.00
6L wZge 28 11713 2 248 11353 2 282 360 1.03
62 H 1 10216 1 9954 1 262 1.03

n — number of replicate specimens tested

STD = sample standard deviation (n > 1)

Diff. = fundisturbed ~ TLdisturbed

Ratio = Funaisturved / Taisturbed
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Table 5.2. Comparison of compressive strengths of undisturbed and disturbed specimens,
6 x 12 in. (150 x 300 mm) cylinders. Continued ...

No. Cure Age Fondistuzhed n STD Faistnrbed n STD Diff. Ratio
psi psi psi psi psi

62 H 28 11952 2 46l 11816 P4 72 143 1.01
62 W28 28 12563 2 471 12792 1 =229 0.98
63 H 1 9305 1 8921 1 384 1.04
63 H 28 11216 2 182 11086 2 156 131 1.01
63 wWa2e 28 11881 2 261 11472 1 410 1.04
64 H 1 9449 1 9505 1 -56 0.99
64 H 28 12293 2 114 131774 2 14 519 1.04
64 W28 28 12491 2 ie | 12708 2 380 =217 0.98
65 H 1 10228 1 10593 1 -365 0.97
65 H 28 12793 2 59 12584 2 3 209 1.02
65 W28 28 13786 2 61 12843 2 102 944 1.07
66 H 1 8796 1 8925 1 -128 0.99
66 H 28 11732 2 149 11623 2 159 110 1.01
66 W28 28 12864 2 411 11825 2 1004 1039 1.09
67 H 1 10356 1 10360 1 ~-4 1.00
67 H 28 11889 2 208 12680 2 694 -791 0.94
67 W28 28 12798 2 150 11546 1 1252 1.11
68 H 1 1007C¢ 1 10354 1 -284 0.97
6B H 28 11716 2 219 12032 2 24 -316 0.97
68 W28 28 12708 2 269 12722 2 519 -14 1.00
69 H 1 7824 1 7913 1 -89 0.99
69 H 28 10680 2 84 10425 2 56 256 1.02
69 w28 28 11321 2 210 100983 2 122 338 1.03
70 H 1 10296 1 10680 1 -384 0.9¢6
70 H 28 11987 2 10 11589 2 318 395 1.03
70 W28 28 13741 2 203 12988 2 536 753 1.06
71 H 1 9706 1 9995 i -289 0.97
71 H 28 11340 2 129 11095 2 224 245 1.02
71 Wes 28 12814 2 53 12246 2 247 568 1.05
72 H 1 8834 1 B6E6 1 149 1.02
72 H 28 10611 2 344 10565 2 119 47 1.900
72 Wes 28 11692 2 341 12109 1 -417 G.97
73 H 1 9774 1 9564 1 210 1.02
73 H 28 12152 2 110 12354 2 110 -202 0.98
73 W28 28 12269 2 92 12046 2 95 923 1.08
74 H 1 10146 1 10025 1 121 1.01
74 H 28 11953 2 380 11544 2 279 408 1.04
74 W28 28 12659 2 206 12720 2 177 -61 1.00
75 H 1 9278 1 8051 1 327 1.04
75 H 28 10865 2 189 10828 2 188 37 1.00
75 W28 28 11392 2 269 10982 2 423 411 1.04
76 H 1 9312 1 9358 1 -47 1.00
76 H 28 11128 2 141 11018 2 66 110 1.0%
76 W28 28 11804 2 187 10879 2 692 926 1.09
77 H 1 10088 1 9963 1 125 1.01
77 H 28 11173 2 78 11178 2 158 -5 1.00
77 W28 28 12385 2 32 12429 2 237 -44 1.00
78 H 1 9460 1 9042 1 418 1.05
78 H 28 10633 2 224 10571 2 38 62 1.02
78 w28 28 12705 1 11111 2 97 1593 1.14
79 H 28 10762 2 62 10675 2 8 87 1.01
79 W28 28 12144 2 209 12488 2 12 -345 0.97
80 H 28 11042 2 119 11075 2 204 -33 1.06
80 W28 28 12009 2 516 11457 1 552 1.05
Bl H 28 10600 2 84 10612 2 189 -13 1.00

n = number of replicate specimens tested

STD = sample standard deviatien (n > 1}

Diff. = fundisturbed — Zdistarbed

Ratic = fundisturbed / faisturbed
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Table 5.2. Comparison of compressive strengths of undisturbed and disturbed specimens,
6 x 12 in. (150 x 300 mm) cylinders. Continued ...

No. Cure Age Fundisturbad n STD Fisturbad n STD Diff. Ratio
psi psi psi psi psi
81 W28 28 11562 2 530 11703 2 705 -141 G.99
82 H 1 7841 1 7898 1 -57 0.99
82 H 28 9102 2 201 9208 2 3 ~1086 0.99
82 W28 28 10354 2 173 10661 1 -307 0.97
B3 H 1 8832 1 8724 1 108 1.0L
83 0 28 9050 2 1573 9548 2 14 -498 0.95
83 W28 28 10623 1 11151 i -528 0.95
84 H 1 9413 1 9982 1 ~-569 0.94
84 H 28 11740 2 14 11582 2 33 158 1.01
84 w28 28 11949 2 9 12083 2 372 ~134 .99
85 H 1 11154 1 10230 1 923 1.09
85 H 28 11306 2 336 11302 2 144 4 1.00
85 w28 - 28 12858 2 30 12687 2 89 171 1.01
86 E 1 7160 1 7073 1 87 1.01
13 H 28 8546 2 204 8720 2 57 -174 0.98
86 W28 28 9286 2 111 10198 2 227 -511 0.91
B7 H 1 84478 1 7917 1 560 1.07
87 H 28 9025 2 15 8748 2 50 277 1.03
87 W28 28 9388 2 192 10343 2 147 ~955 0.91
88 H 1 9157 1 9496 1 -340 0.96
88 E 28 10725 2 66 10763 1 ~38 1.00
B8 W28 28 12028 2 7 11586 2 315 441 1.04
8% H 1 9658 1 9808 1 -151 0.98
B9 H 28 10355 2 242 9845 2 250 508 1.05
89 w28 28 11862 2 105 11447 2 215 415 1.04
90 H 1 6317 1 6453 1 -136 0.98
90 H 28 7516 2 9 7480 2 78 36 1.00
90 W28 28 8637 2 126 8861 2 209 ~224 56.97
91 H 1 7650 1 7137 1 -87 0.99
91 B 28 7927 2 26 8017 2 210 -90 0.99
91 W28 28 9689 2 EE] 9604 2 24 85 1.01
100 H 1 7949 1 9411 1 -1462 0.84
100 H 28 10188 1 10207 1 ~19 1.00
100 W28 28 10408 2 593 9867 2 311 541 1.05
101 H 1 8009 1 g8le66e 1 ~156 ¢.98
101 H 28 8191 1 8998 1 -806 0.81
101 W28 28 10408 2 593 9867 2 311 541 1.05
102 H 1 6146 1 6050 1 95 1.02
102 H 28 8034 1 7737 1 297 1.04
102 W28 28 9392 2 312 9651 2 363 -259 Q.97
103 H 1 7833 1 7028 1 4 1.00
103 H 28 8403 H 8473 1 -70 0.99
103 w28 28 9392 2 312 9651 2 363 -259 4.97
104 H 1 10256 1 10343 1 -87 0.99
104 H 28 11336 1 10820 1 516 1.05
104 w28 28 12902 2 210 12832 2 582 70 1.01
108 H 1 9950 1 8934 1 1016 1.11
105 3 28 10381 1 10349 1 32 1.00
105 W28 28 12902 2 210 12832 2 582 0 1.01
106 H 1 8501 1 8940 1 ~439 0.95
106 H 28 10368 1 9725 1 643 1.07
106 was 28 12032 2 60 12094 2 132 -62 0.99
107 H 1 8028 1 8115 1 -87 0.99
107 H 28 8679 1 8985 1 -306 0.97
107 wzs 28 12032 2 34 12094 2 132 -62 0.99

number of replicate specimens tested
STD sample standard geviation {n > 1)
Diff. = fundisturbed = feisturbed

Ratic FLundistorbed / Fessturbed

=}
nn
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Table 5.2. Comparison of compressive strengths of undisturbed and disturbed specimens,
6 x 12 in. (150 x 300 mm) cylinders. Continued ...

No. Cure Age fundisturbed n STD Foa; yeurbad n STD Diff. Ratico
psi psi psi psi psi
108 H 1 8359 1 8416 1 : -57 .99
108 H 28 11118 1 11423 1 -306 0.97
108 [1P4:] 28 12600 2 359 12692 2 324 -92 0.99
109 H 1 7805 1 7770 1 35 1.00
109 H 28 10578 1 10171 1 407 1.04
109 w2e 28 11857 2 248 11804 2 455 53 1.00
110 H 1 7558 1 7973 i ~15 1.00
110 H 28 10035 1 9959 1 76 1.01
110 w28 28 11453 2 8 11450 2 134 4 1.00
11l H 1 7321 1 7298 1 23 1.00
111 H 28 9358 1 9297 1 62 1.0%
i11 W28 28 9864 2 278 10237 2 459 -372 .96
112 H 1 10685 1 10799 1 -115 0.99
112 H 28 118867 1 11981 1 -115 0.99
112 W28 28 13755 2 196 13409 2 1002 345 1.03
113 H 1 10918 1 10780 1 138 1.01
113 B 28 11690 3 12312 1 -622 0.95
113 W28 28 13677 2 21 13973 2 689 -296 0.98
114 H 1 10228 1 10129 1 100 1.01
114 H 28 10852 1 11162 1 -310 0.97
114 wW2e 28 13442 2 437 13658 2 438 =215 0.98
115 H 1 9312 1 9445 1 -134 0.99
115 H 28 10502 1 10163 1 340 1.03
115 W28 28 13431 2 513 13317 2 CE; 114 1.01
116 H 1 9159 1 9199 1 -40 1.00
116 H 28 12092 1 11351 1 T41 1.07
116 w28 28 12600 2 359 12602 2 324 -92 0.99
117 H 1 9220 1 9573 i -352 0.96
117 H 28 11676 1 11839 1 -163 0.99
117 W28 28 11857 2 248 11804 2 455 53 1.00
118 H 1 7455 1 7177 1 278 1.04
118 H 28 9384 1 9594 1 ~-210 0.98
118 W28 28 - 11453 2 8 11450 2 134 4 1.00
119 H 1 7117 1 7164 1 -47 0.99
118 W28 28 9864 2 278 10237 2 459 -372 0.9%6
120 H 1 10721 1 16432 1 289 1.03
120 H 28 12792 1 13102 1 -310 0.98
120 was 28 13755 2 196 13409 2 1002 346 1.03
121 H 1 10559 1 10487 1 72 1.01
izl H 28 12607 1 12671 1 -64 .99
121 W28 28 13677 2 21 13973 2 689 -296 0.98
122 H 1 10114 1 10095 1 18 1.00
122 H 28 11705 1 11563 1 142 1.01
122 W28 28 13442 2 437 13658 2 438 -215 0.98
123 B 1 9602 1 9594 1 8 1.09
123 H 28 11062 1 11039 1 23 1.00
123 w2s 28 13431 2 513 13317 F 89 114 1.01
124 H 1 10910 1 10116 1 794 1.08
124 H 28 14761 1 14816 1 -55 1.00
124 w28 28 14322 1 14727 1 -405 0.97
125 H 1 13040 1 12879 1 62 1.00
125 H 28 15357 1 15039 3 318 1.02
125 w28 28 11487 i 11661 1 ~-174 0.99
126 H 1 8781 1 8673 1 108 1.01
126 H 28 12123 1 11839 1 284 1.02
n = number of replicate specimens tested
STD = sample standard deviation (n > 1)
Diff. = Ffundisturbed ~ Lqisturbed
Ratio = fLundisturbed / faisturbed
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Table 5.2. Comparison of compressive strengths of undisturbed and disturbed specimens,
6 x 12 in. (150 x 300 mm) cylinders. Continued ...

No. Cure Age Loundisturbed n STD Lot sturhed n STD Diff. Ratico
psi psi psi psi psi
126 W2s 28 13286 1 13189 1 98 1.01
127 B 1 11406 1 11043 1 363 1.03
127 B 28 12554 1 12705 i —151 0.99
127 W28 28 14700 1 13942 i 758 1.05
128 H 1 10831 1 10928 1 -98 G.99
128 H 28 12278 1 12304 1 25 1.00
128 W28 28 13248 1 12643 1 405 1.03
129 H T 11043 1 11162 1 -119 0,99
129 H 28 13000 1 12667 1 333 1.03
129 Weg 28 14029 1 13199 1 830 i.06
130 H 1 5144 1 9547 T —403 0.96
130 il 28 11620 1 11767 1 -146 0.99
130 W28 28 13010 1 12022 1 889 1.08
131 3 1 11018 1 10965 1 49 1.00
131 H 28 12085 1 12440 il ~354 0.97
131 W28 28 14536 1 14324 1 412 1.03
132 H 1 12568 1 13655 1 -1087 0.92
132 H 28 14504 1 14116 1 388 1.03
132 W2g 28 14419 1 13471 1 949 1.07
133 H 1 12808 1 13513 1 -615 0.95
133 H 28 15841 1 14882 il 559 1.06
133 W28 28 14875 1 14388 1 487 1.03
134 H 1 9829 1 S804 1 25 1.00
134 H 28 11994 1 130095 1 -1101 0.92
134 WZB 28 14670 1 13201 1 1468 T.11
135 H il 12442 1 13800 T ~1358 0.90
135 H 28 15177 1 14955 1 182 1,01
135 W28 28 13965 1 13468 1 477 1.04
136 H 1 10791 1 10065 1 726 1.07
136 H 28 11710 1 11845 T ~136 g.o O}
136 W28 28 13787 1 13844 1 -57 1.06
137 H 1 12183 1 12159 1 23 1.00
137 q 28 12732 1 12919 1 —187 0.99
137 W28 28 15004 1 13305 1 1658 1.13
138 H 1 8732 1 8883 1 -151 0.98
138 H 28 11264 1 10742 1 522 1.05
138 W28 28 12681 1 13344 1 363 0.97
139 H 1 10740 1 10536 1 204 1.02
139 H 28 12223 1 12000 1 223 1.02
139 W28 28 14080 1. 12637 1 1443 1.11

number of replicate specimens tested

STD = sample standard deviation (n > 1)
Diff. = fundisturbed — Fdisturbed
Ratio = fundisturbea / TLaisturbed
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Statigtics

Mean 0.998
Standard Error c.0012
Median 0.998
Standard Deviation 0.037
Variance 0.0014
Kurtosis 1.450
Skewness -0.017
Range 0.300
Minimum 0.8446
Maximim 1.1434
Count 971

Table 5.3. Descriptive statistics of the compressive strength ratios of all undisturbed and
dismrbe‘i SpﬁCimenS (fundisrurbcd/ﬁiismrbed) .

Table 5.4-A. Comparison of the ACI 209 equations with the derived equations from this

study, moist-cured specimens.

[_ 7-day

182-day

]

365-day

| ultimate

Moist-cured concreta, Type I cement

ACI 209: normal strength concrete

.70 (f7¢) 284

1.15(f’.) 284

1.16(f’ ) 280

1.18{f"c) 280

All mixes: high strength concrete

o

15 (L7 ¢) 280

[

.11 (f’:) 280

1.12 (f')z8a

1.13 (') 280

Moist-cured concrete, Type III cement

ACT 209: normal strength concrete

.80 (£ ) 2ed

07 (£ 5} 280

1.08 (£’ o) z8d

.09 (") 28a

All mixes: high strength concrete

.91 (£7c) 28a

.03 (£’ ) 28q

1.04 (£’ ;) z8d

.04 (") 28a

Ref. mixes: high strength concrete

.91 (£7¢) 280

03 (fF' ) z8a

1.03 (£’ ;) 284

.03 (£f'c) zed

FA mixes: high strength concrete

LTLLAE o) z8a

V13 (£%¢) 28d

1.14 (£'¢c)zaa

.16 (£} 280

SF mixes: high strength concrete

.80 (£7;) z8d

.03 (£’ ¢) 28a

1.03{f"c)28a

.04 (") 28

FA+SF mixes: high strength concrete

ololo|ololo

.91 (f’c)z6a

[Py [ Y Y Y Y

03 (£ ) 282

1.04 (£} z28a

I e o e 1

.04 (f"c) 28a

Table 5.4-B. Comparison of the ACI 209 equations with the derived equations from this study,

heat-cured specimens.

[ i-day | 2-day | 182-day | ultimate

Heat-cured concrete, Type I cement

ACI 209: normal strength concrete 0.51 (F clood | 0.69 (') oaa | 1-05(f c)zea | 1.05 (£7c) 260
All mixes: high strength concrete 0.88 (£ cjzsq | 0.94 (F'clzea | 1.0L (£"c) e 1.0L(f ) 280
Ref . mixes: high strength concrete 0.82 (£’ c)zsad | 0.9L (£ c)zea | 1.01 (') 280 1.02{f’:) z8a
FA mixes: high strength concrete 0.B2(f closa | 0.9 (F’c)zga | 1.02(f c)z8g | L. 02 (£’ ) zaa
SF mixes: high strength concrete 0.93(f c)28a | 0.97 (£ c)zea | 1.01 (£7c) 254 1.01 ¢{£" ) 242
FA+SF mixes: high strength concrete 0.91 (F7c)zsa | 0.95(Ff c)z2ga | 1.00(F"c)28d 1.00(f’;) 28a
Heat-cured concrete, Type III cement

ACT 209: normal strength concrete 0. 60 (L c)ooa | 0-75(f c)pea | 1-02 (£7c)z8a | 1.02 (F"c)z8a
All mixes: high strength concrete 0.83 (Ff o)zea | 0.91 (£ c)zsa | 1.00 (£’ c}osa | 1.00 {£7c) 280
Ref. mixes: high strength concrete D.79 (£’ c)z6q § U.88 (£ c)zsd § 1.0l (£7cl29a | 1.01 (£7a) 280
FA mixes: high strength concrete 0.79(f’c) 28a 0.88B (£} 28d 1.01(f":) z8a 1.61 (£} 28q
SF mixes: high strength concrete 0.66 (£ c)zaa | .92 (L o)zsa | 1.00 (F7c)ama | 1.00(f cizea
FA+SF mixes: high strength concrete C.BB(f c)zaa | 0.03 (£ c)oga | 1-00(f c)zea | 1.00(F"c) 280
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Table 5.5. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, heat-cured specimens.

No. Age Faxg i 8TD Foxiz n’ STD Diff. Ratio
psi psi psi psi pai

4 28 10533 3 776 9820 3 934 713 1.07
4 7 iciz1 5 370 10032 2 230 89 1.01
5 7 9947 4 1241 9555 2 779 392 1.04
5 28 10552 4 839 9891 4 1087 660 1.07
5 1 8531 5 447 8041 3 344 491 1.06
22 1 10800 5 314 9990 2 365 B11 1.08
22 28 13933 5 693 133127 q 347 806 1.06
23 1 10754 3 142 10330 1 424 1.04
23 28 13110 5 303 12412 4 428 698 1.06
24 28 10975 5 203 10718 4 109 257 1.02
24 1 8257 3 246 7812 1 445 1.06
25 1 8335 5 179 B222 2 110 113 1.01
25 28 10035 5 172 9553 4 159 383 1.04
26 28 13870 5 329 12588 4 276 1282 1.10
26 1 12199 3 532 11541 2 347 658 1.06
27 28 11493 5 379 11033 4 322 459 1,04
27 1 10309 4 238 8891 2 102 418 1.04
28 28 8985 4 157 8819 4 942 166 1.02
28 1 7312 5 203 7099 2 38 213 1.03
26 | 28 10313 5 197 9860 4 162 453 1.05
29 1 8574 5 281 8376 2 180 199 1.02
50 28 12258 5 243 11551 4 73 T07 1.086
50 1 9918 5 158 9443 2 12 475 1.05
51 28 10018 4 182 5799 4 196 218 1.02
51 1 7812 5 271 7747 2 53 66 1.01
52 28 13060 5 109 12238 4 149 822 1.07
52 1 11245 5 24 10621 2 78 624 1.06
53 1 6151 5 259 5725 2 426 425 1.07
53 28 8867 5 177 9185 [ 362 -318 0.97
54 28 13859 4 658 12517 4 311 1342 i.11
54 1 11329 5 203 10376 2 83 953 1.092
55 1 10487 5 134 9803 2 86 684 1.07
55 28 12387 4 529 11703 4 515 683 1.9086
56 28 12999 5 223 12135 4 180 863 1.07
56 i 11170 5 172 10425 2 158 745 1.07
57 1 11029 5 147 10269 2 159 761 1,07
57 28 12342 5 359 12177 4 i91 165 1.01
58 1 11383 4 208 10653 2 120 730 1.07
58 28 12705 5 166 12149 4 196 556 1.05
59 28 12649 5 516 11928 . 4 159 721 1.06
59 1 11077 5 192 10558 2 170 519 1.05
60 28 11557 5 418 10774 4 323 783 1.07
60 1 9274 5 189 8509 2 102 765 1.09
61 1 10045 5 112 9416 2 141 629 1.07
61 28 11988 5 592 11322 4 115 666 1.06
62 1 10910 5 371 10085 2 185 825 1.08
62 28 12616 5 243 11887 4 282 728 1.06
63 1 10133 5 383 9113 2 272 1020 1.11
63 28 11687 5 462 11151 4 157 536 1.05
64 1 11003 4 817 9477 2 a0 1526 1.16
64 28 13059 4 222 12034 4 307 1025 1.09
65 28 13677 4 352 12688 4 125 989 1.08
65 1 11495 4 1051 10411 2 258 1084 1.10
66 28 12080 4 544 11677 4 141 402 1.03
66 1 9466 5 203 8861 2 52 605 1.07

n = number of replicate specimens tested

STD = sample standard deviation (n > 1)

Diff. = Fyxg — fexiz

Ratic = faxs / Lexi2
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Table 5.5. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, heat-cured specimens. Continued ...

No. Age faxs n STD Fox1a n STD Diff. Ratio
psi psi psSi psi pai
67 1 10737 5 398 10358 2 3 379 1.04
67 28 12192 4 404 12284 4 619 -82 0.89
68 1 10655 5 420 10212 2 201 443 1.04
68 28 12836 5 276 11874 4 223 962 1.08
69 1 8603 5 453 7869 2 63 734 i1.09
69 28 11653 4 174 1G553 4 159 1100 1,10
70 1 . 11370 5 224 10488 2 272 882 1.08
70 28 12246 5 294 11788 4 294 458 1.04
71 28 11986 5 302 13218 q 206 768 1.07
71 1 10476 5 243 9851 2 204 625 1.06
72 28 10833 5 197 10588 4 212 245 1.02
72 1 8193 5 444 8760 2 105 433 1.05
73 28 13055 5 384 12253 4 147 802 1.07
73 1 10052 5 546 9669 2 149 382 1.04
74 1 . 9951 5 292 10085 2 86 -134 0.99
74 28 12990 5 399 11748 4 360 1242 1.11
75 1 9761 5 300 9114 2 231 647 1.07
75 28 11276 5 103 10846 4 155 430 1.04
76 28 11687 4 186 11073 4 110 624 1.06
76 1 9986 5 313 9335 2 33 651 1.07
77 1 10664 5 147 10026 2 89 638 1.06
7 28 11741 4 93 11175 4 102 566 1.05
78 28 11483 5 142 10602 4 136 881 1.08
78 1 10117 3 144 9251 2 296 865 1.09
79 28 11532 4 75 10719 4 62 813 1.08
79 1 10606 5 126 9590 1 1017 1.11
B8O 28 11643 5 192 11059 4 138 585 1.05
80 1 10373 5 300 9318 1 1655 1.1:
a1 28 11435 5 74 10606 4 120 829 1.08
81 1 10324 5 79 5201 1 1122 1.12
82 1 8680 5 S0 7870 2 41 811 1.10
82 28 9439 5 212 9158 4 131 285 1.03
83 1 9635 5 197 8778 2 77 857 1.10
83 28 10626 5 184 9299 4 953 1326 1.14
84 1 10673 5 264 9698 2 402 975 1.10
84 2B 12552 5 76 11661 4 G4 890 1.08
85 28 12485 5 297 11304 4 211 1181 1.10
a5 1 11948 5 179 10692 2 653 1256 1.12
86 I3 7625 K] 270 7116 2 62 5098 1.07
86 28 9753 5 216 8633 4 158 1121 1.13
87 1 8729 5 298 8198 2 396 531 1.06
a7 28 9648 5 127 8887 4 163 762 1.09
88 1 9953 4 80 9326 2 240 626 1.07
g8 28 il639 5 105 10738 3 52 901 1.08
g9 1 10555 5 214 9733 2 107 822 1.08
89 28 11133 5 127 10100 4 366 1033 1.10
90 1 6778 5 44 6385 2 EL 393 1.06
90 28 8003 5 231 7498 4 50 505 1.G07
91 28 8590 5 199 7972 4 133 618 1.08
91 1 8092 5 106 7694 2 62 399 1.65
100 1 8548 4 118 8680 2 1034 -132 0.98
100 28 10610 4 344 10198 2 14 413 1.04
101 H 8625 4 58 8088 2 111 538 1.07
101 28 10297 4 562 8594 2 570 1702 1.20
102 28 8508 4 218 7886 2 210 623 1.08
n = number of replicate specimens tested
STD = sample standard deviation (n > 1)

Diff,
Ratio

Faxe - Fexiz
faxe / Foxzz
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Table 5.5. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, heat-cured specimens. Continued ...

No. Age Eans n STD Fexiz n STD DifE. Ratio
psi psi p3i psi psi

102 1 6663 4 436 6098 2 68 565 1.09
103 28 8572 4 446 B438 2 50 133 1.02
103 1 7436 3 372 7030 2 3 405 1.06
104 28 11742 4 796 12078 2 365 - 664 1.06
104 i 11023 4 107 10298 2 62 724 1.07
105 28 11093 4 696 10365 2 23 727 1.07
105 1 10325 4 409 9442 2 719 883 1.09
106 1 0626 4 77 8721 2 311 905 1.10
106 28 15706 4 522 10047 2 455 659 1.07
107 1 8777 4 313 8071 2 62 706 1.09
107 28 9528 4 443 B832 2 216 696 1.08
108 1 8843 2 81 8387 2 41 455 1.05
108 28 11218 2 165 11270 2 216 -52 1.00
109 28 11132 4 174 10375 2 288 757 1.07
108 i 8633 4 356 7788 2 25 845 1.11
110 1 8475 4 189 7965 2 11 510 1.06
110 28 10908 4 366 9987 2 54 91t 1.09
111 1 7898 4 559 7309 2 17 589 1.08
111 28 10257 4 237 9328 2 44 930 1.10
112 28 12920 2 425 11924 2 81 996 1.08
112 1 11559 2 331 10742 2 81 818 1.08
113 1 11761 4 398 10849 2 EL] 912 1.08
113 28 13071 4 416 12061 2 440 1069 1.09
114 1 10393 4 333 10178 2 71 215 1.02
114 28 11516 4 264 11007 2 219 509 1.05
115 28 10721 4 450 10332 2 240 389 1.04
115 1 9903 4 229 9378 2 95 524 1.06
116 1 9714 4 324 91792 2 29 535 1L.C6
116 28 13037 4 60 11721 2 524 1316 1.11
117 28 12785 4 404 11757 2 116 1028 1.09
117 1 9616 4 902 9397 2 249 220 1.02
118 28 10384 4 lel 9489 2 149 896 1.09
118 1 7861 4 187 7316 2 197 546 1.07
119 28 9570 4 183 B726 1 844 1.10
119 1 7211 4 55 7141 2 33 70 1.01
120 28 13967 4 744 12947 2 219 1620 1.08
120 1 11851 4 142 10576 2 204 1274 1.12
121 I 11482 4 330 10823 2 51 956 1.09
121 28 13487 4 505 12639 2 45 - §48 1.07
122 1 11015 4 155 10104 2 14 911 1.09
122 28 12763 4 190 11634 2 101 1128 1.10
123 1 10563 ] 322 9598 2 6 965 1.10
123 28 11381 4 216 11051 2 17 330 1.03
124 28 15150 4 372 14789 2 39 36l 1.02
124 1 12338 4 337 10513 2 561 1826 1.17
125 1 13829 4 285 13009 2 44 81% 1.06
125 28 16606 4 521 15198 2 225 1408 1.09
126 28 12455 [] 212 11981 2 201 473 1.04
126 3 9219 4 208 8727 2 77 492 1.06
127 1 11817 2 115 11225 2 257 593 1.05
127 28 13878 4 293 12629 2 107 1248 1.10
128 1 11630 ] 269 10880 2 69 750 1.07
128 28 12934 4 261 12291 2 i8 643 1.05
129 28 14349 4 248 12833 2 236 1516 1.12
129 1 129083 4 25¢ 11103 2 84 881 1.09

n = number of replicate specimens tested

STD = sample standard deviation {n > 1)

Diff. = fyxg = Fsxiz

Ratio = fuxs / Lexiz
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Table 5.5. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, heat-cured specimens. Continued ...

No. Age Fuxg n STD Fexiz n STD Diff. Ratio
psi psi psi psi psi

130 1 9983 4 136 9346 2 285 637 1.07
130 28 12455 4 154 11624 2 104 761 1.07
131 1 12043 4 107 10993 2 35 1049 1.10
131 28 13140 4 369 12262 2 251 877 1.07
132 28 16298 4 425 14310 2 275 1988 1.14
132 1 14779 4 390 13112 2 769 1667 1.13
133 1 14088 4 402 13206 p 435 882 1.07.
133 28 16393 4 470 15362 2 678 1031 1.07
134 1 10688 4 165 9817 2 18 871 1.08
134 28 14159 4 733 12545 2 779 1615 1.13
135 1 14606 4 1108 13121 2 960 1485 1.11
135 28 16124 4 624 15086 2 129 1038 1.07
136 28 12624 4 119 11777 2 96 847 1.07
136 1 11440 4 250 10428 2 513 1012 1.10
137 1 12666 4 550 12171 2 17 495 1.04
137 28 14127 4 277 12826 2 i3z 1301 1.19
138 28 11729 4 282 11003 2 369 726 1.07
138 1 10289 4 260 8807 2 107 1482 1.17
139 1 11260 4 434 10638 2 144 622 1.06
139 28 12988 4 170 121312 2 158 877 1.07

n = number of replicate specimens tested

STD = sample standard deviaticn (n > 1)

Diff. = f4x3 = fanz

Ratic = fyxe / fexiz
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Table 5.6. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, moist-cured specimens.

No. Age Fuxs n STD Lx12 I 8TD Diff, Ratio
psi psi psi psi psi

20 28 13949 5 131 13369 3 380 580 1.04
20 7 11570 4 164 11127 2 197 443 1.04
21 28 14047 4 281 13758 2 128 28% 1.02
21 14 13229 4 237 12646 3 103 " 583 1.05
22 28 13448 2 348 12688 2 426 760 1.06
23 28 13178 3 306 12773 2 312 405 1.03
24 28 . 12034 3 437 11612 1 422 1.04
25 28 10841 2 375 1111¢ 4 325 -269 0.98
26 28 13627 2 385 13821 3 159 ~194 0.99
27 28 13023 2 436 12148 2 212 875 1.07
28 28 10280 1 9718 3 69 561 1.06
29 28 11211 3 381 11071 2 381 140 1.01
50 28 12273 2 429 11733 3 156 540 1.056
51 28 10527 2 312 10028 4 201 507 1.05
52 28 . 13716 2 434 12993 4 263 723 1.06
53 28 10411 2 37 9742 4 308 669 1.07
54 28 14094 2 21 13534 4 92 560 1.04
55 28 12080 2 277 12216 4 368 -136 0.99
56 28 13576 2 36 12878 3 47 698 1.05
57 28 13051 2 63 12328 4 356 722 1.06
58 28 11662 2 2713 11310 4 383 -248 Q.98
59 28 13142 2 8 12076 4 197 1066 1.09
60 28 11137 2 361 11366 4 70 -229 0.98
61 28 12190 2 371 11533 4 300 657 1.06
62 28 13231 2 68 12639 3 358 592 1.05
63 28 12381 2 228 11745 3 300 637 1.05
64 28 13200 2 327 12600 4 253 600 1.05
65 28 13783 2 380 13315 4 549 468 1.04
66 28 12968 2 362 12345 4 867 623 1.05
67 28 12808 2 361 12381 3 731 427 1.03
68 28 133085 2 706 12715 4 338 595 1.058
69 28 11144 2 621 11152 4 240 -8 1.00
70 28 14417 2 233 13365 4 546 1052 1.08
71 28 13211 2 297 12530 4 359 681 1.05
72 28 12359 2 294 11831 3 341 529 1.04
73 28 13338 2 354 12507 4 538 831 1.07%
74 28 14053 2 141 126090 4 160 1363 1.11
75 28 12553 2 182 11187 4 374 1366 1.12
76 28 12727 2 611 11342 4 676 1385 1.12
77 28 13035 2 351 12407 [ 140 628 1.05
78 28 13250 2 358 11643 3 922 1607 1.14
79 28 13613 2 122 12316 4 233 1297 1.11
80 28 13288 2 290 11825 3 484 1463 1.12
81 28 12875 2 395 11633 4 516 1342 1.12
82 28 11053 2 81 10457 3 215 597 1.06
83 28 12326 2 267 10887 2 374 1438 1.13
84 28 13152 2 71 12016 [l 228 1136 1.09
85 28 14185 2 20 12772 4 112 1413 1.11
86 28 10562 2 169 9742 4 546 820 1.08
87 28 10488 2 773 9865 4 569 622 1.06
88 28 12192 2 30 11807 4 313 385 1.03
89 28 13216 2 54 11655 4 276 15861 1.13
90 28 9767 2 186 8749 4 191 1018 1.12
91 28 10523 2 365 9647 4 77 876 1.09
100 28 11158 4 572 10137 4 497 1021 1.10

n = number o¢f replicate specimens tested

STD = sample standard deviation (n > 1)

Diff. = fyxa - fex1z

Ratio = fyxs / fsx1z
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Table 5.6. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) and 6 x 12 in.
(150 x 300 mm) cylinders, moist-cured specimens. Continued ...

No. Age faxa n STD Lox1z 21 STD Diff. Ratio
psi psi psi psi psi

101 28 11158 4 572 10137 4 497 1021 1.10
102 28 10272 4 541 9522 4 314 -~ 751 1.08
103 28 10272 4 541 9522 4 314 751 1. 08
104 28 13897 4 667 12867 4 360 1030 1.08
105 28 13897 4 667 12867 [ 360 1030 1.08
106 28 12141 4 658 12063 4 91 78 1.01
107 28 12141 4 658 12063 4 91 78 1.01
108 28 13185 4 1681 12646 4 284 539 1.04
109 28 12604 4 390 11831 4 300 773 1.07
110 28 11882 4 550 11452 4q 77 431 1.04
111 28 11084 4 328 10051 4 377 1034 1.10
112 28 14466 4 869 13582 4 622 B84 1.67
113 28 14801 4 436 13825 4 433 977 1.07
114 28 14841 4 566 13550 4 378 1291 1.10
115 28 13633 4 92% 13374 4 308 259 1.02
116 28 13185 4 1091 12646 4 284 539 1.04
117 28 12604 4 390 11831 4 300 773 1.907
118 28 11882 4 550 11452 4 77 431 1.04
119 28 1108¢ 4 328 10051 4 377 1034 1.10
120 28 14466 4 869 13582 4 622 884 1.07
121 28 14801 4 436 13825 4 433 971 1.07
122 28 14841 4 566 13550 4 378 1291 1.10
123 28 13633 4 920 13374 4 308 259 1.02
124 28 led87 2 68 14524 2 287 1962 1.14
126 28 14264 2 57 13237 2 69 1027 1.08
127 28 15553 2 199 14323 2 536 1233 1.09
128 28 15031 2 324 13045 2 287 1985 1.15
129 28 15604 2 621 13614 2 587 1989 1.1%
130 28 15038 2 348 12516 2 699 2522 1.20
131 28 15812 2 30 14330 2 291 1581 1.11
132 28 16033 2 682 13945 2 671 2088 1.15
133 28 17573 2 1165 14631 2 345 2942 1.20
134 28 14899 2 1340 13936 2 1038 964 1.07
135 28 15959 2 881 13727 2 338 2233 1,16
136 28 14271 2 54 13816 2 41 456 1.03
137 28 16623 2 395 14155 2 1201 2468 1.17
138 28 14252 2 993 13162 2 257 1090 1.08
139 28 16036 2 814 13358 2 1020 2677 1.20

n = number ¢f replicate specimens tested

STD = sample standard deviation (n > 1)

Diff. = Ffaxe - Fsx12

Ratio = fyxe / fex1z

Table 5.7. Number of replicate specimens tested for each specimen size.

Compressive

strength based 4 x 8 in. 6 x 12 in.

on testing: (100 x 200 mm) (150 x 300 mm)

1 specimean 1 1x1=1 | 7 Txi=7
2 specimens 66 66x2=132 | 148 148x2=296
3 specimens 7 Tx3=21 | 16 16x3=48
4 specimens 120 120x4=480 | 107 107x4=428
5 specimens 84 B84x5=420 | 0 0x5=0
Total: 278 cobservations 1054 cylinders | 278 observations 779 cylinders
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Table 5.8. Descriptive statistics of the coefficient of variation of the compressive strength test
results for two sizes of specimens.

4 x 8 in. 6 x 12 in.
Statistics (100 x 200 mm) (150 x 300 mm)
Heat~cured Moist-cured Heat-curad Moist-cured

Mean 2.838 3.144 2.115 2.960
Standard Error 0.1353 0.2174 g.1582 0.1835
Madian 2.311 2.824 1.431 2.651
Standard Deviation 1.840 2.097 2.165 1.770
Minimum 0.462 0.143 0.024 0,293
Maocimem 12.479 g.996 11.910 8.484
Count 179 91 179 91

Table 5.9. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mun) high strength
concrete specimens capped with a high strength sulfur-based capping compound versus
specimens with an unbonded capping system.

MNo. Cure Age Lraoprene n STD Loap n STD Diff. Ratio
psi psi psi psi psi
19 W 7 12308 4 264.94 12858 4 137.94 =550 0.96
19 W 14 14113 4 228.63 14335 4 |.384.08 -222 0.98
19 W 28 15806 4 123.06 15537 4 701.14 270 1.02
18 W 56 14809 4 340.34 14782 3 128.38 26 1.00
20 W 7 11491 5 198.35 11570 4 164.45 =79 0.99
20 W 14 13116 4 220.67 13353 4 153.85 ~238 0.98
20 W 28 14294 4 193.73 13948 5 131.13 345 1.02
20 W 91 14829 5 368.38 13926 5 544.67 903 1.06
21 W ki 11580 4 122.13 11588 4 56G.72 -18 1.00
21 W 14 13117 4 159.00 13228 4 236.67 -112 0.99
21 W 28 14401 5 214.60 14047 4 280.96 354 1.03
21 W 91 15237 5 301.45 14451 5 392.66 786 1.05
22 H 28 13778 3 207.70 13933 5 693.21 -155 0.99
23 H 28 13399 3 123.99 13110 5 302.85 289 1.02
24 H 28 11395 3 179.25 10975 5 203.21 420 1.04
25 H 28 10212 3 203.63 10035 5 171.87 177 1.02
26 H 28 13932 2 155.30 13870 5 329.26 62 1.006
27 B 28 11949 2 84.40 11493 5 378.81 456 1.04
28 H 28 9011 3 249.10 BOBS 4 157.41 26 1.00
29 H 28 10509 3 153.68 10313 5 196.83 196 1.02
n = number of replicate specimens tested
STD = sample standard deviation (n > 1}
Diff. = fneop.rene - fcap
Ratio = fnecprene / Lcap
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Table 5.10. Comparison of compressive strengths of 4 x 8 in. (100 x 200 mm) high strength
concrete specimens capped with a high strength sulfur-based capping compound versus
specimens with ground ends.

No Cure Age foround n STD foap n STD Diff. Ratio
psi psi psi psi psi
4 H 7 10204 5 772.52 10121 5 369.77 83 1.01
4 H 14 10802 3 679.70C 10688 4 833.59 114 1.0%
4 E 28 11049 3 265.28 10533 3 775.%61 516 1.05
5 H 1 8715 5 447.00 8531 5 447.19 184 1.02
5 H 3 9754 5 387.75 9410 5 500.63 343 1.04
5 H 7 10588 4 84.09 10533 3 500.06 55 1.01
5 B 28 11250 4 599.12 10552 4 839.43 698 1.07
& B 56 11970 5 291.61 11738 5 519,92 231 1.02
7 H 14 9465 4 431.26 9077 5 475.88 387 1.04
7 H 56 10382 5 361.73 10355 5 312.32 27 1.00
S H 14 12497 3 79.08 12698 5 317.35 -20%1 0.98
g H 56 11521 5 287.47 12086 5 330.06 -564 0.95
10 H 14 13874 5 302.17 13654 5 232.60 221 1.02
10 H 56 13163 5 346.39 13374 4 78.84 ~211 0.98
11 H 14 13598 3 169.11 13411 5 135.99 187 1.01
11 H 56 13882 4 68.70 13602 5 516.53 280 1.02
12 H 14 12753 5 210.63 12334 4 462.30 419 1.03
12 H 56 12629 4 548,15 12315 S 396.17 314 1.03
13 ;8 14 14616 4 89.36 14266 5 354.68 351 1.02
13 H 56 15043 4 266.65 14785 4 305.34 258 1.02
14 H 14 14671 5 547.49 14460 5 177.66 210 1.01
14 H 56 14807 4 358.27 14634 4 973.85 173 1.01
n = number of replicate specimens tested
STD = sample standard deviation (n > 1)
Diff. = fyrouna ~ feap
Ratio = fgrouna / frap

Table 5.11. Descriptive statistics of the coefficient of variation of the compressive strength test
results for the three end conditions.

Statistics Case 1 Case 2
Sulfur cap Naeoprene pad Sulfur cap Ground ends

Mean 2.404 1.594 3.932 3.012
Standard Error 0.286 0.125 0.463 G.411%
Median 1,954 1.540 3.70 2.466
Standard Deviation | 1.278 0.560 2.172 1.929
Minimum 0.868 0.706 0.590 0.495
Maximum 4,975 2.764 7.855 7.570
Count 20 20 22 22
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Table 5.12. Comparison of compressive strengths of 6 x 12 in. (150 x 300 mm) high strength
concrete specimens cast in single-use plastic molds to those of companion specimens cast in
heavy-gauge steel molds.

No. Age fp_[.,tic n STD Lytaal n STD Diff. Ratio
psSi psi psi psi psi

4 1 6304 2 603 6489 2 516 -185 0.97
4 3 8729 4 601 8783 3 371 -53 0.99
4 7 10032 2 230 9989 2 g1 44 1.00
4 28 9820 3 934 101290 2 15 -371 0.96
5 H 8041 3 344 8149 3 372 -109 0.99
5 3 8414 3 85 8721 3 373 -307 0.96
5 7 9555 2 779 9917 2 512 -363 0.96
5 28 9891 4 1087 10435 2 308 -544 0.95

n = number of replicate specimens tested

sTD = sample standard deviation (n > 1)

Diff. = -fplastic = Lareel

Ratic = fpiastic /' Fstee1

Table 5.13. Chemical and physical properties of the high-range water reducers (HRWR) used
in this study based on the manufacturer’s laboratory reports.

High-range water reducer Proparties

ASTM C 494 Type A and F; HRWR

Aqueous solution of a modified naphthalene sulfonate.

HRWR #1 % Solids: 40%

Specific Gravity: 1.20

Manufacturer’s Recommended Dosage: 6-20 oz/cwt (4-13 ml/kg)

ASTM C 494 Type A and F; HRWR

Melamine formaldehyde-based water scluble polymer.

ERWR #2 % Solids: 33% ’

Specific Gravity: 1.20

Manufacturer’s Recommended Dosage: 6-30 oz/cwt {4-20 ml/kg)

ASTM C 494 Type F; HRWR

Water~soluble sulphonated naphthalene condensate.

HERWR #3 % Solids: 42%

Specific Gravity: 1.20

Manufacturer’s Recommended Dosage: 6-18 oz/cwt (4-12 mi/kg)

ASTM C 494 Type D and G; HRWR

Based on sodium salts of an unsaturated carboxylic acid and
BRWR #4 the hydroxvalkyl! ester of such acids.

% Solids: 22%

Specific Gravity: 1.11

Manufacturer’s Recommended Dosage: 6-18 oz/cwt (4-12 ml/kg)

ASTM C 494 Type & and F; HEWR

Combination of a water-soluble anionic melamine

HRWR #5 polyceondensate and a naphthalene condensate.

% Solids: 39%

Specific Gravity: 1.23

Manufacturer’s Recommended Dosage: 6-25 oz/cwt (4-16 ml/kg)
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Table 5.14. Compressive strength of high strength concrete mixes made with five different
high-range water reducers. Also shown are compressive strength values expressed as a
percentage of compressive strength of high strength concrete mixes made with high-range
water reducer No. 1 at equal ages.

Compressive strength Compressive strength
psi ‘ % HEWR No. 1
Mix ID Code No. Cure 1-bay 14-Day 28-Day 1-bay 14~-bay 28-Day

131-XAL1-FOOMO0-130 30 H 10024 12775 13250 100 100 100
131-XALLl-FOOMO0-230 31 H 9233 11644 11955 92 91 30
131-XAL1-~-FOOM0O0-330 44 H 8129 12126 12957 gl 95 98
131-XALi-FOOM0O0-430 | 45 H 6815 10258 10703 68 80 81
131-XAL1-FOOMO0-530 46 H 7372 11244 11900 74 a8 90
131-XAL1-FOCM75-130 32 H 10098 12354 12699 109 100 100
131-XAL1-FOOM75-230 33 H 9635 11262 11516 95 91 91
1.31-¥AL1-FOOM75-330 47 B 10476 11852 12694 104 ElS 100
131-XAL1-FOOM75-430 48 H 8061 10337 11087 80 a4 87
131-XAL1~-FOOM75-530 49 H 9528 11795 11876 94 95 94
131-XAR2-FOOMO0-130 34 H 10095 12490 13208 100 1900 100
131-XAR2-FOOMO0-230 35 H 2085 11290 11698 90 90 89
131-XAR2~-FOOMOC-330 38 H 8720 10982 10834 86 88 82
131-XAR2-FOCMO0-430 38 H 8535 9604 10117 85 77 77
131-¥ARZ2-FOOMGO-530 40 B 7310 8817 9759 72 71 74
131-XARZ-FOOM75-130 36 H 9880 11852 12209 100 100 100
131-XARZ2-FOOM75-230 37 H 10065 11531 11532 102 97 94
131-XAR2-FOOM75-330 41 H 10424 11345 11590 105 96 95
131-XAR2-FOOM75-430 42 ;] 7059 8806 8967 71 74 73
131-XAR2-FO0OM75-530 43 H 7530 9328 9858 76 79 81
131-XAL1-FOOMOO-130 30 W 7649 12409 13347 100 100 100
131-XAL1-FOOMO0-230 31 W 7405 11555 12107 97 93 91
131-¥AL1-FOOMO0-330 44 W 7370 10893 11834 36 a8 89
131-¥AL1~FOOMQ0-430 45 W 6070 8779 10374 75 7l 78
131-%XAL1~-FOOM0O0-530 46 W 5449 9785 11426 71 79 86
131-XAL1-FOOM75-130 32 W 6828 12007 13232 100 100 100
131-XAL1-FOOM75-230 33 W 6997 11521 13022 101 96 98
131-XAL1-FOOM75-330 47 W 6982 11542 13382 101 96 101
131-¥2L1-FOOM?5-430 48 W 5196 8986 11262 75 75 a5
131-XAL1-FOOM75-53C 49 W 5957 10679 12656 86 8% 96
131-¥ARZ2=-FOOMOG-130 34 W 6373 12746 12448 100 100 100
131-XARZ2-FOOMO0-230 35 W 6159 10885 11634 97 85 93
131-XAR2-FOOM0O0-330 38 W 6782 10953 12734 i06 86 102
131-XAR2-FOOM0O0-430 39 W 60590 8616 10958 95 68 88
131~XAR2-FGOMO0-530 40 W 2492 10044 11092 39 79 89
131~-XAR2-FOOM75-130 36 W 7267 12600 13194 100 100 100
131-XARZ-FOOM75~230 37 W 6911 11953 12903 95 95 98
131-¥AR2-FOOM75-330 41 W 6243 11690 13100 86 93 99
131-¥XARZ2-FOOM75-430 42 W 4794 7958 10380 66 63 79
131-XARZ2-FOOM75-530 43 W 4316 9926 11512 59 79 87
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Table 5.15. Compressive strength of 4 x 8 in. (100 x 200 mm) specimens from high strength

concrete mixes made with five different types of coarse aggregates.

Compressive strength, psi
Heat-cured

Compressive strength, psi

Moist-cured

Mix ID Code No. i-Day 28-Day 182-Day 365-Day 28-~Day 182-Day 365-Day
131-%AR1=-FOOM00-130 108 8843 11218 11415 11373 13185 14489 14840
131-¥AR1~FZ0M00-130 110 8475 10908 113C0 10826 11882 14341 14998
131-XAR1-FOOM75-130 112 11559 12920 13104 12347 14466 15293 15339
131-XAR1-F20M75-13C 114 10393 11516 11312 10998 14841 15077 14942
131-¥aL1-F00MO0-130 124 12338 15150 15134 14964 16487 16809 16702
131-XAL1-F20M00-130 125 13829 16606 16508 16871 17117 17272 17215
131-XAL1-FQOM75-130 126 9219 12455 12488 12342 14264 15114 15618
131-XAL1-F20M75~130 127 11817 13878 13679 13542 15553 16057 16107
131-XAR2-FOOMOC-130 128 11630 12934 12746 12721 15031 15902 15849
131-XARZ2-FZ0MG0-130 129 12083 14349 14259 14295 15604 16504 16243
131-XAR2~-FOCM75-130 130 9983 12455 12464 12307 15038 15988 16072
131-¥ARZ-F20M75-130 131 12043 13140 13057 12973 15912 16558 17275
131-XAL2-FOOMOO-130 132 14779 16298 15649 15731 16033 16279 16848
131-~-XAL2~-F20M0O0-130 133 14088 16393 16470 16722 17573 17638 18421
131-XAL2-FOOM75-130 134 10688 14159 14680 144405 14899 16695 17148
131-¥AL2-F20M75-130 135 14606 16124 16279 16268 15959 17404 17494
131-¥AG2-FOOM00-130 136 11440 12624 12582 12621 14271 14998 14947
131-XAG2-F20MC0-130 137 12666 14127 13718 13687 16623 17205 16664
131-XAG2~FO0M75-130 138 10289 11729 11703 11781 14252 15415 15584
131-XAG2-F20M75-130C 13¢ 11260 12988 12882 13027 16036 15783 16066
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Figure 5.1. Schematic sketch of the testing machine spherical bearing block.
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CHAPTER 6
LITERATURE REVIEW:
MODULUS OF ELASTICITY OF HIGH STRENGTH CONCRETE

6.1 General

The static modulus of elasticity of concrete, E (also known as elastic modulus, Young’s
modulus or Young’s modulus of elasticity) is defined as the ratio of normal stress to
corresponding strain for tensile or compressive stresses. Knowing the static modulus of elasticity
of concrete in analysis and design of both reinforced and prestressed concrete elements is as

important as knowing the compressive strength of concrete.

Knowledge of the modulus of elasticity of concrete is essential in predicting deflections
of concrete structures in service. Also, the estimate of the prestress losses due to the elastic
shortening of prestressed elements, at the time of the prestress transfer, is based on the assumed
value of the modulus of elasticity of the concrete. However, while concrete compressive strength
can be easily determined experimentally, direct determination of static modulus of elasticity of
concrete is laborious and time-consuming (ASTM standard C 469: Test Method for Static
Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression). Concrete engineers have
always been interested in predicting the value of static modulus of elasticity (with reasonable
accuracy) through establishing a simple relationship between compressive strength and static
modulus of elasticity of concrete. In fact for normal strength concrete, it has been found that the
static modulus of elasticity of concrete increases with increase in its compressive strength and
numerous empirical equations for predicting static modulus of elasticity of concrete from its
compressive strength have been proposed by many investigators. These past investigations have
typically been limited to concrete with standard cylinder strengths less than 6,000 psi (41.4
MPa).

Furthermore, in United States, values of compressive strength and static modulus of

elasticity of normal strength concrete have been traditionally measured on 6 x 12 in.
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(150 x 300 mm) standard cylindrical specimens. As most concrete suppliers and
precast/prestressed plants have testing machines with a nominal compressive capacity of
approximately 250,000 Ib (1,100 kN), the maximum compressive strength of concrete that can be
tested on a 6 x 12 in. (150 x 300 mm) cylinder is about 8,800 psi (60.7 MPa) at full load (which
is not a safe practice on a routine basis). This testing capacity is not high enough for today’s high
strength concretes with compressive strengths reaching 20,000 psi (138 MPa) levels. This
limitation on the capacify of testing machines has led companies to use 4 x 8 in. (100 x 200 mm)
cylindrical test specimens where high strength concretes with compressive strengths up to 19,900
psi (137 MPa) can be tested without need for a high-capacity testing machine. While the
maximum capacity of the testing machine may not look critical for testing static modulus of
elasticity of high strength concrete (since the maximum load applied to the specimen is limited to
40% of the ultimate load according to ASTM standard C 469) stiffness of existing testing
machines may not be sufficient to sustain repeated high loading and unloading cycles involved in
static modulus of elasticity measureinents of high strength concrete specimens [Baalbaki et al.
1992]. Thus, use of 4 x 8 in. (100 x 200 mm) specimens is also beneficial in static modulus of

elasticity testing of high strength concrete.

The use of 4 x 8 in. (100 x 200 mm) cylinders for modulus of elasticity tests requires an
investigation to determine if the existing relationships are adequately accurate to predict high
strength concrete static modulus of elasticity. In addition, the effect of the specimen size on
compressive strength and static modulus of elasticity values is of interest. The following is a
brief review of some of the research that has been conducted on static modulus of elasticity of
both normal strength and high strength concrete and effect of specimen size on static modulus of
elasticity values. Table 6.1 shows a number of empirical relationships that have been since
proposed to predict the static modulus of elasticity of high strength concrete. Effect of specimen
size on compressive strength of high strength concrete was discussed in detail in Chapter 5 of

this report.
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As a side note it should be mentioned that in addition to the static method of determining
the modulus of elasticity of concrete, in which the stress-strain relationship is measured directly,
the modulus of elasticity may be determined by dynamic methods through finding the natural
frequency of vibration of a specimen or determining the velocity of sound waves through the
material. Dynamic methods are used to determine the extent of deterioration of concrete
specimens subjected to freezing and thawing tests or affected by alkali-aggregate reaction. These
tests provide simple and rapid means for frequent measurements of the modulus of elasticity
without damaging the specimen. A decrease in the modulus, measured by a lower natural

frequency or wave velocity, indicates deterioration of the concrete.

In this report all measurements of modulus of elasticity of high strength concrete were
conducted by the static method and the terms “static modulus of elasticity” and “modulus of
elasticity” are used equivalently. The dynamic method of determining the modulus of elasticity
of concrete was used to evaluate the freeze-thaw durability of some of the high strength concrete
mixes considered in this part of the study. Those results are reported elsewhere [Mokhtarzadeh et
al. 1995].

6.2 Previous Research

[Pauw 1960]: In a study conducted by Adrian Pauw, results of experiments on both
normal weight and lightweight normal strength concrete from several investigators were
considered. Based on those results Pauw suggested the following empirical relationship between

modulus of elasticity and compressive strength of both lightweight and normal weight concrete:

o USC,psi: E.= 33wl (1. )05 (6.1-a)
e SI, MPa: E.=0.043wl.5 (f, )0.5 ' (6.1-b)

where
E. = modulus of elasticity of concrete, psi (MPa)

w = unit weight of concrete at time of test, pcf (kg/m®)
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f» = compressive strength of concrete at time of test, psi (MPa)

In this equation the effect of coarse aggregate, in the form of difference in specific

gravity, is represented by the unit weight of concrete (w). The same equation is recommended by

ACI 318-89 for normal strength concrete with unit weight values between 90 and 155 pef (1,440

and 2,480 kg/m’).

[Carrasquillo, Nilson and Slate 1981): Based on an experimental investigation of the

properties of high-strength concrete Carrasquillo, Nilson and Slate concluded that the ACI 318

equation overestimates the stiffness of concrete with compressive strengths greater than 6,000 psi

(41.4 MPa). They recommended that the modulus of elasticity of normal weight concrete be

calculated as:

e USC,psi: E; =(40,000(f)0-3+100). (w/I 45)1.5
Jor 3,000<f:<12,000 psi (6.2-a)

e SI, MPa: E.=(3,320(f)0-5+6,900).(w/2,320)1-
for 21<f,<83 MPa . (6.2-b)

where
E. =modulus of elasticity of concrete, psi (MPa)
w = unit weight of concrete at time of test, pef (kg/m’)

£ = compressive strength of concrete at time of test, psi (MPa)

The concrete specimens considered were 4 x 8 in. (100 x 200 mm) cylinders produced

using Type I portland cement, gravel or crushed limestone as coarse aggregate and had water-to-

cement ratios between 0.32 to 0.70. In the State-of-the-Art Report on High-Strength Concrete

ACI Committee 363 - High-Strength Concrete (ACI 363R-92) proposed using this equation for

predicting modulus of elasticity of high-strength concrete. However, ACI 363 warns designers of
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deviations of actual values of modulus of elasticity from predicted values mainly due to
properties and proportions of the coarse aggregate used in the concrete mixture. In this equation
(similar in form to the ACI 318 equation) the effect of coarse aggregate, in the form of difference
in specific gravity, on modulus of elasticity of high strength concrete is represented by the unit

weight of concrete (w).

[Ahmad and Shah 1985]: Abmad et al. conducted an investigation into the mechanical
properties of high-strength concrete with compressive strengths of up to 12,000 psi (84 MPa)
using their own data as well as experimental data reported by other investigators. They
concluded that the secant modulus of elasticity of medium- and high-strength concrete does not
conform to values predicted by the ACI 318-89 proposed equation and that the ACI 318-89
equation predicted lower and higher values for modulus of elasticity for concrete with
compressive strengths under and above 5,000 psi (34.5 MPa), respectively. Ahmad et al.
proposed the following equation for the prediction of modulus of elasticity of both normal- and

high-strength concrete:

for  fo<I12,000psi (6.3-a)
o SI, MPa: E.=3.385x10-0 w23 (f)0-325
for fb <84 MPa (6.3-b )

where _
E. = modulus of elasticity of concrete, psi (MPa)
w = unit weight of concrete at time of test, pef (kg/m’)

f = compressive strength of concrete at time of test, psi (MPa)

This equation passes through the origin and is claimed to be comparable to the ACI 318-
89 predicted values for low and normal strength concrete and more accurate for high-strength

concrete. Similar to ACT 318-89 and ACI 363R-92 equations the effect of coarse aggregate, in
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the form of difference in specific gravity, on modulus of elasticity of high strength concrete is
represented by unit weight of concrete (w). Ahmad et al. argued that since e)iperimentally
determined values of modulus of elasticity depend on many parameters such as properties and
proportions of coarse aggregate, the wetness or dryness of test specimen at the time of test, and
method of obtaining deformations, predictions of their proposed equation or proposed ACI
363R-92 equation are sufficiently accurate and development of more accurate equations may be

umecessary.

[Aitcin and Mehta 1990]: Aitcin et al., using identical materials and similar mix
proportions, investigated the influence of four coarse aggregate types on the modulus of elasticity
of high-strength concrete. The high-strength concrete mixes contained ASTM C150 Type I
portland cement and condensed silica fume and had 28-day compressive strengths in the range of
12,300 to 14,600 psi (84.8 to 101 MPa). The aggregates considered were (i) round and smooth
particles of a siliceous gravel; (ii) crushed diabase; (iti)crushed limestone; and (iv) crushed
granite. It was found that concrete made with diabase and limestone resulted in significantly
higher strengths and modulus of elasticity than concrete made with granite and river gravel. Also
it was reported that the highest compressive strength values and the highest modulus of elasticity
values were not found in the same concrete. In this study diabase aggregate produced the
concrete with highest compressive strength and limestone aggregate produced concrete with

highest modulus of elasticity.

[Baalbaki, Aitcin and Ballivy 1992]: Baalbaki et al. carried out tests on high-strength
concrete made with Type 111 portland cement, silica fume and seven types of coarse aggregates
(two limestones, one granite, two quartzites and two sandstones) with a water-to-cementitious
material ratio of 0.27. The 28-day compressive strengths of concrete considered, determined by
testing 4 x 8 in. (100 x 200 mm) cylindrical specimens, were between 12,900 to 14,900 psi (89.2
to 103 MPa). They compared observed E values, measured on 4 x 8 in. (100 x 200 mm)
specimens, with values predicted by seven two-phase (mortar and coarse aggregate)

mathematical composite models (Voigt, Reuss, Hirsch-Dougill, Popovics, Counto, Hashin, and
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Bache & Nepper-Christensen models, Figure 6.1). They also compared the observed
experimental values for modulus of elasticity of high-strength concrete with predicted values
obtained from proposed relationships between E, and f recommended by ACI 363 [USC: E, =
40,000 ¢ )9-3 + 1,000,000; SI: E; = 3,320 (f. )0-5 + 6,900, first predraft of CEB/FIP Model
Code 1990 [USC: E, = 276,000( f +1160)1/3; SL: E, = 10,000( f, +8)1/3] and Proposal 12 of
Revised Norwegian Standard - NS 3473 [USC: E, = 309,500 £,0-3; SI: E,. = 9,500 £.0-3] codes.
Based on their study they concluded that it is unreliable to precisely predict modulus of elasticity
of high-strength concrete from two phase composite models and existing code equations. They
stated that until a better relationship for predicting E, based on f. and the modulus of elasticity
of concrete components has been developed direct measurement of modulus of elasticity remains
the best and the most reliable method. In their study except for the case of two sandstones (highly
porous aggregates) code equations and mathematical models provided estimates of E. within 20

percent difference after 28 days.

[Baalbaki, Baalbaki, Benmokrane and Aitcin 1992]: Baalbaki et al. reported results
from an experimental study on the influence of specimen size on static modulus of elasticity of
high performance concrete. The concrete components used in this study were: Type III portland
cement, silica fume, superplasticizer, natural sand with fineness modulus of 2.40 and seven types
of coarse aggregate with maximum size of 0.4 in. (10 mm). The water-to-cementitious material
ratio was kept at 0.27 for all concretes. The 28-day compressive strength of concretes, measured
on 6 x 12 in. (150 x 300 mm) cylinders, ranged between 12,200 to 14,200 psi (84.1 to 98.1 MPa).
Based on 56 cylinders tested in this investigation Baalbaki et al. concluded that the modulus of
elasticity was higher for 6 x 12 in. (150 x 300 mm) cylinders than for 4 x 8 in. (100 x 200 mm)
cylinders and suggested the following relation for calculating the modulus of elasticity of 6 x 12

in. (150 x 300 mm) cylinders from the values obtained on 4 x 8 in. (100 x 200 mam) cylinders:

o USC, psi: (Egjex12 =105 (Ec)4x8 (6-4-a)
o SIL MPa: (Eg)j50x300 = 1.05 (Ec) 100x200 (6.4-b)
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Baalbaki et al. provided two possible explanations for the observed differences: (i) the
relative size of skin layer with more pores or higher w/c ratio is inversely proportional to the
specimen diameter and therefore, variations in the external surface characteristics have greater
impact on smaller cylinders (secondary scale effect); (i) Higher friction force between the testing
machine’s bearing plates and the end faces of the tested specimen for larger specimens results in
smaller transverse strain and subsequently smaller change in volume and decrease in longitudinal

strain (or increase in elastic modulus).

[Burg and Ost 1992]: Burg et al. reported the results of their study on engineering
properties of five commercially made high strength concretes. Considered concretes had 28-day
compressive strengths in the range of 10,600 to 17,250 psi (73.1 to 119 MPa) measured on 6 x 12
in. (150 x 300 mm) moist-cured cylinders. Concretes had water-to-cementitious material ratios
ranging from 0.22 to 0.32 and contained either no mineral admixtures, silica fume only, or both
fly ash and silica fume. Burg and Ost reported that: (i) at equivalent strengths, modulus of
elasticity values for moist-cured cylinders were somewhat higher than modﬁlus of elasticity
values for air-cured specimens; (ii) measured values of modulus of elasticity were between
values predicted by ACI 318-89 and ACI 363R-92 equations; and (iii) modulus of elasticity
values measured using 4 x 8 in. (100 x 200 mm) specimens were on average about 500,000 psi

(3400 MPa) higher than values measured using 6 x 12 in. (150 x 300 mm) cylinders.

[Berke, Dallaire and Hicks 1992]: Berke et al. proposed the following equation for

prediction of modulus of elasticity of concrete:

e USC, psi: (6.5-a)
Eo =2778(CF)+6189(SF)+452545(LN(AGE))+1796695
e SI, MPa: (6.5-b)

E. =32.297(CF)+71.963(SF)+312](LN(AGE))+12391
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where
E, = modulus of elasticity of concrete, psi (MPa)
CF = concrete cement factor, pey (kg/m® )
SF = concrete silica fume content, pcy (kg/m® )
AGE = fog room curing period, days

The proposed forrhula was the result of a study on mechanical properties of silica fume
concrete made with ASTM Type I cement and an ASTM C33 Grade 67 dense igneous rock (trap
rock) coarse aggregate with compressive strength in the range of 2,900 to 14,500 psi (20 to 100
MPa). In this study both compressive strength and modulus of elasticity of the concrete were
measured on 4 x 6 in. (100 x 150 mm) cylinders. They concluded that the effects of water-to-
cementitious material ratio and air content were not significant and that on a mass basts, silica
fume was three times more effective than cement in increasing the modulus of elasticity of

concrete.

[Tomosawa and Noguchi 1993]: Tomosawa et al. proposed the following universal
equation for predicting modulus of elasticity of concrete which takes into consideration types of
coarse aggregate and types of mineral additives used through the use of two correction factors kj

and k) :

e USC, psi: (6.6-a)
E =4.86x100 kj .k (w/150)2 (f, /8,700)1/3

e SI, MPa: (6.6-b)
E¢ =3.35x10% k] k2 (w/2,400)2 (f. /60)1/3

where
E. = modulus of elasticity of concrete, psi (MPa)

k= correction factor for coarse aggregate
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k7 = correction factor for mineral additives
w = unit weight of concrete at time of test, pef (kg/m”)

f = compressive strength of concrete at time of test, psi (MPa)

Values of k; fall in the range of 0.9 to 1.2. According to Tomosawa and Noguchi the
effects of coarse aggregate on modulus of elasticity can be classified into three groups: (i) k7 = 1
group, includes river gravel, crushed graywacke, etc.; (i) k7 > 1 group, includes crushed
limestone and calcined bauxite; (iii) k7 < 1 group, includes crushed quartzitic aggregate, crushed
andesite, crushed cobble stone, crushed basalt, and crushed clayslate. As a practical guide, values
of 1.00, 1.20 and 0.95 were proposed for k; for the three groups of aggregates, respectively,
described above. The value of k2, correction factor for mineral additives, depends on the type of
coarse aggregate as well as type and level of addition. A detailed table showing the average
values of k7 for each type of coarse aggregate and for each type and level of additives was
reported. However, for simplicity and as a practical guide, three values for 42 were reported: (1)
k2 = 0.95 for addition of silica fume, ground granulated blast-furnace slag, and fly ash fume; (i1)
k3 = 1.10 for addition of fly ash; and (iii) £2 = 1.00 for any other kind of addition. The proposed
equation was obtained as part of the work of the Research Committee on High-Strength Concrete
of the Architectural Institute of Japan (AlJ) and National Research and Development Project,
also known as New RC Project, sponsored by the Ministry of Construction. The data investigated
were obtained from concrete with compressive strengths in the range of 2,900 to 23,200 psi (20

to 160 MPa) collected by many investigators using concrete made with various materials.

[Radain, Samman and Wafa 1993]: Radain et al. reported results of their study on
twenty high strength concrete mixes with 28-day compressive strengths in the range of 5,770 to
13,000 psi (39.8 to 90.0 MPa). This author noticed that the relationship printed in the above
reference for modulus of elasticity of high strength concrete was misprinted (E. = 1456 + 2173
(150 0.5, MPa). Using the same regression model used by original authors a regression
analysis was conducted by this author on their test data and the following equation for prediction

of modulus of elasticity of 6 x 12 in. (150 x 300 mm) concrete specimens was derived:
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o USC,psi: E.=2101775+ 26,200 (f; )05 (6.7-a)
o SI, MPa: E_ = 14495 + 2176 (f, )0-3 (6.7-b)

where
E =modulus of elasticity of concrete, psi (MPa)

Je = compressive strength of concrete at time of test, psi (MPa)

Other Proposed Equations: The Norwegian Concrete Code NS 3473 suggests the
following relationship between modulus of elasticity of high strength concrete and its

compressive strength:

e USC,psi: E. = 309,500 f,.0-30 (6.8-0)
o SI, MPa: E, = 9,500 f,.0.30 _ (6.8-b)

where
E¢ = modulus of elasticity of concrete, psi (MPa)
Jee = compressive strength of concrete at time of test measured on cylinders with a

height-to-diameter ratio of 2, psi (MPa)

The 0.30 power makes the calculated modulus of elasticity less sensitive to changes in the

compressive strength than the more frequently used 0.5 value.

The relationship between modulus of elasticity and compressive strength of high strength
concrete takes the following form in the CEB-FIP state-of-the-art report:

e USC,psi: E. = 276,000 + 1160)1/3 (6.9-a)
o SI, MPa: E, = 10,000(f - + 81/3 (6.9-b)
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where
E = modulus of elasticity of concrete, psi (MPa)
fok = characteristic cémpressive strength of 6 x 12 in. (150 x 300 mm) cylinders, psi
(MPa)

+

The following equation can be used if the actual compressive strength of concrete (fem) 1s

known:
s USC, psi: E; =276, 000(F o) 1/3 (6.10-a)
s SI, MPa: .E; =10, 000(]%,")1/3 ' (6.10-b)
6.3 Concluding Remarks

Ability to predict the modulus of elasticity of high strength concrete with reasonable
accuracy is fundamental for its succeésful use in various structural applications. Since the
development of high strength concrete, the prediction of its modulus of elasticity has been the
subject of numerous studies. Results of these studies have led to the suggestion of several
prediction equations and models that range from simple to complex. Two general methods have

been used by researchers in these studies.

The method used in most cases comprises conducting experiments on compressive
strength and modulus of elasticity of high strength concrete. Regression analysis is then used to
establish a relationship between compressive strength and modulus of elasticity of high strength
concrete. This method has been traditionally used to develop design code equations. The

following are some of the advantages to this method:
1. Itis a reasonable compromise of accuracy and simplicity;

2. It has been successfully used in the past to develop prediction equations for normal

strength concrete;
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3. Only such parameters which are known to the design engineer are used in the
prediction equations;

4. The general form of the prediction equation can be further developed to include
parameters which may affect the modulus of elasticity of high strength concrete such

as type of aggregate, composition of cementitious material, etc.
However, there are disadvantages to this approach as well. For example:

1. Itis empirical;

2. Depending on the type of regression model used, the same experimental data set can
result in different equations;

3. Since these equations are based on the average of a large number of experimental
data, they may not be valid for a specific concrete; therefore these equations are valid

in general terms only.

Another method that has been used for prediction of modulus of elasticity of high
strength concrete is the use of composite models, Figure 6.1. In these models the modulus of
elasticity of high strength concrete is calculated as a function of the elastic modulus of aggregate
and the cement paste and their respective volume proportions. While this method may look more

scientific it has major disadvantages. For example:

1. This method also results in different prediction equations depending on the type of
composite model which is applied to concrete;

2. Detailed information about concrete mix proportions, type of aggregate to be used as
well as material properties of aggregate and the cement paste is required to compute
modulus of elasticity of high strength concrete. In general, the design engineer does

not have access to this information at the time of the design;
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3. Recent research has shown that the values of modulus of elasticity predicted by
composite models are as accurate as results predicted by some of the existing

empirical equations [Baalbaki, Aitcin and Ballivy 1992].

It appears that empirical equations between modulus of elasticity of high strength
concrete with its compressive strength are satisfactory in many cases and at least in the early
stages of the design process of major projects. However, if information about modulus of
elasticity of high strength concrete is very important, the final design should be based on the
direct measurement of modulus of elasticity on the concrete in question [Nilsen and Gjorv 1993;

Baalbaki, Aitcin and Ballivy 1992].

Furthermore, limitation on the capacity of testing machines has led to the use of smaller
size test specimens. While the effect of specimen size on compressive strength test results for
high strength concrete has been explored by several researchers, available information on the
influence of the specimen size on the modulus of elasticity test results is sparse and

contradictory.
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TABLE 6.1. Some of the proposed equations for the calculation of modulus of elasticity of high

strength concrete.

Equations for Modulus of Elasticity

Compressive Strength
Limitation

Pauw - ACI 318-89

E¢ = 33wl-0 (f; )U-3

Eq = 0.043wl.5 (f, 0.5

psi, No max. strength specified
MPa, No. max. strength specified

Carrasquillo, Nilson and Slate
- ACI363R-92

Eo —(40,000(f; JU-5+100 ).(w/143)1-2

E. =(3,320(f, }0-5+6,900).(w/2,320/1.5

3,000 psi < f <12,000 psi
21 MPa < f, <83 MPa

Ahmad and Shah

Ep =wéo (fp )V 323
E, = 3.385x1079 w23 (f, )0-325

Je <12,000 psi
Je <84 MPa

Berke, Dallaire and Hicks

E. = 2778 (CF) + 6189 (SF) + 452545
(LN(AGE)) + 1796695

E, =32.297 (CF) + 71.963 (SF) + 3121
(LN(AGE)) + 12391

Tomosawa and Noguchi

E, =4.86x100 kj.ka(w/150)¢ (£ /8,700)1/3
Eq =3.35x104 k1.ka(w/2,400)2 (f. /60)1/3

Radain, Samman and Wafa

Ec = 2,101,775 +26,200 (f; )U-3
Ec = 14,495 + 2,176 (f, )0.5

psi

| MPa

CER/FIP MC 90 E, = 593,400 [(fox +1160)/10]773 or fe <11,600 psi
Eg=593,400 {(fom )/10]1/3
Eo=21,500 [(for +8/10]1/3 or fo <80 MPa
Ep=21,500 [{fom)/1011/3
NS 3473 E; = 309,500 03 3,600 psi < foe <12,300 psi
Eq = 9,500 f-.0.3 25 MPa < for <85 MPa
E,=  modulus of elasticity

£= compressive strength of 6 x 12 in, (150 x 300 mm) cylinder
k= 1.20  for crushed limestone, calcined bauxite aggregates
0.95 for crushed quartzitic, crushed andesite, crushed basalt, crushed clayslate and crushed cobble
stone aggregates
1.00 for coarse aggregates other than the above
k,= 095  for silica fume, ground granulated blast-furmace slag, fly ash fume
1.10  for fly ash
1.00  addition other than the above
= 12 for basalt, dense limestone aggregates
1.0 for quartizitic aggregates
0.9 for limestone aggregates
0.7 for sandstone aggregates
fu= characteristic compressive strength of 6 x 12 in. (150 x 300 mm) cylinder
fow=  compressive strength at 28 days of 6 x 12 in. (150 x 300 mm) cylinder
f..=  compressive strength of 6 x 12 in. (150 x 300 mm) cylinder
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Figure 6.1. Some of the proposed two phase composite models for prediction of modulus of
elasticity of concrete; (c;=V3/V volumetric ratio of each phase)
[MODELS-2.PLT]
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CHAPTER 7
TEST RESULTS: MODULUS OF ELASTICITY

7.1 Experimental Program
Modulus of elasticity of ninety-eight high strength concrete mixes with compressive

strengths in the range of 6,000 to 19,500 psi (41.4 to 135 MPa) were studied (Mix Nos. 22
through 29 and 50 through 139 of Table 7.1). The water-to-cementitious material ratio was kept
constant at 0.30 for all mixes. Seventeen of the concrete mixes contained no mineral admixtures,
twenty-three contained fly ash only, another twenty-three of the mixes contained silica fume only
and the rest (thirty-five mixes) contained both fly ash and silica fume. Inclusion of fly ash and
silica fume was on a replacement by weight of cement basis and were limited to 10, 20 and 30

percent for fly ash and 7.5, 10 and 15 percent for silica fume.

Several different curing conditions were examined for 4 x 8 in. (100 x 200 mm)

specimens:

1. H Condition: Specimens heat-cured and then tested dry at 1-, 28-, 182-, and 365-days.
9 HW1 and HW3 Conditions: Initial heat-curing of specimens followed by an additional 1- or

3-day moist-curing and then were tested dry at 28-days.

3. ‘W7 and W14 Conditions: Specimens mojst-cured for either 7- or 14-days and tested dry at
28-days.

4. W28 Condition: Specimens moist-cured for 28-days and then tested wet at 28-, and dry at
182-, or 365-days.

5. W182. and W365 Conditions: Specimens moist-cured for their entire life and then tested wer

at 182-, or 365-days respectively.

Additional 6 x 12 in. (150 x 300 mm) cylinders were cast from ninety of the ninety-eight

mixes to study the influence of specimen size on modulus of elasticity test results (Mix Nos. 22
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through 29, 50 through 91, and 100 through 139 of Table 7.1). These specimens were either heat-
cured (H) and tested dry at 1- and 28-days or moist-cured (W28) and tested wer at 28-days.

Six different types of coarse aggregates were used in the production of the concrete

mixes:

High absorption limestone (L1): 46 mixes

Low absorption limestone (L2): 4 mixes

Round river gravel (R]): 24 mixes
Partially crushed river gravel (R2): 12 mixes

Granite (G1): 8 mixes
Granite (G2): 4 mixes

AN i

Except for eight mixes (Mix Nos. 100 through 107 of Table 7.1) where Type I portland
cement was used, all other concrete mixes (ninety mixes) used Type III portiand cement. Eight

mixes used a different brand of Type Il portland cement.

The test matrix for this portion of the study is shown in Table 7.1. A detailed description of the
materials as well as the fabrication and curing procedures used in making high strength concrete
specimens was given in Chapter 3 of this report. Appendix B presents measured modulus of

elasticity values from this part of the study.

7.2 Apparatus

7.2.1 Testing Machine
The detailed description of the MTS testing machine and the loading rate used was given

in Chapter 5 of this report.
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7.2.2 Compressometer
The test setup for measuring the modulus of elasticity of concrete specimens is

schematically shown in Figure 7.1. Two different compressometers were used to measure

modulus of elasticity of 6 x 12 in. (150 x 300 mm) and 4 x 8 in. (100 x 200 mm) concrete

cylinders.

Compressometer for 6 x 12 in. (150 x 300 mm) Specimens: For determining modulus of
elasticity of 6 x 12 in. (150 x 300 mm) cylinders a commercially available compressometer very
similar to that shown in the ASTM C 469, Standard Test Method for Static Modulus of Elasticity
and Poisson’s Ratio of Concrete in Compression, was used. This device consisted of two yokes
(Figures 7.1). The bottom yoke was rigidly attached to the specimen by three pointed screws
located on its circumference 120° apart from each other. The top yoke was attached to two
diametrically opposite points of the specimen by means of two pointed screws, 180° apart, so that
it was free to rotate. At a point midway between the supporting points a long pivot rod was used
to maintain a constant 8 in. (200 mm) distance (gage line length) between one side of the two
yokes such that at the opposite point on the circumference the change in distance between the
yokes was equal to two times the average deformations of the two diametrically opposite gage
lines (e, = eg). For 6 x 12 in. (150 x 300 mm) specimens, deformations were measured by a
0.0001 in. (2.54x10° mm) dial gage installed exactly opposite to the pivot rod between the two
yokes (er = eg).

Compressometer for 4 x 8 in. (100 x 200 mm) Specimens: For measuring modulus of
elasticity of 4 x 8 in. (100 x 200 mm) specimens an electronic compressometer was constructed
at the machine shop facility of the Structural Laboratory of the Department of Civil Engineering
of the University of Minnesota, Figures 7.2-A to 7.2-C. The mechanism of action of
compressometer on this apparatus was very similar to what was described earlier with some
modifications to better fit test requirements. On this device the fixed yoke (bottom yoke) was
rigidly attached to the specimen by means of four pointed screws located at 90° around the

yoke’s circumference (Figure 7.2-B). As recommended by ASTM C 469 (preferred length of
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gage line = % the height of the specimen), the gage length on this device was selected to be 4 in.
(100 mm). Deformations were measured by a +£0.010 in. (£0.25 mm) LVDT (Linear Variable
Differential Transformer), accurate to 0.0001 in. (0.0025 mm), located opposite to the pivot rod
with the same eccentricity from axis of the specimen. The body of the LVDT was mounted in the
top yoke and the core was connected to the bottom yoke using a threaded bar and a zero-output

adjusting mechanism (Figure 7.2-A).

The output of the LVDT from the compressometer as well as the loads from the testing
machine were continuously recorded by computer at every second from the MTS 452 data

acquisition system.

Referring to Figure 7.1 the axial deformation of the specimen for either of the two test

setups was calculated as follows:
o d=ge/(epteg (7.1)

where
d = total deformation of the specimen throughout the effective gage length, in. (mm)
g = gage (or LVDT) reading, in. (mm)
e, = eccentricity of the pivot rod from the axis of specimen, in. {mm)

eg = eccentricity of the gage (or LVDT) from the axis of specimen, in. (mum)

7.3 Procedure

Immediately before testing specimens for modulus of elasticity, the same size companion
specimens were tested for compressive strength. The same procedures described in Chapter 5 for
testing concrete specimens for compressive strength were followed. The compressometer was
attached to each specimen immediately before testing. The axis of the specimen was carefully
aligned with the axis of the compressometer to ensure equal eccentricities (¢; = eg) for pivot rod

and the deformation measuring device (dial gage or LVDT). The test specimen was then placed
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on the lower platen of the testing machine. Using concentric circles inscribed on the lower
platen, the axis of the test specimen was carefully aligned with the center of thrust of the
spherical bearing block. The spherical bearing block was brought down slowly to lightly bear on
the specimen. During this action the moveable part of the spherical bearing block was gently
rotated back and forth by hand so that uniform seating was obtained. Sidé bars of the
compressometer, needed for handling the compressometer, were then removed and the
deformation measuring device on the compressometer was set to an initial value (zero for the

case of the dial gage and +8.0 volts for the case of the LVDT).

The specimen was loaded and unloaded at least two times. During the first loading-
unloading cycle, which was primarily for seating of the gages, no data was recorded. The
performance of the testing machine and deformation measuring device was chécked for any
unusual behavior. If needed, corrections were made and a second seating load was applied. After
unloading the specimen, the deformation measuring device was reset to initial values. The
seating load was 30,000 1b (133.5 kN) for 6 x 12 in. (150 x 300 mm) specimens and 15,000 1b
(66.8 kN) for 4 x 8 in. (100 x 200 mm) cylinders (equivalent to approximately 1,100 psi (7.6

MPa) compressive stress in the specimen).

Each test for modulus of elasticity was conducted as follows. Load was continuously
applied to the test specimen by moving the upper spherical bearing block downward at a rate of
0.05 in./min (1.25 mm/min). For the case of 6 x 12 in. (150 x 300 mm) cylinders, the applied
load and the corresponding dial gage readings were recorded (without interruption of loading) at
10,000 1b (44.5 kN) load intervals until the applied load was equal to 50 percent of the ultimate
load (more than the 40 percent of the ultimate load required by ASTM C-469).

For the case of 4 x 8 in. (100 x 200 mm) specimens load and deformation data were

recorded at every second by a computer through an MTS 452 data acquisition system until the

applied load reached 50 percent of the ultimate load level.
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After completion of each test the specimen was removed from the testing machine, the
compressometer was removed and the cylinder was immediately tested for ultimate compressive
strength. The ultimate compressive strength of the disturbed specimen (leftover from modulus of
elasticity test) was compared to the compressive strength of undisturbed companion specimen as
a test to check the validity of using the disturbed samples to determine compressive strength (see

Section 5.2).

For all cases considered, the partial stress-strain curves obtained were, for all practical
purposes, a line of constant siope. The modulus of elasticity was then obtained by conducting a
linear regression analysis on stress-strain data and finding the slope of the best fit line through
the origin (zero intercept). The coefficient of determination (R?) was calculated as an indication

of goodness of fit. In all cases values of R? were above 98 percent.

7.4 Repeatability of Results
Tn order to check the repeatability of the results, ASTM C 469 (Standard Test Method for

Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression) recommends that
the calculation of the modulus of elasticity of a concrete test specimen be based on the average of
the results from at least two loading/unloading cycles. Therefore according to ASTM C 469 the
loading/unloading cycles are carried out at 40 percent of the ultimate compressive strength and
the modulus of elasticity of the test specimen is calculated as the average of the slopes of the two

ascending parts of the stress-strain curves of these loadings.

During the course of this investigation it was noted that for high strength concrete and our
test setup, the results obtained from the first and the second loading/unloading cycles were
practically identical and that the additional accuracy and information obtained during the second
loading/unloading cycle did not justify the amount of time, labor and resources it demanded. To
investigate in more detail the feasibility of obtaining modulus of elasticity of high strength
concrete with reasonable accuracy in only one loading/unloading cycle and also to avoid the

potentially unnecessary laborious and time consuming second loading/unloading cycle, twenty-
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two concrete test specimens were selected from eight concrete mixes (Mix Nos. 92 to 99 of Table
7.1) to investigate the repeatability of the results. All test specimens were 4 x 8 in. (100 x 200
mm) and were tested at 182-days. Fourteen of the specimens were moist-cured for 28-days. The
other eight were initially heat-cured and then stored in the laboratory until time of test. Each test
specimen was subjected to two loading/unloading cycles up to 50 percent of their ultimate

compressive strengths and the modulus of elasticity from each cycle was computed.

Figures 7.3-A to 7.3-K show the stress-strain curves for these twenty-two concrete test
specimens. Each figure contains a pair of experimental stress-strain curves obtained from two
loading cycles. Table 7.2 summarizes the numerical results for modulus of elasticity values
together with R? values of the linear regression line through experimental data. As is readily seen
for each stress-strain curve pair, there was minimal difference in the observed modulus of

elasticity values (slopes) obtained from the first and the second loading/unloading cycles.

To determine if the modulus of elasticity differentials were statistically significant, data
from each pair were analyzed using a paired t-test (a statistical measure of similarity of test data).
It was determined that differences in measured modulus of elasticity values were statistically
insignificant (p value = 0.0012). Based on these tests it was concluded that for high strength
concrete and our test setup, the measured modulus of elasticity values from the first
loading/unloading cycle were sufficiently accurate, It seemed that conducting two or more

loading/unloading cycles, as suggested by ASTM C 469, was not warranted.

Subsequently all other tests on modulus of elasticity of high strength concrete in this

research program were conducted with only one loading/unloading cycle.

7.5 Effect of Wetness/Dryness of Test Specimen

Figure 7.4 plots measured modulus of elasticity versus compressive strength for 4 x § in.
(100 x 200 mm) cylinders. In this plot different symbols are used for specimens tested in dry

condition (specimens initially heat-cured or moist-cured and then stored in the laboratory until
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time of test) and specimens tested in wet condition (specimens moist-cured until time of test). It
can be seen from this plot that wet samples produced higher values of modulus of elasticity for a
given level of compressive strength. Burg and Ost also reported somewhat higher modulus of
elasticity values for moist specimens /Burg and Ost 1992]. A probable cause of this observation

is as follows:

(2) Dry specimens have the tendency to yield higher compressive strengths. The
explanation is that the surface layer of a dry specimen is subject to greater shrinkage. However,
this shrinkage is restrained by the wetter inner core of the specimen and the result is that the
surface layer is under tension and the inner core is under compression resulting in a non-uniform
state of stress across the width of a concrete specimen. During the uniaxial compression test the
outer surface can take more load to reach the ultimate stress due to the presence of the initial
tensile stress and meanwhile acts as a confinement for the more stressed inner core. It should be
noted that in this case the only compbnents contributing to the stiffness of the specimen are the

solid constituents.

(b) Low water-to-cementitious materials ratio in high strength concrete result in a dense
and impermeable matrix. The result is that curing water will penetrate the specimen only
superficially and the inner core of a water-cured specimen is almost unaffected by the
surrounding water. In this case the state of stress across the width of a cylinder is reversed. The
wet surface layer wants to expand but is restrained by the dryer inner core. This results in
development of compressive stress in the surface layer and tensile stress in the inner core. When
the wet specimens are subjected to uniaxial compressive tests, the surface layer reaches the
ultimate stress first and results in spalling and loss of cross section and consequently failure of

the entire specimen.

(c) Due to the denseness and impermeability of the cement matrix of high strength
concrete, the movement of the interlayer water in concrete is restricted and thus the trapped water

inside wet specimens also contributes to the total stiffness of the specimen. On the other hand,
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during the uniaxial compression test, the trapped water inside the wet specimens exerts pressure

to the surrounding matrix and further lowers the ultimate compressive strength of the specimen.

7.6 Effect of Specimen Size

Figure 7.5 shows modulus of elasticity data for 4 x 8 in. (100 x 200 mm) specimens
plotted against data from testing 6 x 12 in. (150 x 300 mm) companion specimens. For the 202
data pairs considered, the modulus of elasticity values measured using 4 x 8 in. (100 x 200 mm)
specimens were on average 620,000 psi (4.3 GPa) higher than modulus of elasticity values
measured using 6 x 12 in. (150 x 300 mm) specimens. This observation agrees closely with
results reported by Burg and Ost (7992). Burg and Ost repoﬁed that the modulus of elasticity
values of high strength concrete measured using 4-in. (100.mm) diameter cylinders were about
0.5 million psi (3.4 GPa) higher than the modulus of elasticity values measured using 6-in. (150
mm) diameter cylinders. However, this contradicts Baalbaki et al. observations [Baalbaki,
Baalbaki, Benmokrane and Aitcin 1992]. Baalbaki et al. reported that the modulus of elasticity
was 5 percent higher for 6 x 12 m (150 x 300 mm) cylinders than for 4 x 8 in. (100 x 200 mm)

specimens.

7.7 Modulus of Elasticity versus Time

The effect of time on modulus of elasticity of concrete is taken into account implicitly
when strength of concrete at any time ¢, rather than 28-day compressive strength, is inserted into
the modulus of elasticity equations given in different codes. As an example, based on the ACI

318 code, the time-dependent modulus of elasticity of concrete is expressed as:
« Ei= 33w1.50rcr)0.50 (7.2)

where
E¢ = modulus of elasticity of concrete at time ¢, psi
w = unit weight of concrete, pcf

Jet = compressive strength of concrete at time ¢, psi
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The change in modulus of elasticity with time was studied for both heat-cured and moist-
cured specimens. The early age modulus of elasticity is important to the precast/prestressed
industry for investigating effects such as elastic shortening. The results obtained from 314 sets of
heat-cured and 92 sets of moist-cured specimens indicate that at 1-day the modulus of elasticity
of heat-cured specimens is approximately 98 percent of its 28-day value, Figure 7.6. Modulus of
elasticity of heat-cured specimens did not change significantly with time and were, on average,
94 and 96 percent of the 28-day value after 182- and 365-days respectively. Drying of the
specimens is the possible cause of the slight decrease in modulus of elasticity of heat-cured
specimens observed at later ages. The modulus of elasticity of moist-cured specimens increased
with time and were approximately 106 and 108 percent of their 28-day values at 182- and 365-

days of age.

7.8 Effect of Aggregate Type, Curing Condition, Type of Ceme_nt and Composition of

Cementitious Material

The effect of the aggregate type on the concrete modulus of elasticity is shown in Figure
7.7 for limestone and round gravel concretes. Superimposed on the data are the relationships
given by ACI 318, ACI 363 and the bounds recommended by New RC. The data clearly
indicates the influence of the aggregate type on the concrete stiffness. For similar compressive
strengths, the limestone aggregate concrete investigated in the study was less stiff than the round
river gravel concrete. Although the New RC relation is shown to bound the results, the
 coefficients correlating the aggregate type with modulus of elasticity produced opposite trends
than those observed in this study (k1=1.20 for limestone, 1.00 for round river gravel). It is
important to recognize the relationship between aggregate type and concrete stiffness; however,
these results indicate that it is difficult to generalize a coefficient for a certain aggregate type
because the relative aggregate properties may vary from one source to another. Figure 7.7 also
shows that the current ACI code equation overpredicts the stiffness of high strength concrete.

The ACI 363 relationship represents a reasonable lower bound to the data.
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Figures 7.8-A to 7.8-F show modulus of elasticity of high strength 4 x 8 in. (100 x 200
mm) dry specimens for each of the six coarse aggregates used in this study. In each of these
figures different symbols are used to distinguish between different cementitious material
compositions of high strength concretes considered. Tables 7.3-A and 7.3-B present modulus of
elasticity values for concretes with different cementitious material composition at different
compressive strength levels for both dry and wet 4 x 8 in. (100 x 200 mm) specimens. From
examination of these figures and tables it is clear that cementitious material composition, for the
levels of replacement by weight of cement by fly ash and/or silica fume considered in this study,

did not have a significant effect on the measured modulus of elasticity values.

To investigate what, if any, differences would result in modulus of elasticity of high-
strength concrete if different types and brands of cements were used, comparisons were made
between three sets of high-strength concretes made with three cements: Type Il Brand 1 (TYPE
III-1), Type III Brand 2 (TYPE III-2), and Type I Brand 2 (TYPE I-2) from two local cement
manufacturers. Chemical and physical properties of the cements used are reported in Chapter 3.
Each set included four high-strength concrete mixes made according to an identical basic mix
design: 750 pcy cementitious material (445 kg/m®), water-to-cementitious materials ratio of 0.30
and coarse aggregate-to-fine aggregate ratio of 1.5. Round river gravel (R1) was used as the
coarse aggregate in these mixes. The variable within each set (the difference among the four
high-strength concrete mixes made by each cement) was the cementitious materials composition.
Each set comprised a control mix (Reference Mix) with no fly ash and no silica fume, a mix
made with 20% of the weight of cement replaced by fly ash (FA Mix), a mix made with 7.5% of
the weight of cement replaced by silica fume (SF Mix) and a mix made by replacing equal
weight of cement by 20% fly ash and 7.5% silica fume (FA+SF Mix). Specimens from each set
were heat-cured at 120 °F (50 °C) and 150 °F (65 °C).'Companion specimens moist-cured in
saturated lime-water from all three sets were also made to compare to the effects of heat-curing

on modulus of elasticity of high-strength concrete. Figure 7.9 shows the test organization.
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Results of the modulus of elasticity tests are reported in Tables 7.4-A through 7.4-C. For
each curing condition, results are the average of two 4 x 8 in. (100 x 200-mm.) cylinders unless
otherwise specified. Examination of the data shows that the modulus of elasticity of heat-cured
high strength concrete at 1-day was affected only by the presence of 20 percent fly ash in the mix
(FA mixes). Mixes with 20 percent fly ash resulted in the lowest values for modulus of elasticity
while 1-day modulus of elasticity of all other high strength concrete mixes were practically the
same. However, the difference between modulus of elasticity of mixes with 20 percent fly ash

and all other mixes, for all curing conditions, was insignificant at all other ages.

‘No systematic differences due to difference in types and brands of cements were
observed. High strength concretes made with different types and different brands of cement
resulted in practically identical values of modulus of elasticity when cured and tested under

identical conditions.

7 9 Measured Values versus Predicted Values

Figure 7.10 shows plots of proposed modulus of elasticity-compressive strength
relationships which were discussed in detail in Chapter 6. All of these equations relate the
modulus of elasticity of concrete to a less than unity power of compressive strength. Two of
these equations, New RC and CEB-FIP equations, include parameters that account for the type of
aggregate used in the concrete mix. The New RC equation includes an additional parameter
which takes into consideration mineral additives such as fly ash and silica fume. For different
values of these parameters, different plots can be obtained. In Figure 11 each of these two
equations are represented by two curves one for the highest predicted values (upper bound) and

one for the lowest predicted values (lower bound).

The modulus of elasticity was measured after 1-day (heat-cured specimens only), 28-, 182- and
365-days on 4 x 8 in. (100 x 200 mm) cylinders and after 1-day (heat-cured specimens only) and
28-days on 6 x 12 in. (150 x 300 mm) cylinders. Figures 7.11-A and 7.11-B show comparisons

of the modulus of elasticity and compressive strengths measured on both 4 x 8 in. (100 x 200
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mm) and 6 x 12 in. (150 x 300 mm) cylinders relative to these six equations. For forty mixes
(Mix No. 100 to Mix No. 139 of Table 7.1), the differences between the predicted and measured
values were calculated using actual unit weights of both heat-cured and moist-cured 6 x 12 in.

(150 x 300 mm) concrete cylinders. The results are discussed below:

ACI 318 Relationship: For high strength concrete, the ACI 318 equation overestimates
the measured modulus of elasticity of 6 x 12 in. (150 x 300 mm) cylinders. The observed
differentials were clearly a function of type of aggregate used and were the highest for concretes
made with limestones (11% to 39%) and the lowest for concretes made with round river gravel (-
6% to 23%). The range of differences observed for concretes made with partially crushed river

gravel and granite were (9% to 34%) and (4% to 31%) respectively.

ACI 363 Relationship: Good agreement was found between predicted and measured
values for modulus of elasticity of high strength concrete made with all types of coarse aggregate
and for both curing conditions. The ACI 363 relationship was a better predictor for moist-cured
specimens and slightly overestimated heat-cured test results. The observed differences between
predicted and measured values of modulus of elasticity ranged from -5% to 20% for concretes
made with limestone, -8% to 13% for concretes made with granite, -17% to 5% for concretes
made with round river gravel, ahd -5% to 14% for concretes made with partially crushed river

gravel.

Ahmad and Shah Relationship: Good agreement was found between predicted and
measured values for modulus of elasticity of high strength concrete made with all types of coarse
aggregate and for both curing conditions. The Ahmad and Shah relationship predicted modulus
of elasticity of concretes made with low absorption limestone with better accuracy (differential
range: 13% to 21% for heat-cured specimens and 7% to 15% for moist-cured specimens) than
those for concretes made with high absorption limestone (differential range: 20% to 34% for
heat-cured specimens and 4% to 20% for moist-cured specimens). As was the case for the ACI

363 relationship, the Ahmad and Shah relationship was a better predictor for moist-cured
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specimens and slightly overestimated heat-cured test results. The observed differences between
predicted and measured values of modulus of elasticity ranged from 4% to 34% for concretes
made with limestone, 1% to 21% for concretes made with granite, -8% to 14% for concretes

made with round river gravel, and 4% to 23% for concretes made with partially crushed river

gravel.

New RC Relationship: Modulus of elasticity values of high strength concretes made with
limestone were overestimated by the New RC relationship when the proposed New RC aggregate
coefficients were used. The difference between predicted and measured values of modulus of
elasticity ranged from 23% to 44% for heat-cured specimens and 10% to 37% for moist-cured
specimens. Therefore due to variations in quality of aggregates at different locations, aggregate
coefficients must be determined for local materials and a predetermined set of coefficients cannot
alwa:ys be used to predict high strength concrete modulus of elasticity. For other types of coarse
aggregates used and both curing conditions the New RC equation had a tendency to slightly
underestimate modulus of elasticity values of high strength concretes. The observed differences
between predicted and measured values of modulus of elasticity ranged from -13% to 11% for
concretes made with granite, -16% to 7% for concretes made with round river gravel, and -9%

to 14% for concretes made with partially crushed river gravel.

CEB-FIP Relationship: The calculated values were in good agreement with the actual
measured modulus of elasticity values. On average, the CEB-FIP relationship slightly
overestimated the modulus of elasticity values for heat-cured specimens and shightly
underestimated the modulus of elasticity values of moist-cured specimens. For heat-cured
specimens the variations ranged between -2% to 11% for concretes made with limestone, -2% to
19% for concretes made with granite, -11% to 8% for concretes made with round river gravel,
and 2% to 18% for concretes made with partially crushed river gravel. For moist-cured
specimens the differences between predicted and measured values of modulus of elasticity
ranged from -18% to -3% for concretes made with limestone, -18% to 5% for concretes made

with granite, -17% to 2% for concretes made with round river gravel, and -14% to 1% for
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concretes made with partially crushed river gravel. As was mentioned earlier, the CEB-FIP

relationship includes an aggregate related correction factor.

NS 3473 Relationship: The modulus of elasticity obtained using Norwegian code
equation underestimated the actual values of modulus of elasticity for all aggregate types and
curing conditions. For concretes considered here, the variations ranged from -20% to 1% for
concretes made with limestone, -19% to -2% for concretes made with granite, -25% to -10% for
concretes made with round river gravel, and -20% to _3% for concretes made with partially

crushed river gravel.

7.10 Concluding Remarks

The repeatability of modulus of elasticity tests was investigated with twenty tests by
comparing the results of the first and second loading and unloading cycles. Negligible
differences were observed among the two tests. Consequently, the remainder of the modulus of

elasticity values were obtained conducting just one load cycle.

The effect of moisture condition of the specimens had a significant impact on the results.
Higher modulus of elasticity values were observed for continuously moist-cured specimens
relative to heat-cured or limited moist-cured specimens when tested at the same age. The
opposite trend was observed for compressive strengths. The effect of testing specimens in a
moist condition sometimes resulted in decreased compressive strengths observed relative to

specimens tested ifi the dry condition.

The effect of specimen size was investigated by comparing the modulus of elasticity
values of 4 x 8 in. (100 x 200 mm) specimens to those of 6 x 12 in. (150 x 300 mm) specimens.
The 4 x 8 in. (100 x 200 mm) specimens exhibited an increase in stiffness of approximately
620,000 psi over that observed for the 6 x 12 in. (150 x 300 mm) specimens. This appeared as a

constant offset in the results rather than a percentage increase with stiffness.
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Changes in modulus of elasticity values with time were also investigated. The 1-day
modulus of elasticity values were 98 percent of the 28-day values. At later ages (182-day and
365-day), the modulus of elasticity values were found to decrease slightly with respect to the 28-
day values. In the case of the continuously moist-cured specimens, the modulus of elasticity

values continued to increase with time (365-day value was 108 percent of the 28-day value).

The effect of aggfegate type significantly affected the modulus of elasticity. Comparing
the results of this study to the results of other researchers, it is difficult to generalize a coefficient

for a certain type of aggregate source.

The type and brand of cement did not appear to have an effect on the modulus of
elasticity. In addition, the effect of the cementitious material composition did not appear to have
a significant effect on the results for the level of cement replacement considered in this study.
The only exception was observed for. the heat-cured specimens, which had 20 percent
replacement of cement by weight with fly ash. These specimens had lower modulus of elasticity
values at 1-day of age in comparison with the other mixes. With only this exception, the
difference between modulus of elasticity values of all mixes for all curing conditions was

insignificant at all ages.

In comparing the measured modulus of elasticity values relative to the predicted values,
the ACI 318 relation was found to overestimate the results of the 6 x 12 in. (150 x 300 mm)
cylinders as their compressive strength increased. In general, the ACI 363 relation was a
conservative lower bound to the results. The New RC and CEB-FIP relations provide
coefficients, which account for aggregate type. In addition the New RC relation includes
coefficients to account for the cementitious composition. Both the New RC and CEB-FIP
relations were found to bound the data observed in these tests; However, the aggregate
coefficients provided in the New RC relations predicted bounds for the limestone and round
gravel mixes which were opposite to those observed in these tests. As mentioned above, the

aggregate type appears to dominate the stiffness of high strength concrete, but it is difficult to
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generalize the effect of aggregate because of the variation in aggregate properties with

geographical source.
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TABLE 7.2. Modulus of elasticity of 4 x 8 in. (100 x 200 mm) high strength concretes
specimens calculated for each of the two loading/unloading cycles

Moist-cured Heat—cured

Mix No. Specimen #1 Specimen #2 Specimen #1
Cycle #1 | Cycle #2 | Cycle ¥1 [ Cycle #2 | Cycle #1 Cycle #2

psi psi psi psi psi psi
{GPa} (GPa) ({GPa} {GPa} (GPa) . {GPa)

R® R? r? R B R?
7892771 7854313 7748299 7621948 6085716 6087351
92 {54.43) (54.17} (53.44) (52.57) (41.97) (42.05)
0.9969 (0.9588 0.9983 0.9993 0.9585 0.99%¢
7675371 7597536 7858438 7667589 5611545 5495911
93 (52.93) (52.40) (54.20) (52.88) (38.70} (37.30)
0.9987 0.995%6 0.998% 90,9997 0.9991 0.5990
7757149 7833552 7774351 7742626 5526823 5473312
24 (53.50) (54.02; (53.62) (53.40) (38.12) (37.75)
0.9981 0.9992 0.9290 0.9998 0.99922 0.9986
7882607 7767347 5390364 5328913
85 (54.36} (53.57) NA NA& (37.17} (36.75)
0.9986 0.9958 0.9983 0.9975
7901822 7800212 8138752 7980464 6464812 6357043
96 (54.50) {53.79} (56.13) (55.04} (44.58) (43.84)
0.9991 0.9599 0.9989 0.9998 0.9589 0.9986
77G8408 7795428 5750642 5662029
97 (53.16} (53.76) NA Hh {33.66)} (39.05)
0.9990 0.9954 0.92991 0.9987
8103781 7965009 7734437 7836108 6167880 6000984
98 (55.89)} (54.93} (53.34) (54.04} (42.54) {41.39)
0.9994 0.9997 0.5989 0.9997 0.9997 0.9986
7698035 7633014 7978862 7997987 5891832 5797135
93 (53.089} (52.64) (55.03) (55.16) {40.63) (39.98)
0.2990 0.9999 0.9992 0.9991 0.9993 0.9986
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TABLE 7.3-A. Average modulus of elasticity of 4 x 8 in. (100 x 200 mm) high strength
concretes made with different cementitious material compositions at different compressive
strength levels (Dry specimens).

Fly Ash
Compressive Reference Fly Ash Silica Fume +
Strength Level Mixes Mixes Mixes Silica Fume

Mixes
psi (MPa) psi (GPa) psi (GPa) psi (GPa) psi (GPa)
6000-8000 5935081 4761277
(41-55) {40.93) (32.84)
8000-10000 6229454 6116327 5574077
(55-69) (42.96) (42.18) (38.44)
10000-12000 6480240 6046899 5942101 5805725
(69-83) (44.69) (41.70) (40,98} {40.04)
12600~14000 64816056 6671571 6256218 6002017
(83-97) (44.70) (46.01) (43.15) (41.39)
14000-1600C 6897061 6699881 6876352 6753345
({97-1106) {47.57) (d6.21) (47.42) (46.85)
16000-18000 6853158 7129840 6847908 6971692
(110-124) (47.26) {49.17) (47,23} {48.08)
18000-20000 7437487 7288696 7215740
(124-138) {51.29) {50.27) (49.76)

TABLE 7.3-B. Average modulus of elasticity of 4 x 8 in. (100 x 200 mm) high strength
concretes made with different cementitious material compositions at different compressive
strength levels (Wet specimens).

Fly ash
Compressive Reference Fly &ash Silica Fume +
Strength Level Mixes Mixes Mixes Silica Fume
Mixes
psi (MPa) psi (GPa} psi (GPa) psi (GPa}) psi (GPa)
6000-8009
{41-55)
8000-10000
(55-69)
10000-12000 7149000 6999200
(69-83) {49.30) (48.27)
12000-14000 7547220 7664104 70390600 7308667
{6§3-97) {(52.05) {52.86) (48.54) {50.40)
149000-16000 7518004 7643564 7641750 1522631
(87-110) (51.85) (52.71) (52.70) {51.88)
1e000-18000 77549038 8078583 7659101 7873020
(110-124) (53.48) (55.71) (52.82) (54,30
18000-20000 7699161
(124-138) {53.10)
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TABLE 7.4-A. Modulus of elasticity development of continuously moist-cured high strength
concrete mixes made with different types and brands of cement, psi (GPa).

Age Control (Ref.) 20% Fly Ash (FA)
Days ITIi~-1 ITI-2 I-2 I1I-1 II1-2 I-2
1 - . - _ = -
28 7486000 7311000 7149000 6993000 6994000 [ 6732000
(51.6) {50.4) (49.3} (48.2) (48.2) (46.4)
182 7749600 7679000 7843000 7625000 7604000 7685000
(53.4) {53.0) {54.1} (52.6) (52.4) (53.0)
365 7777000 7940000 7997000 7801000 7918060 7450000
{53.6) {54.8) {55.2} (53.8) (54.6) {51.4)
Age 7,5% Silica Fume (SF) 20% FA+7.5% SF (FA+SF)
Days III-1 III-2 I-2 III-1 I11-2 1-2
1 - - . . Z z
28 75810090 7232000 7039000 7575000 7418000 7033000
(52.3) (49.9} {48.6) (52.2) (51.2) {(48.5)
182 7599000 7950000 7519000 7676000 7521000 7470000
(52.4) (55.1}) (51.9) {52.98) (51.2) {51.5})
365 7887000 1760000 7897000 7973000 7626000 7929000
{54.4) (53.5) (54.5) (55.0) (52.6) {54.7}

* Measured on one 4 x 8-in, (100 x 200-mm.) cylinder.

TABLE 7.4-B. Modulus of elasticity development of heat-cured high strength concrete mixes
made with different types and brands of cement [120 °F (50 °C)], psi (GPa).

Age Control (Ref.) 20% Fly Ash (FAa)
Days I1I-1 ITI-2 I-2 III-1 II1-2 I-2
1 6723000 6580000 6340000 6300000 6514000 567500C
(46.4) {45.4) (43.7) (43.4} (44.3) {39.1)
28 6643000 6689000 6918000 6774000 6765000 6742000
{45.8) {46.1) (47.7) {46.7} (46.7) {46.5)
182 6665000 6511000 6506000 6314000 6330000 6375000
{46.0) (44.9) {44.9) (43.5) (43.7) (44.0)
365 6596000 6743000 %317000 6342000 6469000 6204000
{45.5) (46.5} {43.6) (43.7) {44.6) (42.8)
Age 7.5% Silica Fume (SF) 20% FA+7.5% SF {FA+SF)
bays III-1 I11-2 I-2 III-1 I11-2 I-2
1 6809000 6500000 6714000 6509000 6555000 6755000
(47.0) (44.8) (26.3) {44.9) (45.2) {46.6)
28 6843000 6945000 6930000 6415000 6535000 6755000
(47.2) (47.9) (47.8) {44.2) (45.1) {46.6)
182 6202000 6124000 6231000 6146000 6258000 6262000
(42.8) (42.2) (43.0) (42.4) {43.2) (43.2)
365 6318000 6402000 6441000 | 6101000 6162000 6456000
(43.6) (44.2) {44.4) (42.1) {42.5) (44.5)




TABLE 7.4-C. Modulus of elasticity development of heat-cured high strength concrete mixes

made with different types and brands of cement [150 °F (65 °C)], psi (GPa).

Age Control (Ref.) 20% Fly Ash (FA)
Days I111-1 IT1-2 I-2 ITI-1 I1I-2 I-2
1 6457000 6497000 6311000 6212000 6419000 6250000
(44.5) (44.8) {43.5) (42.8) (44.3) (43.1)
28 6637000 6557000 6718000 6632000 6588000 | 6440000
(45.8) (45.2) (46.3) (45.7) (45.4) (44,4)
182 6354000 6268000 6712000 62921000 6362000 6066000
(43.8) (43.2} (46.3) (43.4) (43.9) {41.8)
365 6230000 6290000 6638000 6227000 6242000 6349000
(43.0) (43.4) {45.8) (42.9) {43.1) (43.8)
Age 7.5% Silica Fume (SF) 20% FA+7.5% SF (FA+SF)
Days Ir11-1 ITI-2 I-2 ITI-1 I111I-2 I-2
1 64560000 6705000 6807000 6438000 6756000 6559000
(44.0) (46.2) (47.0) (44.4) (46.6) (45.2)
28 6670000 6680000 6758000 65539000 6499000 6599000
{46.0) (46.1) (46.6) {45.2)° (44.8) (45.5)
182 6134000 6406000 6074000 6057000 6036000 5892000
(42.3) (44.2) 141.9) (41.8) (41.6) {40.6)
365 62358000 6287000 6341000 6333000 6097000 5915000
(43.2) (43.4) {43.7) {43.7) (42.1) {40.8)

* Measured on one 4 x 8-in. (100 x 200-mrm.} cylinder.
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of the ultimate compressive strength. Top: 97-H182-S1; Bottom: 97-W182-S1
[97H182S1.WMF & 97W182S51.WMF]

226



Stress, psi
o
(=]
[
[

©.0006 0.0008 0.0010 0.0012
Strain

‘ - tistcycle . 2ndcycle I

0.0000 0.0002 0.0004

Stress, psi
-9
=
=
o

0.0006 0.0008 0.0010 0.0012
Strain

‘ - 1steycle - 2nd oycle l

0.0000 0.0002 0.0004

Figure 7.3-L. Qtress-strain curves from two consecutive Joading/unloading cycles at 50 percent of
the ultimate compressive strength. Top: 08-H182-S1; Botlom: 98-W182-S1
[98H18281.WMF & 98W1 82S1. WMF]

227



9000
8000
7000 1
6000 I
5000 |
4000 .
3000 1
2000 |
1000 J.

Stress, psi

0

0.0000 0.0002

0.0004 0.0008 0.0008 0.0010 0.0012
Strain

b 1st cycle - 2ndcycle —I

Stress, psi
o+
]
[+
(=]
H
I

Figure 7.3-J. Stress-strain curves from two consecutive loading/unloadin

0.0000 0.0002 0.0004 0.0006

0.0008 0.0010 0.0012

Strain

t 1st cycle - 2nd cycle ‘[

the ultimate compressive strength. Top: 98-W182-S2; Bottom: 99-H182-S]

[98W18282. WMF

& 99H182S1.WMF)

228

g cycles at 50 percent of




Stress, psi
-
(o]
o
<o

0.0006 0.0008 0.0010 0.0012
Strain

‘ - istcycle . 2ndcycle 1

0.0000 0.0002 0.0004

2000
0008 S
1008
008
000
PR USRI g e

Stress, psi

000
008 S
0 B

0.0006 0.0008 0.0010 0.0012

Strain

‘ - 1stcycle . 2ndcycle ]

0.0000 0.0002 0.0004

Figure 7.3-K. Stress-strain curves from two consecutive 1oading/unloading cycles at 50 percent
of the ultimate compressive strength. Top: 99-W182-S1; Bottom: 99-W182-52
[99W18281.WMF & 99W18252.WMF]

229



10000000

4 x 8 in. specimens

9000000 1

8000000 |
7000000 ]
S 6000000 |
£ 5000000 -
2 4000000 ]
g 3000000 ]
@ 2000000 -
3 1000003 ;

| ] 1 i I

=

t 1 i i 1 1 1
5000 7000 9000 11000 13

1 ; 1 4 3 Ll [}
000 15000 17000 19000
Compressive strength, psi

o

dry specimens . wet specimens

Figure 7.4, Measured static modulus o
(100 x 200 mm) cylinders.
[4WET_DRY.WMF]

felasticity versus compressive strength for 4 x 8 in,

230



8000000

7000000 .................. |

o~
.
—
!

6000000

8-in

....................................................

ity, psi (4x

000000 L rorrrir e

of elastic

4000000 4

3000000 ‘ :
3000000 4000000 5000000 6000000 7000000 8000000

Modulus of elasticity, psi (6x1 2-in.)

Modulus

. dry specimens . wet specimens —_line of equality

Figure 7.5. Effect of specimen size on measured static modulus of clasticity of high strength

concrete.
[E_SIZE.WMF]

231



Ratio: E1/E28

Figure 7.6. Ratios of 1-day modulus of elasticity of heat-

1.4

Ratio of 1-day to 28-day
Moduius of Elasticity, Heat-Cured

L oo

Test Data

o 100x200 mm « 150x300 mm— AVG.

0.98

232

cured specimens to their 28-day values.



14000000
10000000 |
9000000 +
8000000 .

7000000 -
6000000 |
5000000 |

4000000 |

Modulus of Elasticity, psi

3000000 ] pomer e p———— 4
4000 6000 8000 10000 12000 14000 16000 18000 20000
Compressive Strength, psi

o . Limestone . Round Gravel —— New RC (Lower)
— New RC (Upper) - ACI318 — ACI 363

Figure 7.7. Effect of aggregate type on modulus of elasticity of high strength concrete.

233
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Partially crushed river gravel (R2)
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Granite #1 (G1)
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Granite #2 (G2)
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CHAPTER 8
TEST RESULTS: TENSILE STRENGTH

8.1 Background
Tensile strength of concrete is always expressed in terms of a specific test procedure. The

direct tension test, the split cylinder test, and the beam test are the three kinds of tests that have
been used. Due to the difficulty in applying direct tension to concrete specimens, the split

cylinder test and the beam test have gained wide acceptance.

Split Cylinder Test: In the split cylinder test, also called Brazilian test, a cylinder is
loaded in compression diametrically between two platens. Using theory of elasticity (for example
see: Frocht, Max. M. (1948) «“Photoelasticity,” Volume 11, John Wiley & Sons Inc., NY, Chapter
4), it can be shown that this loading produces & nearly uniform maximum principal tensile stress
along the diameter, which causes the cylinder to fail by splitting. Splitting tensile strength of

concrete is calculated as follows:
o T=2P/nld (8.1)

where
T = splitting tensile strength, psi (MPa)
P = maximum applied load indicated by the testing machine, 1b (N)
L = specimen length, in. (mm)

d = diameter of the specimen, in. (mm)

ASTM C 496, “Standard Test Method for Splitting Tensile Strength of Cylindrical

Concrete Specimens,” COVEIS the determination of the splitting tensile strength of cylindrical

concrete specimens.
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Beam Test: In the beam test, also called modulus of rupture test, a simple supported
prismatic beam with a clear span of three times its depth is subjected to two-point loading
applied at the third points between the supports. The resulting bending moment within the

middle third of the span length is constant and maximum and is equal to:
o M=PL/E (8.2)

where
M= maximum bending moment, constant throughout the middle third of the span length,
Ib-in. (N-mm)
P = maximum applied load indicated by the testing machine, Ib (N)

L = span length, in. (mm)

When the fracture initiates in the tension surface within the middle third of the span

length (region of constant maximum moment), the modulus of rupture is calculated as follows:
e R=PL/bd? (8.3)

where
R = modulus of rupture, psi (MPa)
P = maximum applied load indicated by the testing machine, Ib (N)
L = span length, in. (mm)
b = width of specimen, in, (mm)

d = depth of specimen, in. (mm)

ASTM C 78 test method, “Standard Test Method for Flexural Strength of Concrete
(Using Simple Supported Beam with Third-Point Loading),” covers determination of the flexural

strength of concrete by the use of a simple beam with third-point loading,.
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ACI Building Code (ACI 318-89) gives the following empirical relationships between

tensile strength and the cylinder compressive strength for concrete with strength between 2,000

and 6,000 psi (13.8 to 41.4 MPa):

Splitting Tensile Strength:
e USC,psit fsp= 6.7(f)0 (8.4-0)
o SIL,MPa: fp= 0.56()0-7 (8.4-b)

Flexural Tensile Strength (Modulus of Rupture).
e USC,psi: fr= 7.5(/)% (8.5-a)
e SI MPa: fr=0 62(f)0-7 (8.5-b)

where
fsp= splitting tensile strength of the concrete, psi (MPa)
fe= compressive strength of the concrete, psi (MPa)

£ = flexural tensile strength (modulus of rupture) of the concrete, psi (MPa)

In estimating tensile strength of high strength concrete, ACI Committee 363 - High
Strength Concrete (ACI 363R-92) gives the following empirical relationships between tensile
strength and the cylinder compressive strength for normal weight high strength concrete with

strength between 3,000 and 12,000 psi (20.7 to 82.8 MPa):

Splitting Tensile Strength:
o USC,psi: fsp= 7.4(f)0- (8.6-a)
e SILMPa: fsp= 0.59()03 (8.6-b)

Flexural Tensile Strength (Modulus of Rupture):
e USC,psit fr= 11.7()03 (8.7-0)
e SI,MPa: fp=0. 94gfc)0.5 (8.7-b)
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where
Jsp = splitting tensile strength of the concrete, psi (MPa)
Je = compressive strength of the concrete, psi (MPa)

Jr = flexural tensile strength (modulus of tupture) of the concrete, psi (MPa)

Recent test results have indicated that the relationship between compressive strength and
tensile strength of concrete as used in ACI equations may not be representative of test data, A
recent review by Oluokun (7991) provides an excellent summary of the proposed equations for

prediction of tensile strength of concrete from cylinder compressive strength.

8.2 Apparatus and Test Procedure
8.2.1 Testing Machine

Detailed description of the tcsfing machine together with the rate of loading used are

given in Chapter 5.

8.2.2 Split Cylinder Tests
Apparatus for Marking the Diametral Lines on the Ends of the Specimens: A modified

version of the apparatus described in ASTM C 496 for marking the diametral lines on the ends of
the specimen in the same axial plane was constructed and used, Figure 1. The apparatus
consisted of a base plate (a length of C 4x5.4 steel channel) and a removable tee bar assembly
which fit smoothly over the flanges of the channel. Mounted on the tee bar assembly was a
vertical bar with its inner edge along the centerline of the steel channel. The inner edge of the

vertical bar was used for guiding a pencil.

For marking the diametral lines on the ends of the specimen, the cylindrical specimen was placed
on the base plate as shown in Figure 8.1. The tee bar assembly was placed over the flanges of the
base plate in close contact with the end of the specimen. A diametral line was drawn on one end

of the specimen, Without moving the specimen, the tee bar assembly was lifted and placed on the
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other side of the specimen. The second diametral line was drawn. Because the specimen was not

moved, the drawn diametral lines were in the same axial plane.

Aligning jig: The aligning jig was used to prevent the specimen from rolling to the sides
during the test setup. It also helped to position the specimen directly beneath the center of thrust

of the spherical bearing block of the testing machine.

Two aligning jigs, similar to the one described in ASTM C 496, were constructed for the
two sizes of the specimens studied, Figures 8.2 and 8.3. Each aligning jig consisted of four parts:
lower bearing block, bearing bar, and two uprights for positioning the test cylinder, plywood

bearing strips, and the bearing bar.

The specimen was placed on a plywood bearing strip, on the lower bearing block,
between the two uprights. The two diametral lines drawn carlier on the ends of the specimen
were used to align the axial plane of the specimen with the vertical axis of the uprights. A second
plywood bearing strip was placed between the specimen and the bearing rod on top. The whole
assembly was placed in the testing machine. The axis of the specimen was aligned with the
center of thrust of the spherical bearing block of the testing machine. The spherical bearing block

was brought to bear on the bearing bar. The two uprights were then removed and the test was

conducted, Figure 8.4.

8.2.3 Modulus of Rupture Tests (Simple Beam with Third-Point Loading)

An apparatus similar to one suggested by ASTM C 78, Standard Test Method for Flexural
Strength of Concrete (Using Simple Beam with Third-Point Loading), was used for the third-
point flexure tests. Support points and joading points on the specimen were marked in advance.
The specimen was turned on its side with respect to its molding position and was placed on the
support blocks. Plywood bearing strips, extending across the full width of the specimen, Were
placed between the specimen and the support and the load-applying blocks. The load was then
applied uniformly and continuously by the testing machine to the load-applying block.
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Continuously moist-cured specimens were sprayed with water during the test to eliminate the

effect of drying shrinkage on the test results.

8.3 Test Results
8.3.1 Split Cylinder Tests

A total 0f 314 6 x 12 in. (150 x 300 mm) specimens from 90 high strength concrete mixes
were cast during the course of the study to investigate the relationship between the splitting
tensile strength of high strength concrete with its cylinder compressive strength. Test results are
presented in Appendix C. High strength concrete mixes considered were made with five different
types of coarse aggregate (R1, R2, G2, L1, and L.2), and had a variety of cementitious materials
compositions. The 28-day compressive strengths of concrete mixes ranged from 7,500 to 15,360
psi (51.7 to 106 MPa) and 8,750 to 14,630 psi (60.3 to 101 MPa) for heat-cured and moist-cured
specimens, respectively. In addition, a total of 247 companion 4 x 8 in. (100 x 200 mm)
specimens were cast from 50 of the studied mixes to investigate thé size effect on splitting tensile
strength test results. All specimens were tested at 28-days of age. The test results are shown in
Tables 8.1, 8.2 and Figure 8.5. Also shown in Figure 8.5 are the equations proposed by ACI
Building Code (ACI 318-89) and ACI Committee 363 - High Strength Concrete (ACI 363R-92).

A regression analysis, based on the generally accepted simple power model, Jsp = efe)s,
was done on the collected experimental data, The following empirical equations for predicting
the average splitting tensile strength (fsp) of high strength concrete from its compressive strength

(fe) were determined:

For Moist-Cured Specimens:
* USC,psi: fyp = 0.42(1)0.79 (8.8-a)
* SLMPa: fi, = 0.15(0.79 (8.8-b)

For Heat-Cured Specimens:
» USC,psi: fsp = 3.63(f)0-57 (8.9-a)
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o SI,MPa: fsp=0. 42(f)0-57 (8.9-b)

For All Data (Moist-Cured and Heat-Cured Specimens):
o USC,psi: fsp=1 98(f)0-63 (8.10-a)
o SI,MPa: fip=0 32(f)0 63 (8.10-b)

Figure 8.6 shows the plot of the derived equations for predicting the split cylinder
strengths of high strength concrete mixes considered. Also shown in Figure 8.6 are the equations
proposed by ACI Building Code (ACI 318-89), ACI Committee 363 - High Strength Concrete
(ACI 363R-92), and an alternative equation proposed by Ahmad and Shah (1 985) for concrete
strengths up to 12,000 psi (82.8 MPa) based on the published experimental data of low, medium,

and high strength concretes from different sources.

The equation proposed by ACI Committee 363 appeared to overestimate the values of
tensile strengths for concrete with compressive strengths up to about 12,000 psi (82.8 MPa).
Considering the wide spread of the experimental data (shown in Figure 8.5), for all practical
purposes, the equation proposed by ACI 318 seemed to predict satisfactory average results. In
fact, when the simple 0.5 power model, (fsp = a(f()a 5y, was used in the regression analysis of
the experimental data, the coefficient o was determined to be 6.74 and 6.77 for heat-cured and

moist-cured data respectively, compared to 6.7 suggested by ACI Building Code (ACI 318).

Figure 8.7 is the histogram of the ratio of the spfitting tensile strength to compressive
strength for all 6 X 12 in. (150 x 300 mm) high strength concrete specimens studied. Splitting
tensile strength values were between 5 to 8 percent of the compressive strength. The average
value of the strength ratio was 0.0627 (6.27%) with a standard error of 0.0005, indicating the
brittle nature of high strength concrete. The average value of the strength ratio was not
significantly affected by the type of curing condition used and had average values of 0.0640 and
0.0612 for heat- and moist-cured specimens. These values of strength ratio are in excellent

agreement with the 5 to 10% range, published in the “State-of-the-Art Report on High-Strength
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Concrete,” reported for compressive strengths up to 12,105 psi (83.5 MPa) [ACI 363R-92 1992).
For normal strength concrete tensile strength of concrete is reported to be about 10 to 15% of its

compressive strength [Wang and Salmon 1992].

8.3.2 Beam Tests

A total of 280 6 x 6 x 24 in. (150 x 150 x 610 mm) specimens from 90 high strength
concrete mixes were cast during the course of the study to investigate the relationship between
the flexural strength of high strength concrete with respect to its cylinder compressive strength.
Test results are presented in Appendix C, High strength concrete mixes considered were the same
as those used for the splitting tensile strength study and were described in detail in Section 8.3.1.
The test results are shown in Tables 8.3, 8.4 and Figure 8.8, Also shown in Figure 8.8 are the
equations proposed by ACI Building Code (ACI 318-89) and ACT Committee 363 - High
Strength Concrete (ACI 363R-92).

As seen in Figure 8.8, the type of curing significantly affected the modulus of rupture test
results as evinced with the moist-cured specimens exhibiting higher flexural tensile strengths,
This can be explained as follows. Drying shrinkage strain in heat-cured beams (maximum on the
surfaces of the beam) are added to the flexural tensile strain (maximum on the outermost fibers)
during two point loading of the beams causing the heat-cured beams to break at a lower load. The
moist-cured samples (moist up to the time of test) did not suffer from shrinkage strain, therefore

a higher load was needed to break the moist-cured beams.

The type of curing did not affect the splitting tensile strength of high strength concrete
samples, Figure 8.5. The reason is that during the splitting tensile strength test the elements along
the diagonal plane inside the concrete (with the least amount of shrinkage strain) are under
tension and therefore pre-existing shrinkage strain (mostly on the surface) does not interfere with
the test result. Data obtained for flexural tensile strength of heat-cured specimens ranged between

ACI 318-89 Code equation and ACI High Strength Committee 363 proposed equation.
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A regression analysis, based on the generally accepted simple power model, fr = a(fe)s,
was done on the collected experimental data. The following empirical equations for predicting
the average flexural strength (f;) of high strength concrete from its compressive strength (fo)

were determined:

For Moist-Cured Specimens.
e USC,psi: fp = 5.92(f)0-57 (8.11-a)
o SL,MPa: fsp=0. 70¢)0-57 (8.11-b)

For Heat-Cured Specimens!
e USC,psi: fs ~ 23.57(f,)0-40 (8.12-a)
P
s SI, MPa: fgp=1.]9(f¢)a40 | | (8.12-b)

For All Data (Moist-Cured and Heat-Cured Specimens):
e USC,psi: fsp=071 ()0 79 (8.13-a)
e SIL,MPa: fip= 0.25(f0-7% (8.13-b)

Figure 8.9 shows the plot of the derived equations for predicting the flexural strengths of
high strength concrete mixes considered. Also shown in Figure 8.9 are the equations proposed by
ACI Building Code (ACI 318-89), ACI Committee 363 - High Strength Concrete (ACI 363R-
92), and an alternative equation proposed by Ahmad and Shah (1985) for concrete strengths up to
12,000 psi (82.8 MPa) based on the published experimental data of low, medium, and high
strength concretes from different sources. The derived best fit equation for moist-cured
specimens was very close to the equations proposed by ACI Committee 363 and Ahmad and

Shah. The best fit equation for heat-cured specimens fell between the values predicted by the

ACI 318 and ACI 363 equations.

When the simple 0.5 power model, (fy = a(fc)o- 5), was used in the regression analysis of

the experimental data, the coefficient o was determined to be 9.29 and 11.50 for heat-cured and
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moist-cured data respectively, compared to 11,7 suggested by ACI Committee 363 equation.
Considering the wide scatter of the data, it is believed that the 0.50 power used by ACI equations
is a relatively good estimator for use in prediction models of flexural tensile strength of high
strength concrete. For heat-cured specimens a coefficient of 9.30 instead of 11 70 1is
recommended. The 11.70 coefficient proposed by ACI 363 seems to be satisfactory for moist-

cured specimens.

8.4 Conclusions

1. The ACI 318 equation for predicting splitting tensile strength of concrete from its
cylinder compressive strength was found to be applicable to high strength concretes
studied in this research program.

2. While the splitting tensile strength of high strength concrete was not proportional to
the 0.5 power of the compressive strength, the scatter of the test data did not warrant
the proposal of a new equation. For all practical purposes the equations derived from
regression analysis of the data resulted in predictions reasonably close to those from
the ACI 318 equation.

3. Splitting tensile strengths of high strength concrete specimens considered, were
between 5 to 8 percent of compressive strength values. The average value of the ratio
of the splitting tensile strength to compressive strength was not significantly affected
by the type of curing and was determined to be 0.0627 (6.27%), with a standard error
of 0.0005.

4. The type of curing significantly affected the flexural strength of high strength
concrete specimens. Reduced flexural tensile strength of heat-cured specimens was
attributed to the presence of drying shrinkage strain on the outermost fibers of the
specimen,

5. The flexural tensile strength of moist-cured high strength concrete can be
satisfactorily predicted by the 0.5 power relation suggested by ACI 363 (11.70f,0.50).

For heat-cured specimens a new equation in the form of 9, 30£.0-50 is proposed.
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Table 8.1. Splitting tensile strength of 4 x 8 in. (100 x 200 mm) and 6 X 12 in, (150 x 300 mm)
cylinders, heat-cured specimens.

No. (fa) &x1 (fsp) 6x12 n ST (f.p) ixg ) 23 STD Diff. Ratio
2 psi psi psi psi psi
psi

22 133127 758 1 793 3 51 35 1.05
23 12412 638 2 9 723 3 52 85 1.13
24 10718 618 2 B84 487 3 45 69 1.11
25 9653 518 2 43 730 3 76 212 1.41
26 12588 804 2 12 997 3 109 192 1.24
27 311033 898 2 11 918 3 107 220 1.32
28 8819 563 2 62 775 3 67 213 1.38
29 9860 591 2 120 768 3 92 177 1,30
50 11551 677 2 16 988 3 110 312 1.46
51 9799 666 2 49 869 3 29 203 1.31
52 12238 836 2 48 1086 3 58 250 1,30
53 9185 526 2 76 784 3 20 158 1.25
54 12517 849 2 91 1010 3 13 161 1,19
55 11703 T40 2 1 896 3 41 156 1.21
56 12135 751 2 141 1000 2 128 249 1,33
57 12177 70 2 97 969 3 a0 19¢ 1.26
58 12149 812 2 37 851 3 30 38 1.05
59 11928 654 2 3 1019 3 83 365 1.56
60 T10774 655 2 55 949 3 26 294 1.45
61 11322 679 2 83 944 3 36 266 1.39
62 11887 730 2 18 1014 3 a0 284 1.39
63 11151 685 2 15 975 3 30 290 1.42
64 12034 752 2 126 1009 2 85 258 1.34
65 12688 872 2 23 941 2 146 69 1.08
66 11677 710 2 48 975 3 63 265 1.37
67 12284 734 2 30 1062 2 990 328 1.45
68 11874 704 1 901 3 51 197 1.28
69 10553 651 2 46 828 3 33 179 1.27
70 11788 T44 2 i8 1010 3 101 266 1.36
11 11218 707 2 13 1048 3 25 341 i.48
72 10588 601 1 911 3 10 309 1.51
73 12253 125 2 43 1068 3 163 342 1.47
74 11748 764 2 ¢} 1013 3 6% 250 1.33
75 10846 690 2 41 854 3 39 164 1.24
76 11073 706 2 112 927 2 20 221 1.31
77 11175 749 2 11 926 2 40 177 1.24
78 10602 589 2 11 882 3 85 293 1.50
79 10719 647 2 55 869 3 32 223 1.34
80 11059 651 2 7 843 3 17 192 1,30
81 10606 657 2 125 817 3 43 160 1.24
82 9155 612 2 66 T46 3 34 135 1.22
83 9289 570 2 42 817 3 50 248 1.43
84 11661 890 2 65 904 3 S4 214 1.31
85 11304 749 2 140 955 2 271 206 1.28
86 8633 580 2 11 840 3 3 260 1.45
87 8887 602 2 43 753 2 83 153 1.25
88 10738 701 2 16 882 3 13 181 1.26
89 10100 730 2 7 934 3 41 204 1.28
90 7498 535 2 14 721 3 271 187 1.35
91 7972 587 2 11 765 3 17 178 1.30
100 10188 743 2 32 - - - - -

101 8594 689 2 iz - - - - -

102 7886 598 2 77 - - - - -

103 8438 678 2 2 - - - - -

104 11078 711 2 98 - - - - -

Tumber of replicate specimens tested

gPp = sample standard deviation (n > 1)
Diff. = Faxg — Loxi2
Ratio = fexg / fexiz
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Table 8.1. Splitting tensile strength of 4 x 8 in. (100 x 200 mm) and 6 x 12 in. (150 x 300 mm)
cylinders, heat-cured specimens. Continued ...

No. (£} exa (f.p} éx12 n STD {f,p) ix8 n STD Diff, Ratio
2 psi psi psSi psi psi
psi
105 10365 722 2 3 - - - = =
*106 10047 679 2 7 - - - - -
107 8832 679 2 56 - - - - -
108 11270 779 2 96 - - - - -
109 10375 757 2 86 - “ = - —
116 9997 670 2 10 - - - - -
111 9328 657 2 47 - - - - -
112 11824 736 2 40 - - - - -
113 12001 681 2 13 - - - - -
114 11007 778 2 28 - - — - -
115 10332 695 2 48 - - - - -
116 11721 833 2 82 - - - - -
117 11757 798 2 26 - - - - -~
118 9489 746 2 125 - - - - =
119 8726 664 2 64 - - - - -
120 12947 703 2 23 - - - - -
1231 12639 751 2 19 - - - - -
122 11634 749 2 40 - - - - -
123 11051 809 2 32 - - - - -
124 14789 839 2 18 - - - - -
125 15198 829 2 173 - - - = =
i26 11981 746 2 i0 - - - Z —
127 12629 824 2 125 - - - - —
128 12291 796 2 28 - - - = =
129 12833 688 2 14 - - - - -
130 11694 679 2 25 - - = o .
131 12262 761 2 i} - - - = -
132 14310 8§28 2 71 - - — _ =
133 15362 818 2 15% - - - - —
134 12545 818 2 g7 - - - = o
135 15086 834 2 123 - - - - -
136 11777 658 2 17 - - - - -
137 12826 714 2 13 - - - - -
138 11003 705 2 10 - - - - -
13% 12112 821 2 82 - - - _ -
n number of replicate specimens tested

STD sample standard deviation {mn > 1}
Diff. Lyxs — foxiz
Ratio = fyxg / Fsxiz
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Table 8.2. Splitting tensile strength of 4 X 8 in. (100 x 200 mm) and 6 x 12 in. (150 x 300 mm)
cylinders, moist-cured specimens.

No. (Lo} 6x1 {£sp) ex12 n STD (Exp) tx2 n STD Diff. Ratio
2 psi psi pai psi psi
pai

23 12773 731 2 39 717 3 54 ~14 0.98
24 11612 595 2 41 732 3 70 i38 1.23
25 11110 602 2 48 785 3 45 193 1.32
26 13821 729 2 134 1016 3 27 287 1.3%
27 12148 651 2 17 894 3 i85 243 1.37
28 9718 626 2 41 716 3 35 89 1,14
29 11071 570 2 88 804 3 114 234 1.41
50 11733 716 2 46 951 2 30 235 1.33
51 10020 670 2 7 751 2 37 81 1.12
52 12983 741 2 21 955 2 28 214 1.29
53 2742 568 2 51 719 2 13 150 1.26
54 13534 840 2 19 33 2 91 93 1.11
55 12216 752 2 17 910 2 46 158 1.21
56 12878 T2 1 955 2 56 183 1.24
57 12328 602 2 24 934 2 89 332 1.55
58 119310 675 2 36 194 2 43 119 1.18
59 12076 715 2 96 927 2 3 212 1.30
60 11366 748 2 32 935 2 67 186 1.25
61 11533 734 2 76 1021 2 69 287 1.39
62 12638 803 2 44 901 2 132 92 1.11
63 11745 g24d 2 34 g4 2 63 50 1.06
64 12600 17 2 54 963 2 29 186 1.24
65 13315 803 2 22 1035 2 71 232 1.29
66 12345 175 2 9 1053 2 59 278 i.36
67 12381 678 2 134 990 2 47 312 1.46
68 12715 722 2 25 880 2 22 158 1.22
69 11152 794 2 6 857 2 3 63 1,08
70 13365 712 2 9 996 2 39 284 1.40
71 12530 616 2 44 943 2 55 = 326 1.53
72 11831 791 2 30 946 2 2 155 1.20
73 12507 753 2 16 896 2 92 143 1.19
74 12690 725 2 21 914 2 85 189 1.26
75 11187 699 2 100 813 2 33 114 1.16
76 11342 662 2 39 837 2 47 175 1.26
17 12407 746 2 T7 885 2 24 139 1.19
78 11643 729 2 40 894 2 30 165 1.23
79 12316 609 2 62 a95% 2 72 346 1.57
80 11825 775 2 56 881 F3 36 - 106 1.14
81 11633 765 2 5 738 2 50 21 0.96
82 10457 679 2 3 757 2 22 79 1.12
83 10887 672 2 5 302 2 25 229 1.34
84 12016 807 2 47 917 2 74 110 1.14
85 12772 795 2 76 1022 2 105 227 1.28
86 9742 589 2 4 767 2 87 178 1.30
87 9865 649 2 37 714 2 i2 65 1.10
88 11807 790 2 36 921 4 112 131 1.17
89 11655 768 2 0 836 2 82 68 1.09
a¢ 8749 644 2 &8 717 2 47 132 1.21
91 9647 601 2 17 767 2 56 166 1.28
100 190137 679 2 28 S s - - -

102 9522 582 2 13 - - - - -

104 12867 768 2 41 - - - - -

106 12063 752 2 61 - - ~ - -

108 12646 839 2 8 - - - - -

109 11831 746 2 11 - - - - -

number of replicate specimens tested

n =

sTD = sanple standard deviation (n » 1)
piff. = faxg ~ Fex1z

ratio= fixs / feniz
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Table 8.2. Splitting tensile strength of 4 x 8 in. (100 x 200 mm) and 6 x 12 in,

cylinders, moist-cured specimens. Continued

e

(150 x 300 mm)

No. (£:) gx1 (Lap) 6x12 n 8TD (Eap) axa STD Diff, Ratio

2 psi psi psi psi psi

psi
110 11452 725 2 36 - - - -
111 10051 636 2 37 - - - -
112 13582 728 2 43 - - Z -
113 13825 705 2 46 - - = =
114 13550 805 2 70 - - - -
115 13374 721 2 5 - - Z -
124 14524 963 1 - p =z =
125 11574 847 1 - - z -
126 13237 790 1 - = = -
127 14321 789 1 - = = ~
128 13045 891 1 - = = -
129 13614 963 1 e — - -
130 12516 791 1 = =z Z ~
131 14330 858 1 - - = -
132 13945 968 1 - - = -
133 14631 1030 i - = = z
134 13936 898 1 - p = Z
135 13727 957 1 - - - —
136 13816 711 1 - - Z -
137 14155 834 1 - - = .
138 13162 794 1 - = _ -
139 13358 787 1 - - = -
n = number of replicate specimens tested
STD = sample standard deviation fn > 1}
Diff. = fyus - Fox12
Ratio= fu. / Lexin
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Table 8.3. Flexural tensile strength of 6 x 6 x 24 in. (150 x 150 X 610 mm) high strength
conerete simple supported beams with 18 in. (457 mm) clear span and third-point loading,
heat-cured specimens.

No. (£c) exi F 3 n STD No. (L) 6m1 £y n sSTP

2 psei psi 2 psi psi
psi psai

22 13127 998 2 27 a7 8887 837 2 22

23 12412 1084 2 10 88 10738 781 2 27

24 10718 973 2 14 89 10100 870 2 26

25 8653 864 2 16 80 7498 728 2 11

26 12588 815 2 45 91 7972 875 2 30

27 11033 1001 2 1 i00 10188 878 1

28 8819 903 2 32 101 8594 947 1

29 9860 859 2 34 102 7886 280 i

50 11551 1051 2 28 103 8438 943 1

51 9799 909 2 6 104 11078 1087 1

52 12238 1067 2 15 105 10365 1055 1

53 9185 823 2 3 106 10047 1073 1

54 12517 941 2 74 107 8832 992 1

55 11703 1049 2 48 108 11270 992 1

56 12135 1098 2 2 109 10375 1038 1

57 12177 1081 2 29 110 9997 861 i3

58 12149 995 2 15 111 9328 896 1

59 11928 963 2 67 112 11924 1058 1

80 16774 937 2 5 113 12001 1108 1

61 ii3azz 859 2 51 1314 11007 1053 1

62 11887 829 2 70 115 10332 993 1

63 11151 1003 2 35 116 11721 838 1

64 12034 938 2 44 117 11757 1061 1

65 12688 853 2 25 118 9489 176 1

66 11677 1013 2 1 119 8726 887 i

67 12284 1041 2 34 120 12947 10606 1

68 11874 1053 2 11 121 12639 1000 1

69 10553 1026 2 37 122 11634 1048 1

70 11788 1105 2 33 123 11051 972 1

71 11218 1070 2 15 124 14789 1188 1

72 10588 958 2 81 125 15198 1015 1

73 12253 11066 2 28 126 11981 1240 1

74 11748 1024 2 37 127 12629 968 1

75 10846 1053 2 25 128 12291 947 1

76 11073 1068 2 i06 129 12833 952 1

77 11175 101z 2 58 130 11694 822 1

78 10602 896 2 49 131 12262 1315 1

79 10719 980 2 24 132 14310 1233 1

80 11059 1081 2 13 133 15362 1058 1

81 10606 1031 2 98 134 12545 1072 1

82 9155 986 2 26 135 15086 1023 1

83 9299 1028 2 6l 136 11777 952 1

84 1166l 889 2 53 137 12826 1108 1

a5 11304 965 2 68 138 11003 888 1

86 8633 804 2 24 139 12112 937 1

n number of replicate specimens tested

tn

STD sample standard deviation (n > 1)
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Table 8.4. Flexural tensile strength of 6 x 6 x 24 in. (150 x 150 X 610 mm) high strength
concrete simple supported beams with 18 in. (457 mm) clear span and third-point loading,
moist-cured specimens.

Ne. {£:) 622 £ n S1D Ro. {£:) 62 F n STD
2 psi psi 2 psi psi
psi pei [
22 12688 1207 2 16 81 11633 3979 2 75 ;
23 12773 1497 P 101 82 10457 887 2 91 '
24 11612 1160 2 33 83 10887 958 2 120
25 11110 1122 2 27 84 12016 1558 2 54 {
26 13821 1266 2 80 85 12772 i50e 2 18
27 12148 1252 2 31 86 5742 1266 2 107 !
28 9718 989 2 45 87 9865 971 2 103
29 11071 8§72 2 12 88 11897 1358 2 117
50 11733 1256 2 76 B9 11655 1471 Z 15 {
51 10020 1111 2 22 90 8749 1230 2 42
52 12993 1332 2 9 91 9647 1146 2 a1
53 9742 988 F 63 100 10137 1256 2 98
54 13534 1221 2 41 102 9522 1217 2 82 l
55 12216 1116 ] 135 104 12867 1510 2 54 t
56 12878 1087 2 57 106 12063 1333 2 81
57 12328 1047 2 24 108 12646 1493 2 142 ,
58 11910 1218 2 29 109 11831 1420 2 10 i
59 12076 1274 2 2 110 11452 1428 2 84 !
60 11366 1075 2 16 111 10051 1389 2 81
61 11533 1033 2 25 112 13582 1520 2 54 {
62 12639 1218 2 52 113 13825 1552 2 22 !
63 11745 1118 2 53 114 13550 1438 2 53
64 12600 1268 2 24 115 13374 1430 2 14
65 13315 1220 F 18 124 14524 1521 1 ;
66 12345 1498 2 6 125 11574 1446 1 !
67 12381 1377 2 40 126 13237 1262 1 i
68 12715 1299 2 4 127 14321 1258 i
69 11152 1152 2 19 128 13045 1743 1
70 13365 1037 2 120 129 13614 1652 1 i
71 12530 834 2 9 130 12516 1661 1 i
72 11831 898 2 25 131 14330 1543 1
73 12507 1138 2 85 132 13945 1496 1
74 12690 1178 2 81 133 14631 1508 1
75 11187 1105 2 116 134 13936 1455 1
76 11342 1069 2 67 135 13727 1422 1
77 12407 10692 2 50 136 13816 1380 1
78 11643 1196 2 7 137 14155 1422 1
79 12316 1061 2 60 138 13162 1347 1
80 11825 1112 2 38 139 13358 1327 1

number of replicate specimens tested
sample standard deviation (n > 1}

nn

STB
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- Bearing Bar

] a ]
. Plywood Strip
2.38 4x8 in. Specimen
Aligning Jig
1.00 / -
r ¥
Kl
2.38 ILC}WQE" Beoring Block
{ 0.75
=3=50—*—|-—O,5 f
.20

Figure 8.2. Front view of the jig constructed and used for aligning concrete cylinder and bearing
strips. A similar aligning jig was constructed for use with 6 x 12 in. (150 x 300 mm) specimens.
[SPLT4.PLT]
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Bearing Bar

Plywood Strip
4x8 in. Specimen

Lower Bearing Block

Figure 8.4, Specimen in testing position for determination of splitting tensile strength.
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CHAPTER 9
TEST RESULTS: EFFECT OF COARSE AGGREGATE ON MECHANICAL
PROPERTIES OF HIGH STRENGTH CONCRETE

9.1 Experimental Program
Mechanical properties (compressive strength, modulus of elasticity, modulus of

rupture, and splitting tensile sirength) of high strength conctete specimens cast from
concretes of given mix proportions and made with six different coarse aggregates (R1,

R2, G1,G2,L1, 1.2) were investigated. The coarse aggregates considered were:

e A siliceous river gravel with round and smooth particles (R1 Ywith a
maximum size of 1/2in. (13 mm) and 1.44% absorption;

« Another siliceous river gravel with a significant proportion of crushed
particles (R2) witha maximum size of 1/2 in. (13 mm) and 1.39% absorption;

« Two crushed granites (GI and G2) with 3/4 in. (19 mm) maximum size and
1.00% absorption from £WO SOUFCes;

o The other two aggregaie types consisted of crushed limestone particles with a
1/2 in. (13 mm) maximum size. One of the crushed limestones (L) had an

absorption of 2.05% and the other (L2) had an absorption of 1.50%.

Gradation curves for the coarse aggregates used were presented in Chapter 3 of
this report. All high strength concrete mixes considered had a total cementitious material
content of 750 Ib/yd® (445 kg/m®), were made with ASTM Type I portland cement, and
had a water-to-cementitious material ratio of 0.30. These mixes formed the following four

groups with different cementitious material compositions:
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1. Reference mixes (Mix Nos. 96, 108, 124, 128, 132, and 136): had no fly ash or
_silica fume as part of their cementitious material,

2. Fly Ash (FA) mixes (Mix Nos. 110, 125, 129, 133, and 137): 20% of the total
weight of the cementitious material was replaced by an ASTM Class C fly
ash. This group did not include a mix with G1 coarse aggregate,

3. Silica Fume (SF) mixes (Mix Nos. 98, 112, 126, 130, 134, and 138): 7.5% of
the total weight of the cementitious material was replaced by silica fume; and

4. Fly Ash and Silica Fume (FA + SF) mixes (Mix Nos. 114, 127, 131, 135, and
139): 20% and 7.5% of the total weight of the cementitious material was
replaced by an ASTM Class C fly ash and silica fume respectively. This group

did not include a mix with G1 coarse aggregate,

9.2 Effect of Coarse Ageregate on Compressive Strength

Compressive strength test results are given in Table 9.1 and plotted in Figures 9.1
through 9.8. As can be seen from the test results, high strength concrete of the same mix
proportions produced different compressive strengths, depending on the type of aggregate
used. The maximum range in the compressive strength test results of heat-cured
specimens from high strength concretes of the same mix proportions and tested at the
same age, was 52, 46, 23, and 39 percent for reference, fly ash, silica fume and FA+SF
mixes respectively. For moist-cured specimens maximum compressive strength range
values were 24, 36, 11, and 16 percent respectively (Table 9.1). The average range for
compressive strengths of reference, fly ash, silica fume, and FA+SF mixes was 39, 41,
21, and 36 percent for heat-cured and 17, 25,9, and 13 percent for moist-cured
specimens. Therefore the effect of different aggregate on compressive strength depended
on both curing condition and the composition of cementitious material of the mix, The
effect of type of coarse aggregate was significantly less for moist-cured specimens.

However, the effects were still considered as significant.
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The effect of different coarse aggregates on compressive strength was the most
noticeable when 20% of the weight of portland cement was replaced with ASTM Class C
fly ash, After fly ash mixes, the effect of type of coarse aggregate on compressive
strength test results was the most for the reference mixes and the least for silica fume
mixes. the Combination of moist-curing and replacement of 7.5% of portland cement
with silica fume significantly decreased the effect of type of coarse aggregate on

compressive strength test results at all ages (average range 9%).

In general, the highest compressive strength values were produced by specimens
made with the low-absorption limestone (L2) followed by those made with the high-
absorption limestone (L.1), granite #2 or the partially crushed river gravel (G2, or R2),
granite #1 (G1), and the round river gravel (R1), Figures 9.1 tﬁ:ough 9.8. The only
exceptions were the silica fume mixes (concretes in which 7.5% of the weight of the
portland cement was replaced by silica fume) for which case the effect of type of coarse

aggregate on compressive strength was minimal.

The observation that the low-absorption limestone produced higher compressive
strengths than the high-absorption limestone, in otherwise identical mixes, may appear to
contradict the published results from an earlier study conducted at early stages of this
research program where two high strength concrete reference mixes (Mix Nos. 4 and 5),
with water-to-cement ratio of 0.32, were made using two limestone aggregates from the
same sources with absorption rates of 1.50% and 2.96% [French and Mokhtarzadeh
1993]. Figure 9.9 shows the results from that study. Compressive strength test results
were measured at 3, 7, and 28-days on 6 x 12 in. (150 x 300 mm) heat-cured cylinders.

No significant difference in compressive strength test results was observed.
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It should be reminded that at lower compressive strength levels, the influence of
aggregate types on the compressive strength of concrete is generally negligible and the
compressive strength of the concrete system is predominantly controlled by the strength
of the cement paste and the bond between the cement paste and the coarse aggregate
(transition zone). However, at higher strength levels where the strengths of the hardened
cement paste and the bond between the cement paste and the aggregate is improved, the
type of the coarse aggregate can have a significant effect on the compressive strength of
the concrete. Altcin et al. (7987, 1990) found that the mineralogy and the strength of the
coarse aggregate greatly influenced the strength of very high strength concrete.

It is of interest to see that the results described earlier, from the two parts of this
study, are in complete agreement with the above argument and do not represent any
contradiction. A close look at the data of high strength concrete specimens made with the
two types of limestones L1 and L2, presented in Table 9.1, shows that the compressive
strengths of concrete considered ranged between 9,219 to 16,871 psi (63.6 to 116 MPa)
and 14,264 to 17,573 psi (98.3 to 121 MPa) for heat- and moist-cured specimens,
respectively. These strength levels represent very high strength concrete and as is
expected are greatly influenced by the type of coarse aggregate used in the mix. However,
for the other part of this study, the range of compressive strength data presented in F igure
9.9 was 8,780 to 10,440 psi (60.0 to 72.0 MPa), lower than the ranges studied in the other

case.

9.3 Effect of Coarse Aggregate on Modulus of Elasticity

The effects of different types of coarse aggregate on modulus of elasticity were
not as great as on the compressive strength of high strength concrete. Nevertheless, the
effects were considerable. The maximum range in the modulus of elasticity test results of

heat-cured specimens from high strength concretes of the same mix proportions and
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tested at the same age, wWas 12, 17, 15, and 18 percent for reference, fly ash, silica fume
and FA+SF mixes, respectively. For moist-cured specimens, the maximum modulus of
elasticity range values were 13,9, 11, and 14 percent respectively (Table 9.2). The
average range for compressive strengths of reference, fly ash, silica fume, and FA+SF
mixes was 10, 13, 12, and 14 percent for heat-cured and 8, 6, 8 and 13 percent for moist-
cured specimens. Moist-curing or composition of cementitious material did not influence
the effects of coarse aggregate-type on modulus of elasticity variations significantly. No
single aggregate-type consistently resulted in the highest modulus of elasticity values.
However, high strength concrete mixes made with low-ébsorption limestone (L.2) and
partially crushed river gravel (R2) were the most likely to test the highest and high
strength concrete mixes made with the high-absorption limestone (L1) were the most

likely to test the lowest modulus of elasticity values.

9.4 Effect of Coarse Aggregate on Flexural Tensile Strength

The effects of different types of coarse aggregate on flexural tensile strength of

high strength concrete of the same mix proportions were observed to be significant, Table
9.3. As was the case for compressive strength test results, the heat-cured specimens Were
most affected by the type of coarse aggregate used. The maximum range in flexural
strength of concrete varied between 25 to 41 percent for heat-cured and 15 to 28 percent
for moist-cured specimens. The maximum range in flexural strength of concrete varied
between 22 to 33 percent and 25 to 36 percent when initial heat-curing was followed by 1
and 3 days of moist-curing (HW1 and HW3), respectively. For moist-cured specimens
high strength concrete mixes made with the partiaily crushed river gravel (R2)
consistently resulted in the highest flexural strength values. Lowest values of flexural
strength In moist-cured specimens were observed to be those of high strength concrete
mixes made with granite #2 (G2) and low-absorption limestone (L.1) for high strength

concrete mixes without silica fume (reference and fly ash mixes) and with silica fume
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(silica fume and FA + SF mixes), respectively. In the case of heat-cured specimens, the
large scatter of the test results does not permit a strong conclusion in this regard.
However, in general, flexural strength of high strength concrete mixes made with crushed

limestone were among the highest values observed.

9.5 Effect of Coarse Aggregate on Splitting Tensile Strength
Coarse aggregate type also influenced the 28-day splitting tensile strength of 6 x

12 in. (150 x 300 mm) high strength concrete specimens made from mixes of the same
proportions, Table 9.4. The maximum range in splitting tensile strength varied between 9
to 23 percent for heat-cured specimens and 20 to 35 percent for moist-cured specimens of
all cementitious material compositions. Moist-curing slightly increased the effect of
coarse aggregate type on splitting tensile strength of high strength concrete. Cementitious
material composition did not seem to have a significant inﬂueﬁce on the effect of the

coarse aggregate on the splitting tensile strength of concrete.

9.6 Concluding Remarks

The aggregate type was observed to have a dominant effect on the mechanical
properties of high strength concrete. This chapter summarizes the effect on the

compressive strength, modulus of elasticity, and tensile strength,

With respect to compressive strength, the effect of aggregate type was dependent
on the curing condition and cementitious material composition of mixes. Aggregate type
had less of an effect for the moist-cured specimens compared with the heat-cured
specimens. Relative to the cementitious material composition, the aggregate type had the
most noticeable effect on the mixes which incorporated fly ash, and the least effect on the
silica fume mixes. The aggregate type tend to have a greater effect influence as the

compressive strengths increased.
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The effect of aggregate type on modulus of elasticity was considerable, but not as
pronounced as it was on the compressive strength. The cementiotious material
composition and curing condition did not have a significant influence on the effect of

aggregate type on the modulus of elasticity values.

The aggregate type had a significant effect on both the modulus of rupture and
split cylinder tensile tests. The effect of heat-curing had the greatest effect on the tensile
strength results with respect to aggregate type; whereas, the cementitious material

composition did not have a significant effect on the tensile strength results with respect to

aggregate type.

A companion study by Kriesel [Mokhtarzadeh et al. 1995] concluded that
aggregate was the dominant variable in the freeze thaw durability of high strength
concrete. The effect of the aggregate type on the creep and shrinkage properties of high

strength concrete are described in the following chapter.
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Table 9.1. Variations in compressive strength of 4 x 8 in. (100 x 200 mm) high strength
concrete specimens made with 6 different types of coarse aggregates, psi.

Age, day(s)
Mix ID Code No. Heat~curad Moist-cured
1 | 28 ] 182 | 365 28 | 182 | 3s5
Reference Mixes
131-XAR1-FOOMOO-130 108 8843 112318 | 114315 ] 11373 | 13185 | 14489 | 14840
131-XAR2-FOOMO0-130 128 f 11630 | 12934 | 12746 | 12721 | 15031 | 15902 | 15849
131-XaG1-FOOMOO-130 96 9462 11808 | 12094 - 12986 - -
131-XAG2~-FOOMOO-130 136 | 11440 [ 12624 | 12582 ] 12621 | 14271 | 14998 | 14947
1321-XAL1-FOOM0OQ-130 124 | 12338 § 15150 | 15134 | 14964 | 16487 | 16809 | 16707
131-XAL2-FOOM0OO-130 132 ] 14779 | 16298 | 15649 | 15731 | 16033 | 16279 | 16888
Maximum: } 14779 | 16298 | 15649 | 15731 | 16487 | 16809 | 16888
Minimum: 8843 11218 | 11415 | 11373 | 12986 | 14489 | 14840
Range: 5936 5080 4234 4358 3501 2320 2048
Average: | 11415 | 13339 | 13270 | 13482 | 14666 | 15695 | 15845
Range, percent: 52 38 32 32 24 15 13
Fly Ash Mixes
131-XAR1L-F20M00-130 110 8475 10908 | 11300 | 10826 | 11882 | 14341 | 14998
i31-¥ARZ2=-F20MO0-130 129 } 12083 | 14349 | 14259 | 14295 | 15604 | 16504 | 16243
131-XAG1-F20M00-130 - - - - - - - -
131-XAG2~-F20M00~130 137 | 12666 | 14127 | 13718 | 13687 | 16623 | 17205 | 16664
131-XAL1-F20M00-130 125 | 13829 | 16606 | 16508 | 16871 | 17117 | 17272 1 17215
131-XAL2-F20MG0-130 1331 14088 | 16393 | 16470 | 16722 | 17573 | 17638 | 18421
Maximum: | 14088 | 16606 | 16508 } 16871 | 17573 | 17638 | 18421
Minimum: 8475 10908 | 11300 | 10826 | 211882 | 14341 | 14998
Range: 5613 5698 5208 6045 5691 3297 3423
Avarage: | 12228 | 14477 | 14451 | 14480 1 15760 | 16592 | 16708
Range, percent: 46 39 36 42 36 20 20
Silica Fume Mixes
131-XAR1-FOOM75-130 112 F 11559 | 129820 { 13104 | 12347 | 14466 | 15293 | 15334
131-XARZ-FQOM75-130 130 9983 12455 { 12464 | 12307 | 15038 | 15988 | 16072
131-XAG1-FOOMT5~130 98 11096 | 12529 | 12729 - 15292 -~ -
131-XAG2-FOOM75-130 138 ] 10289 | 11729 ] 11703 | 11781 | 14252 | 15415 | 15594¢
131-XAL1-FOOM7?5~130 126 921% 12455 [ 12488 | 12342 | 14264 | 15114 | 15618
131-XAL2-FOOMT75-130 134 3 10688 | 14159 | 14680 | 14405 | 14899 | 16695 | 17148
Mawimum: | 11559 | 14159 | 14680 | 14405 | 15292 | 16695 | 17148
Minimum: $219 11729 { 11703 | 11781 | 14252 | 15114 | 15339
Range: 2340 2430 2877 2624 1040 1581 1809
Average: | 10472 | 12708 | 12861 | 12636 | 14702 | 15701 | 15954
Range, percent: 22 19 23 21 7 10 11
FA + SF Hixes
131-XAR1-F20M75-130 114 | 10393 § 11516 { 11312 | 10998 | 14841 | 15077 | 14942
131-XARZ-F20M75-130 131 ] 12043 | 13140 | 13057 | 12973 | 15912 | 16558 | 17275
131-XRG1-F20M75-130 - - - - - - - -
131-XAG2-F20M75-130 1391 11260 | 12988 | 12882 | 13027 [ 16036 | 15783 | 16066
131-XALI-F20M75-130 127 | 11817 | 13878 | 13679 | 13542 | 15553 | 16057 | 16107
131-XALZ-F20M75-130 135 ] 14606 | 16124 | 16279 | 16268 | 15959 [ 17404 | 17494
Maximum: | 14606 | 16124 | 16279 | 16268 | 16036 | 17404 | 17494
Minimum: § 10393 | 11516 | 11312 | 10998 | 14841 | 15077 | 14942
Range: 4213 4608 4967 5270 1195 2327 2552
Average: | 12024 | 13529 | 13442 | 13362 | 15660 | 16176 | 16377
Range, percent: 35 34 37 39 8 14 16

Range, percent = [{Maximum - Minimum}/(Average)}*100
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Table 9.2. Variations in static modulus of elasticity of 4 x 8in.

high strength concrete specimens made with 6 different types of coarse aggregates, Ksi.

(100 x 200 mim)

Age, day(s)

Mix ID Code No. Heat-curad Moist-cured
1T ] =28 | 182 T 365 28 | 182 | 365
Rofarence Mixes
131—XAR1—FO0M00—130 108 6457 6637 6353 6230 7486 7149 7177
131-XAR2—FOOM00-130 128 6503 6347 5836 5950 7198 7318 7421
131—XAGl—FO0M00—130 96 - 6888 6411 - 7254 - -
131-XAG2—FOOMOO-13O 136 6529 6167 5974 6216 7254 7491 7514
131—XAL1-FO0M00-130 124 6222 6630 6442 6684 7173 7888 7859
131-XAL2—FO0M00—130 132 6629 6704 6554 6638 7247 71897 8460
Maximum: 8629 6888 6554 6684 7486 7887 8460
Minpimum: 6222 6167 5836 5950 7173 7318 7421
Range: 407 720 718 734 314 579 1040
Average! 6468 6562 6262 6343 7269 7669 7806
Range, percent: 6 11 11 12 4 8 13
Fly Ash Mixes
131—XAR1-F20M00—130 110 6212 6632 6291 6227 6993 1625 7801
131-XAR2—?20M00—130 126 | 6721 6916 7109 6889 7396 7624 8022
131—XA61—F20M00—130 - - - - - - - -
131—XAGZ-F20M00—130 137 6679 6054 6016 5929 7666 7740 7684
131-XAL1—F20M00—130 125 6350 6529 6437 6406 7212 7933 7639
131—XAL2—F20M00~130 133 ] 6510 6730 6617 6541 7320 7751 7699
Maximum: 6721 6916 7109 6889 7666 7933 go22
Mipimum: 6212 6054 6016 5929 £993 7624 76389
Range: 509 862 1093 960 672 310 383
Average! 6494 6572 6494 6398 7317 7735 7769
Range, percent: 8 13 17 15 g 4 5
Gilica Fume Mixes
131—XAR1~FO0M75«130 112 6460 6670 6134 6258 7581 7599 7887
131—XAR2-FO0M?5—130 130 | 6578 6509 6376 6596 7426 7983 7180
131-XAG1—FO0M75—130 EL - 6109 6084 - 7628 E -
131—XAGZ—FO0M75—130 138 | 6676 5785 5911 6096 7683 7636 7595
131—XAL1—FO0M75—130 126 | 5735 6133 5885 5911 7017 7685 7834
131—XAL2—FO0M75—130 134 6083 6658 6263 6571 7567 §021 8435
Maximum: 6676 6670 6376 6596 7693 go2i 8435
Minimum: 5735 5785 5911 5911 7017 7599 7595
Range! 941 884 465 685 676 421 840
Avarage: 6306 6311 6126 6286 7485 7785 7906
Range, percent: 15 14 8 i1 9 5 11
FA + SF Mixes .
131—XAR1~F20M?5—130 114 6438 6559 6057 6339 7575 767176 7973
131—XAR2-F20M?5—130 131 6844 6662 6398 6404 7440 8055 §317
131—XAG1uF20M?5—130 - - - - - - - -
131-XAGZ—F20M?5—130 139 6705 6011 6067 6094 7759 7681 7580
131—XAL1—F26M75—130 127 6140 5986 5635 5717 6636 7136 7279
131—XAL2—F20M75—130 135 6785 6855 6771 6607 7198 7826 8032
Maximum: 6844 6855 6771 6607 7759 8055 8317
Minimum: 6140 5986 5635 5717 6696 7136 7279
Range: 704 868 113€ 890 1063 919 1037
Average: 6582 6415 6186 6232 7334 7675 7836
Range, percent: 11 i4 18 14 14 i2 13

Range, percent = { (Maximum

- Minimum)/(kverage)}*loo
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Table 9.3. Variations in 28-days flexural strengths of high strength concrete specimens
made with 6 different types of coarse aggregates, psi.

Flexural strength
Mix ID Code No. | Heat-cured | HWi-cured | HW3-cured | Moist-cured
Referencae Mixes
131-XAR1-FOOMOO~130 108 992 1032 1152 1493
131-XARZ2-FOOMOO-130 128 947 1001 930 1743
131-XAG1-FOOMOO~-130 36 - - - -
131-XAG2-FOOM0O0~-130 136 952 1057 1053 1380
131-XAL1-FOOMOO-130 124 1188 1083 1330 1521
131-XAL2-FOOMC0-130 132 1233 1272 1205 1496
Maximum: 1233 1272 1330 1743
Mindmum: 947 1001 930 1380
Range: 285 271 400 363
Average: 1062 1089 1134 1527
Range, percent: 27 25 35 24
Fly Ash Mixes
131-XAR1-F20MO0-130 110 861 857 826 1428
131-XAR2-F20M00-130 129 952 91¢ 897 1652
131-¥AGL-F20MO0-130 - - - - -
131-XAG2~F20M0O0-130 137 1108 933 1066 1422
131-XAL1-F20M00-130 125 1015 1078 1023 1446
131~XAL2-F20M00-130 133 1058 978 1035 16598
Maximum: 1108 1078 1066 1652
Minimumn: 861 857 826 1422
Rangea: 247 221 240 231
Average: 999 951 969 1509
Range, percent: 25 23 25 15
Silica Fume Mixas
131-XAR1-FOOM75-130 112 1058 963 1143 1520
131-¥ARZ2-FOOM75-130 130 822 998 1011 1661
131-XAGl-FOOMT5-130 98 - - - -
131-XAG2~FOOM75-130 138 888 818 831 1341
131-XAL1-FOOM75-130 126 1240 1148 1183 1262
131~-XAL2-FOOM75-130 134 1072 1036 1000 1455
Maximum: 1240 1148 1193 1661
Minimum: 822 ais 831 1262
Range: 418 330 362 399
Average: 1016 983 1027 1448
Range, percent: d1 33 35 28
FA + SPF HMixes
131-XAR1-F2OM75-130 114 1053 1002 1033 1438
131-XAR2~-F20M75-130 131 1315 11§82 1213 1543
131-XAG1-F20M75-130 - - - - -
131-XAG2-#20M75-130 139 937 955 971 1327
131-XALI~-F20M75-130 127 968 1148 1111 1258
131-XAL2-F20M75-130 135 1023 966 836 1422
Maximum: 1315 1182 1213 1543
Minimum: 937 955 836 1258
Range: 378 227 377 285
Average: 1059 1050 1033 1387
Range, percent: 36 22 36 20
Range, percent = [(Maximum - Minimum}/(Average)}]*100
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Table 9.4 Variaﬁons in 28-

days splitting tensile strengths of 6x 12in.

high strength concrete specimens made with 6 different types of coarse

(150 x 300 mm)
aggregates, psi.

splitting tensile
strength

Mix ID Code No. Haat-cured Moist-cured
Rreference Mines
131—XAR1—FO0M00—130 108 719 839
131*XAR2—FO0M00—130 128 796 891
131~anl—FO0M00—130 96 - -
131—XAGZ-FGOM00—130 136 658 711
839 963
828 968
839 268
Minimum 658 711
Range 181 257
Average! 780 874
Range, percent: 23 29
Fly Ash Mixes
131—XAR1—F20M00-13B 110 670 725
131—XAR2~F20M00—130 129 688 963
131—XAGl-F20M00—130 - = -
131~XAGZ—F20M00—130 137 714 834
131—XAL1-F20M00—130 125 829 847
131—XAL2—?20M00-130 133 818 1030
Maxcimum: 829 1030
Minimum: 670 725
- Range! 158 305
Average: 744 880
Range, percent! 21 35
gilica Fume Mixes
1310xn81—F00M15—l30 112 736 728
131—XAR2—FO0M75ﬂ130 130 878 191
131-XAG1~FO0M75-130 98 - ~
131—XAGZ-FO0M75—130 138 705 794
131—XAL1—FO0M75—130 126 746 790
131-XBL2-FO0M75—130 134 819 898
Mascinnmn: 819 898
Mindmu: 679 728
Range: 140 170
Average! 737 800
Range, percent: 19 21
Fn + SF Mixes )
131*XAR1—F20M15-130 114 778 805
131JXAR2—F20M75—130 131 76l 858
131—XAG1—F20M75—130 - - -
131—XAG2—F20M75—130 139 821 787
131—KAL1—F20M75-130 127 824 789
131—XAL2-F20M75—130 135 834 957
Maximun: 834 857
Minimum: 761 787
Range! 73 170
Average: 804 839
Range, percent: 9 20

Range; percent = [ {(Maximum

- Minimum)/(&verage}]*loo

281



23 1120 1o M 2] ] v

(ANM I H]

“SXIW souLIazar ‘suonrodord X

shep ‘aby
ﬁ Z8t ‘ 8z g L
I N “ [ 0
! ; N
M u W, | ” !
N N N ]
N --4-- \ . 5~ - T 0008
N 1 / 1 / 1 [, E
N N N
N 1 N ] Q 1
I N | N N ]
w m w "7~ T 0000L
....... B E e e )]
: : _ 00002

SaX|W aouasfal paINd-jesH

103538 adfy-o1e32133y 16 ouns |

1sd ‘y)buals aAIssaldon

282



Heat-cured fly ash (FA) mixes
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Heat-cured FA + SF mixes
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Moist-cured silica fume (SF) mixes
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Figure 9.7. Aggregate-type effect on compressive strength of moist-cured 4 x 8 in. (100 x 200 mm) specimens of the same

, silica fume (SF) mixes.
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Moist-cured FA + SF mixes
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Figure 9.8. Aggregate-type effect on compressive strength of moist-cured 4 x 8 in. (100 x 200 mm) specimens of the same
mix propo



LIAM THSATT M)
‘[€661 ‘Uopezieyp{ojA pue Youary] suoissury uondiosqe-q3y snsioa suojsswil] uondiosqe-moj

‘smawroads (W O0€ X 0G1) "Ul Z] X 9 pamd-jeay Jo 3uans aa1ssa1durod uo 109530 adA1-01e82183y 6 6 2mSB1y

auojsaull uondiosge-ybiH . auojsaull uondiosge-mo .

shep ‘aby
- 0
-7~ T 0002

(]
[»3
3
TToeoey 3
8.
<
---too09 &
)
@
T 0008 =
1 o
@

................. - 00001

00ozZL

saXxiw adusialal paind-lesH

290



CHAPTER 10
SHRINKAGE AND CREEP

10.1 General

The use of high strength concrete in both cast-in-place and precast methods of
construction has been increasing steadily for the past two decades and will continue in the future.
The primary reasons are the economic advantages that high strength concrete offers over
conventional normal strength concrete and the need for more durable and stronger concrete in
different construction applications. In high-rise buildings, the total shortening of columns and
walls due to gravity loads, creep and shrinkage may be as high as 1 in. (2.54 mm) for every 80 ft.
(24.4 m) of height. The possibly large absolute amount of cumulative column shortening over the
height of the structure in high-rise buildings is of consequence in its effects on the cladding,
finishes, partitions, and so on. Elastic and time dependent deformations (creep and shrinkage)
increase prestress losses. Loss of prestress in flexural members reduces the stiffness of the
member causing further increases in deflections. Creep and shrinkage characteristics of high
strength concrete, with or without supplementary cementitious materials (such as fly ash and

silica fume), were the subject of this part of this research program.

Figure 10.1 illustrates the deformation history of a typical concrete element loaded at a
relatively early age after casting. The subsequent deformations of this concrete element may be
divided into two parts: Immediate elastic deformations and long term deformations. Upon
application of the load, the element will have an elastic deformation which is dependent on the
elastic properties of the concrete and occurs immediately but would entirely disappear on
immediate removal of the load. Under sustained load, the combination of the following effects
will result in total long term deformation: shrinkage, creep, temperature and relative humidity
effects, and the variation of the modulus of elasticity of concrete with time. Upon removal of the
load at a later age, because of the increased age of the concrete at the time of unloading, the
element will recover only some of its initial elastic and long term creep deformations, the result

being a nonrecoverable deformation of the element.
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The word shrinkage as used in this report refers to the contraction of concrete due to
drying (drying shrinkage) and physio-chemical changes (autogenous and carbonation shrinkage),
dependent on time but not on stresses induced by external loading. Usually the concrete mix
contains more water than is needed for hydration. Drying shrinkage occurs in the cement paste
when concrete loses part of this free water to the surrounding environment. Autogenous
shrinkage of concrete (of practical importance only in large mass concrete structures) is due to
continued hydration of cement. Continued hydration, when a supply of water is present, leads to
expansion. However, when no moisture movement to or from the paste is permitted (such as
interior of a large concrete mass) shrinkage occurs. Carbonation shrinkage occurs when CO,
present in the atmosphere reacts, in the presence of moisture, with Ca(OH), present in the cement

paste:
o Ca(OH)2 + (H20 + CO2) — CaCO3 + 2H70 (10.1)

For carbonation shrinkage to occur, the water produced from this reaction must be lost to

the environment.

From the above brief discussion, it should be clear that although both drying shrinkage
and carbonation shrinkage occur when concrete internal moisture is lost to the environment, they
are quite distinct in nature. Most of the published studies on drying shrinkage of concrete include
the effects of carbonation. In most éases, no distinction is made between drying shrinkage and
autogenous shrinkage of concrete and drying shrinkage results include contractions due to

autogenous changes.

The word creep, as used here, is defined as the time-dependent deformation of hardened
concrete subjected to sustained stress. In this creep definition, creep is considered as a

deformation in excess of shrinkage and no distinction is made between creep of concrete under
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conditions of no moisture movement to or from the surrounding environment (basic creep) and

the additional creep caused by drying (drying creep).

This research program studied the effects of the following variables on shrinkage and
creep properties of high strength concrete: composition of cementitious material, type of coarse
aggregate, heat-curing temperature, and accelerated heat- and standard moist-curing procedures.
No attempt was made to study the mechanisms of shrinkage and creep, but rather the overall
shrinkage and creep characteristics of high strength concrete as affected by the stated variables
were studied. The results from this research program were used to investigate if the current
guidelines for shrinkage and creep of conventional normal strength concrete are applicable to

high strength concrete.

The following section summarizes the findings from some of the studies on the creep and

shrinkage properties of high strength concrete.

10.2 Previous Research

[Smadi, Slate, and Nilson 1982]: In an experimental investigation Smadi et al. studied

shrinkage and creep characteristics of low, medium and high strength concretes having 28-day
uniaxial compressive strengths in the range of 3,000 to 10,000 psi (20.7 to 69.0 MPa) measured
on 4 x 8 in. (100 x 200 mm) cylinders. For the creep study, the sustained stress level was chosen
as the main variable and was varied between 40 to 95 percent of concrete’s short-term ultimate
strength. The period of sustained loading varied from 30 to 60 days. The low, medium and high
strength concrete mixes had water-to-cement ratios of 0.32, 0.65, and 0.87 and had total cement
contents of 996, 517, and 376 Ib/yd® (590, 307, and 223 kg/m’) respectively. Portland cement
ASTM Type I, natural sand, and a 3/4 in. (19 mm) crushed limestone was used in the production
of all concretes considered in this study. The high strength concrete mix also contained a
commercially available ASTM Type A water-reducing admixture. Al specimens were tested
after 28-days of moist-curing in a testing room at approximately 72 °F (22 °C) and 50 percent

relative humidity.

293



Reported shrinkage strain measurements, on unloaded specimens, after 60 days of drying
indicated a greater magnitude of shrinkage strain for low strength concrete as compared with
those of medium and high strength concretes. However, they reported greater shrinkage strain for
high strength concrete than for medium strength concrete. The average magnitudes of shrinkage

strains after 60 days for low, medium, and high strength concretes were reported to be 365, 200,

and 266 pe, respectively.

As it has been long practiced, Smadi et al. calculated creep strain by deducting from total
strain, the initial elastic strain (occurring immediately after the application of load) and the
average shrinkage of the companion unloaded specimen. It was reported that the rate and the
magnitude of total strain and creep strain increased as load increased for the three types of
concretes investigated. The rate of deformation of high strength concrete specimens subjected to
stress levels up to 70 percent of ultimate strength was reported to almost stabilize 60 days after
loading. When high strength concrete specimens were loaded to 80 percent of ultimate strength,
the specimens either continued to deform at significantly high rates at 60 days or failed after 14
days. Of four medium strength concrete specimens loaded to 75 percent of their ultimate
strength, two failed after 49 days. For medium strength concrete, the rates of time-dependent
deformations were described as “significantly high” at stress levels above 60 percent of the
ultimate. The highest stress level investigated for low strength concrete was 75 percent of
ultimate strength. While the magnitudes of deformations at this stress level were reported as
“extremely large” none of the specimens failed under the load up to 60 days. From the
observations cited above, Smadi et al. concluded that the long-term strength (i.e. the maximum
compressive stress which can be maintained permanently without causing failure) is close to 80
percent of 28-day ultimate strength for high strength concrete and 75 percent of 28-day ultimate
strength for low and medium strength concretes. Table 10.1 compares the average magnitudes of
time-dependent deformations in terms of total strain, creep strain, creep coefficient and specific
creep at 60 days after loading for high, medium, and low strength concretes considered at two

stress levels.
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[Paulson, Nilson, and Hover 1989]: Paulson et al. conducted an experimental program to
study the influence of high strength concrete on sustained load deflections of reinforced concrete
beams. As a part of this program they studied creep and shrinkage of concrete cylinders from
three high strength concrete mixes for a period of one year. All mixes were made with ASTM C

150 Type I cement. Two of the mixes contained combination of an ASTM C 618 Class F fly ash

and a slurry form of silica fume as part of their cementitious material, 8.4% FA + 12.6% SF and
4.4% FA + 12.2% SF, and had 28-day compressive strengths of 11,760 psi (81.1 MPa) and 9,750

psi (67.2 MPa) respectively. The third mix was a reference mix and had 28-day compressive
strength of 5,650 psi (39.0 MPa). The coarse aggregate used was a 0.5 in. (13 mm) crushed
aggregate consisted of 35-40% limestone, 30-35% sandstone/siltstone, 10-15% siltstone/shale, 8-
10% granite and less than 5% quartzite. Creep and shrinkage tests were conducted on 4 x 16 in.
(100 x 406 mm) cylinders. For the duration of test, the temperature and relative humidity of the
testing area varied between 68 °F to 78 °F (20 °C to 26 °C) and 30% to 72% respectively. The age |
of concrete at which creep and shrinkage tests started were 60, 39, and 45 days for the three

mixes respectively. Creep specimens were loaded to approximately 45% of their ultimate

strength.

Using the suggested percentage of 20 year shrinkage which occurs in the first two weeks,
first 3 months, and the first year already reported in literature, and considering the age of the
concretes when shrinkage measurements were started, Paulson et al. computed ultimate
shrinkage strains based on their experimental data from one year. The predicted ultimate
shrinkage strains were found to be: 540 pe (microstrains) for 13,100 psi (0.3 MPa) concrete,
620 pe for 9,600 psi (66.2 MPa) concrete, and 800 pe for 5,400 psi (37.2 MPa) reference
conerete. It was concluded that the predicted values of the ultimate shrinkage strains were within
the usual range of values presented elsewhere in the literature for normal strength concrete. Also
concluded was that concrete compressive strength had only a small influence on drying

shrinkage. The latter conclusion was based on the fact that there exists contradicting values in the
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literature, with some investigations reporting greater shrinkage strains for high strength concrete

than for normal strength concrete (in contrast to the trend observed in Paulson et al. study).

Comparison of creep strains from the three high strength concrete mixes was conducted
with no adjustment to account for different ages of concretes at the time of loading. Ultimate
creep coefficients were computed for the three high strength concrete mixes by two different
methods. In the first method, the suggested percentage of 20 year creep which occurs in the first
two weeks, first 3 months, and the first year already reported in literature, were used to predict
the ultimate creep of each mix. Percentages of the ultimate creep used were: 25% after 2 weeks,
50% after 3 months, and 75% after one year. The average values of the ultimate creep strains
were found to be: 1,940 pe (microstrains) for 13,100 psi (90.3 MPa) concrete, 2,440 pe for 9,600
psi (66.2 MPa) concrete, and 1,930 ue for 5,400 psi (37.2 MPa) reference concrete which

corresponded to ultimate creep coefficients of 1.3, 2.1 and 2.6 respectively.

Ultimate creep coefficients for the three mixes considered were also computed based on
the ACI Committee 209 recommendation. ACI 209 recommends that the relationship between
the creep coefficient at any time and the ultimate creep coefficient be calculated by the following

equation:
o v =[10.6/10+10.6)]y,, (10.2)

where
v = creep coefficient at time t (ratio of creep strain to initial elastic strain)

vy, = ultimate creep coefficient

A least square regression of the above equation with the data resulted in predicted
ultimate creep coefficients of 1.1 for 13,100 psi (90.3 MPa) concrete, 1.9 for 9,600 psi (66.2
MPa) concrete, and 2.0 for 5,400 psi (37.2 MPa) reference concrete. Inherent approximations

involved in prediction of the ultimate creep coefficients from 1 year data were presented as the
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reason for the observed differences in predicted ultimate creep coefficients by the two methods.
It was also concluded that the creep coefficient of concrete decreases with an increase in concrete

compressive strength.

[Collins 1989]: Therese M. Collins reported the results of an experimental program on
five high strength concrete mixes. All five mixes were made with an ASTM C 150 Type I
cement, an ASTM C 618 Class C fly ash and had a water/(cement + fly ash) ratios of 0.35 or
0.36. In all five mixes, fly ash consisted approximately 15% of the total weight of cementitious
material. Aggregates used consisted of either of two natural sands with fineness modulus of 2.6
and 2.8 and two crushed dolomitic limestones with maximum size of 1.5 and 1 in. (38.1 and 25.4
nﬁm). High strength concrete batches contained either a Type A water-reducing admixture or a
Type F high-range water-reducing admixture conforming to ASTM standard C 494. High
strength concrete mixes had 28-day compressive strengths in the range of 8,050 to 9,280 psi
(55.5 to 64.0 MPa). Compressive strength, creep, and shrinkage measurements were conducted
on 6 x 12 in. (150 x 300 mm) moist-cured cylinders. Creep and shrinkage tests were conducted in
an environmental room maintained at 70 °F (21 °C) and 50% R.H. Shrinkage testing was
performed on specimens moist-cured for 7- and 28-days. Creep loads of 0.2/, ' 0.3, and 0.4f,
were applied to specimens after 28-days of moist-curing. From this work Collins drew the

following conclusions:

1. The shrinkage deformation was inversely proportional to the moist-curing time. For
one of the mixes, the shrinkage of a 7-day moist-cured specimen was approximately
50% higher than that of a 28-day moist-cured specimen.

2. The creep deformation increased directly with an increase in the applied stress level.
The average creep strain at 0.3f " was approximately 50% higher than that of 0.2f¢ ,
and the average creep strain at 0.4/ "was 125% higher.

3. By comparing the results from two of the concrete mixes, it was suggested that a high
strength concrete with larger maximum aggregate size and lower paste content could

result in less creep and shrinkage strains.
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4. The use of high-range water-reducing admixture did not have a significant effect on

the creep and shrinkage deformations.

[Burg and Ost 1992]: R. G. Burg and B. W. Ost reported the results of their study on
drying shrinkage and creep of five commercially made high strength concretes (due to limitations
on the number of available creep test frames only four of the five high strength concrete mixes |
were subjects of the creep study). Considered concretes had 28-day compressive strengths in the |
range of 10,600 to 17,250 psi ( 73.1 to 119 MPa) measured on 6 x 12 in. (150 x 300 mm) moist-
cured specimens. Concretes were made with ASTM C 150 Type I cement and bad water-
cementitious materials ratios of 0.22 to 0.32 and contained either no mineral admixtures, silica J :

fume only (8.8% or 13.6%), or both fly ash and silica fume ( 10.6% FA + 4.2% SF or 15.9% FA

+ 11.4% SF). In all cases the coarse aggregate was a 3/8 in. (9.5 mm) maximum size crushed l

dolomite.

Drying shrinkage was measured at 73.413 °F ( 2341.7 °C) and 50+4% R.H. on both 3 x 3
x 11.25 in. (76 x 76 x 286 mm) prisms and 6 x 12 in. (150 x 300 mm) cylinders. Specimens were
28-days old at the start of the test having previously been kept continuously in a standard moist
room. Companion 6 x 12 in. (150 x 300 mm) cylinders were tested for creep at the same
environmental condition after approximately six weeks of air drying beyond the initial 28-days
of moist-curing. The applied load for creep tests was approximately 39% of compressive g
strength. Based on a method presented in ACI 209, Creep test results were fitted to a so-called

modified Ross equation of the form:
o vp=[t¥/(d+t¥) vy (10.3)

where

v; = creep coefficient at time t (ratio of creep strain to initial elastic strain)
vy, = ultimate creep coefficient

¢t = time in days after loading
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= time-ratio

d = time to one-half ultimate creep, days
The following findings were reported by Burg and Ost:

1. Prisms had higher overall shrinkage because of the smaller volume-to-surface ratio.

2. Drying shrinkage strains after one year for mixes containing silica fume were in the
range of 300 to 450 ue for 6 x 12 in. (150 x 300 mm) cylinders and 450 to 600 pe for
3x 3 x 11.25 in. (76 x 76 x 286 mm) prisms. For the reference mix that did not
contain silica fume, the corresponding values were 550 and 700 pe for the cylinders
and prisms, respectively.

3. Specific creep (measured creep strain divided by applied stress) at one year measured
on 6 x 12 in. (150 x 300 mm) cylinders was 0.15 to 0.25 pe/psi (22 to 36 pe/MPa) for
mixes containing silica fume and 0.44 pe/psi (64 we/MPa) for the reference mix

without silica fume.

Specific creep was lowest for the concretes with the highest compressive strength. The
reference mix, which contained no mineral admixtures, had a specific creep somewhat in excess

of what other researchers have reported for concretes of similar water-cement ratio.

[Strategic Highway Research Program (SHRP) 1993]: A 5-year nationally coordinated
research program, supported by theAStrategic Highway Research Program (SHRP), was
conducted by a consortium of researchers at North Carolina State University, the University of
Arkansas, and the University of Michigan on the mechanical behavior of high performance
concrete for highway applications. High performance concrete was defined as concrete with
much higher early strength and greatly enhanced durability against freezing and thawing
compared with conventional concreté. Very high strength concrete (VHS, with Type [ cement
and f, "> 10,000 psi (70 MPa) in 28 days) and high early strength concrete (HES, with Type 111
cement and /. > 5,000 psi (35 MPa) in 24 hours) were two of the three categories of high
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performance concrete investigated in this program. VHS concretes included either 19.4% fly ash,
VHS(F), or 4.4% silica fume, VHS(S), in their cementitious material. HES concretes contained
no mineral admixtures. Four different types of coarse aggregates were used in this investigation:
marine marl, crushed granite, dense crushed limestone, and washed rounded gravel. Shrinkage
tests were conducted on both VHS and HES concretes. However, creep tests were conducted

only on VHS concretes.

Shrinkage tests were conducted on 4 x 4 x 11.25 in. (100 x 100 x 281 mm) prisms for a
period of up to 90 days. Specimens were cured in lime-saturated water for 28 days. During this
period, the specimens were removed from the water only for measurements. Subsequently, they

were stored in air under normal laboratory conditions.

Creep tests were conducted on 4 x 8 in. (100 x 200 mm) cylinders for a period of 90 days.
The creep specimens were loaded to 40% of their compressive strength and were located in a

room where temperature and humidity were maintained at 73 °F (23 °C) and 50% R.H.
The main observations from this study were:

1. Shrinkage of VHS and HES concretes follow the general trend of conventional
concrete.

2. VHS(S) concrete had less shrinkage potential than VHS(F) concrete. At 90 days, the
average shrinkage strain of VHS(F) concrete made with crushed granite aggregate
was 521 us (approximately 70% of the ultimate shrinkage strain recommended by
ACI Committee 209). On the other hand, the average 90-day shrinkage strains of
VHS(S) concrete varied from -72 pe for concrete with washed rounded gravel
(expansion) to 361 pe for concrete with crushed granite aggregate.

3. The average 90-day shrinkage of HES concrete ranged from 210 to 690 pe, depending
on the type of coarse aggregate used. At 90 days, the largest shrinkage strain occurred
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for HES made with dense crushed limestone followed by HES concretes made with
crushed granite, marine marl, and washed round gravel.

4. The observed creep strains of the different groups of VHS concrete ranged from 20%
to 50% of that of conventional concrete. The total creep strains as well as the specific
creep values of VHS(S) concretes made with rounded gravel and crushed granite were
lower than companion VHS(F) concretes. However, for VHS(S) concrete with marine
marl, the resultant specific creep values appeared to be inconsistently higher than

those values for VHS(F) concrete with marine mari as coarse aggregate.

10.3 Experimental Program

This part of the study was undertaken to provide information on drying shrinkage and
creep characteristics of high strength concretes made with varying materials and subjected to 7-
days of moist-curing (W7 condition) or heat-curing (H condition) process similar to the curing

process practiced in precast-prestressed plants.

Drying shrinkage and creep strains were measured on 4 x 11 in. (100 x 280 mm)
cylinders instrumented with three sets of Whittemore type gage points equidistantly located
around each eylinder, forming three 8 in. (200 mm) gage lines central along the height of each
cylinder. Specimens were stored and tested at 7244 °F (222 °C) and 50+5% R.H. Heat-cured
specimens were 1-day old at the start of the test. The 7-day moist-cured specimens were 28-days
old at the start of the test and were stored in the same controlled environmental condition after
initially being moist-cured for 7-days. For each test and for each curing condition two 4 x 11 in.
(100 x 280 mm) cylinders were made (a total of 8 specimens per mix when both heat- and moist-

cured specimens were tested for shrinkage and creep characteristics).

To study drying shrinkage characteristics of high strength concrete, length change and
weight change of both H and W7 specimens were monitored for a period of one year. Companion
4 x 11 in. (100 x 280 mm) cylinders were tested for creep for a period of one year. A total of 14

mix-curing condition combinations were considered (Mix Nos.: 108", 116", 1248%7 128%W7,
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129%7 131%W7 1328%7 136", and 139™%7). The applied loads for creep tests were 60% of 1-day
compressive strength for H specimens and 45% of 28-day compressive strength for W7

specimens.

A detailed description of materials as well as the fabrication and curing procedures used

in making high strength concrete specimens was given in Chapter 3 of this report.

10.4 Apparatus
Specimen Molds: 4 x 11 in. (100 x 280 mm) cylindrical molds were constructed using

commercially available PVC sewer pipe and end caps. Constructed molds performed
exceptionally well and had superior dimensional stability compared to commercially available
single-use plastic molds and were reused several times. Three pairs of brass inserts were bolted.
to the inner side of each mold (equidistantly located around each mold) to form three 8 in. (200

mm) gage lines central along the height of mold, Figures 10.2-A and 10.2-B.

Balance: A 44 Ib. (20,000 g) maximum capacity high precision electronic balance with
0.0035 0z (0.1 g) resolution (A&D Model EP-20KA) was used to measure the weight change of
the 4 x 11 in. (100 x 280 mm) shrinkage specimens. The changes in weight and deformation of

shrinkage specimens were measured at the same time intervals.

) Dehumidifier, Humidifier and Electric Heater: Commercially available dehumidifier,
humidifier and electric heater were used to control the humidity and temperature of the
laboratory. All these units had automatic controls and were adjusted to maintain the temperature
and relative humidity of the laboratory close to 72+4 °F (2242 °C) and 50+5% R.H. Although the
temperature and relative humidity were maintained within the prescribed range for the major
portion of the test period, on some isolated days the temperature and relative humidity of the

laboratory fell outside the specified range.
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Sling Psychrometer: Relative humidity (R.H.) of the laboratory environment was
determined using a sling psychrometer. The unit consisted of two 20-120 °F x 1 °F thermometers,
one dry-bulb and one wet-bulb, in a plastic casing with a swivel handle. An internal water
reservoir fed the wet-bulb wick. The instrument was spun, away from the body, using the swivel
handle for one minute and the wet-bulb temperatures was recorded. The whirling operation was
repeated until two or more wet-bulb readings agreed with the least recorded value. The relative
humidity was then determined by reading wet- and dry-bulb temperatures and then referring to a

relative humidity chart.

Creep Load Frames: A typical creep load frame constructed for the purpose of this study
is shown schematically in Figure 10.3. Each creep load frame consisted of four 10 x 10 x 1.5 in.
(254 x 254 x 3;3 mm) steel plates (upper and lower jack plates and upper and lower base plates),
four 1.25 DIA. x 48 in. (3.2 DIA. x 1220 mm) tension bars, four pairs of disk springs (Key
Bellevilles, Inc. K4250-M-375) each pair stacked in series, and a spherical bearing block
assembly attached to the center of the lower jack plate. The load was applied by a 150 ton
compact hydraulic cylinder placed between the upper jack plate and the lower jack plate, placing

the concrete specimens in compression and the tension bars in tension.

To determine the compressive force applied to the creep specimens each tension bar was
instrumented with four electrical resistance strain gages positioned in a Wheatstone bridge as
shown in Figure 10.4, acting as a load cell. The strain gages each had a 120 ohm resistance and a
0.125 in. (3.175 mm) active gage ler'lgth‘ Lead wires from the strain gages were numbered and
were equipped with color coded pin connectors at their ends. Similar numbering and color
coding were used on the connectors of the strain measuring device “strain indicator with switch

and balance unit” to make measurements fast, easy and reliable.

All tension bars from each of the creep load frames were calibrated by a standard 100,000
Ib. (445 kN) load cell such that the load in the system could be determined from the readings of

the strain gages. The accuracy of the system was verified by placing a load cell in series with the
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hydraulic cylinder to measure the total load in all four tension bars. A steel cylinder was placed
in the load frame, in place of concrete specimens, to resist the applied load. The system was

loaded several times to verify the repeatability and accuracy of readings.

Two stacked 4 x 11 in. (100 x 280 mm) unsealed cylinders from each of the selected g
mixes were placed in each creep load frame. After centering the creep specimens, about 75% of
the target load was applied and the tension forces in the tension bars were checked, If the tension
forces in the tension rods were unequal, the load was released and the flat jack was repositioned
until a nearly uniform loading was obtained. Once the desired loading of the system was
obtained, the full target load was applied to the system, the four nuts above the lower jack plate
were tightened, and the hydraulic pressure was removed. The system was then checked and
readjusted if necessary for loss of tension due to seating of the nuts. Four pairs of disk springs
were used to maintain a nearly constant compressive load in the specimens as concrete creep
occurred. However, periodically the nuts on top of the lower jack plate had to be tightened to

restore the compressive force in the specimen to its initial value.

Strain Indicator with Switch and Balance Units: A portable, battery-powered strain

indicator (Measurements Group, Inc. Model P-3500) in conjunction with a 10-channel switch
and balance unit (Measurements Group, Inc. Model SB-10) was used to measure the strains in
each of the four tension bars of each creep load frame. Strain measurements were read directly \
from a LCD readout with 1  resolution, Combination of the strain indicator and the switch and

balance unit allowed fast and convenient reading of strains from all four tension rods of each

creep load frame.

Hydraulic Cylinder (Jack) and Hydraulic Hand Pump: A 150 ton hydraulic cylinder
(Enerpac Flat-Jac Model RSM-1500) with a retracted height of less than 4 in. (100 mm) and
extended height of 4.5 in. (114 mm) was used together with a hydraulic hand pump to load the
creep load frames used in this study, Figure 10.3. The compact design of this jack together with

its carrying handle made it well suited for insertion between the upper and lower jack plates of
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the creep load frames and reduced the total height of each creep load frame to a convenient 48 in.

(1220 mm).

Whittemore Gage: Concrete creep and shrinkage deformations on the specimens were
measured using a Whittemore Gage shown in Figure 10.5. The gage is designed to mechanically
measure the relative displacement of stainless steel contact seats threaded in place in brass inserts
mounted in a specimen at a selected spacing. The instrument adjusts for measuring 2, 4, 6, 8, or
10 in. (50, 100, 150, 200, 250 mm) spacings (gage lengths). The gage used in this study had a
dial indicator with 0.0001 in. (0.00254 mm) graduations and maximum travel of 0.5 in. (12.7
mm). Three sets of stainless steel contact seats were threaded in brass inserts mounted in each of
the 4 x 11 in. (100 x 280 mm) concrete creep or shrinkage specimen to form three 8 in. (200 mm)
gage lines, central along the height of each cylinder, oriented at 120° around the specimen, '
Figures 10.6-A and 10.6-B. Deformations of creep specimens and companion shrinkage

specimens were measured at the same time intervals.

10.5 Procedure

Shrinkage Tests: To provide the same exposed surface area for the shrinkage specimens

and the creep specimens, ends of two 4 x 11 in. (100 x 280 mm) shrinkage specimens from each
of the selected high strength concrete mixes were first sealed with two coats of a two part epoxy
coating. This prevented shrinkage specimens from exchanging moisture with the environment

through their ends. Six stainless steel contact seats were then threaded in place in the embedded

* brass inserts on the side of each specimen to form three 8 in. (200 mm) gage lines around each

specimen 120° apart and central along the height of the specimen. Each gage line was numbered
and initial length of each gage line was measured three times, using the Whittemore gage, and
recorded. Initial weight of each shrinkage specimen was also measured three times and recorded
at the same time. For the duration of test, at predetermined time intervals, the same

measurements were repeated and recorded.
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Shrinkage specimens were stored on shelves in the vertical position in the creep
Jaboratory at 7244 °F (2242 °C) and 50+5% R.H. for the duration of test. For proper air
circulation, a minimum 2 in. (50 mm) clear distance between shrinkage specimens was
maintained during storage. Handling of the specimens was done with great care to ensure that the
weight change of each specimen was only due to exchange of moisture and not chipping of

concrete or epoxy coatings.

Heat-cured specimens (H) were 1-day old at the start of the test. Moist-cured specimens
(W7) were 28-days old at the start of the test and were stored in the creep laboratory at 72+4 °F
(2242 °C) and 50+5% R.H. after 7-days of initial moist-curing. Shrinkage experimental data are
presented in Appendix D.

Creep Tests: From each set of selected high strength concrete mixes two unsealed 4 x 11
in. (100 x 280 mm) creep test specimens were first capped with a sulfur based high strength
capping compound. Six stainless steel contact seats were then threaded in place in the embedded
brass inserts on the side of each specimen to form three 8 in. (200 mm) gage lines around each
specimen 120° apart and central along the height of the specimen. Each gage line was numbered
and the initial length of each gage line was measured three times, using the Whittemore gage,
and recorded (unloaded condition). Initial gage lengths of companion shrinkage specimens were

measured at the same time.,

The two capped specimens were then placed (stacked in series) at the center of the upper
base plate of the creep frame, Figure 10.3. The spherical bearing block assembly together with
the lower jack plate were lowered to sit on the specimens. The lower jack plate was leveled and
was secured by nuts. The hydraulic cylinder and a 100,000 Ib. (445 kN) capacity load cell were
placed in series on top of the lower jack plate and the upper jack plate was then placed above the
load cell, leveled and was secured with nuts. Initially about 75% of the target load was applied
and the tension forces in the tension bars were checked. If the tension forces in the tension bars

were unequal, the load was released and the hydraulic cylinder was repositioned until a nearly
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uniform loading was obtained. Once the desired load distribution was obtained, the full target
load was applied to the system and the four nuts above the lower jack plate were tightened and
the hydraulic pressure was removed. The system was then checked and readjusted if necessary
for loss of tension due to seating of the nuts. Immediately after loading each gage line was
measured in the same manner (each measurement was repeated three times) to determine the

initial elastic deformation of the two specimens in compression.

Heat-cured specimens (H) were loaded at 1-day to 60% of their ultimate 1-day strength
and moist-cured (W7) specimens were stored in the creep laboratory at 7244 °F (22+2 °C) and
50+5% R.H. after 7-days of initial moist-curing and were loaded at 28-days to 45% of their
ultimate 28-day strength as determined by separate compression tests.

Four pairs of disk springs positioned between upper and lower base plates of the creep
load frame maintained a nearly constant compressive load in the specimens as concrete creep
occurred. However, periodically tensile forces in the tension bars were checked and if necessary
nuts on top of the lower jack plate were tightened to restore the compressive force in the
specimen to its initial value. For the duration of test, at predetermined time intervals, gage

lengths of creep specimens were measured and recorded. Creep experimental data are included in

Appendix D.

10.6 Results
Shrinkage Tests: Figures 10.7 and 10.8 show the measured shrinkage strains of heat-

cured (H) and moist-cured (W7) specimens after 380 days of drying, for reference high strength
concretes made with different types of coarse aggregates. Also shown in these figures are the
predicted values base on the ACI 209R-92 [ACI 209R-92, 1992] equations for conventional
normal weight concrete. Figure 10.7 indicates greater magnitude of shrinkage strain for high
strength concrete made with round river gravel (R1) as compared with those made with crushed
aggregates (R2, L1, L2, and G2). The coarse aggregate affects shrinkage characteristics of

concrete by providing a restraining effect on the drying shrinkage of the pure cement paste.
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Figures 10.7 and 10.8 show that when the amount and the maximum size of the coarse aggregate
in a high strength concrete mix is held constant (such as the cases considered in this study), the
amount of the restraint provided by the coarse aggregate depended more on the surface
characteristics of the coarse aggregate than the mineralogy of the coarse aggregate and that the
latter had only very minor effects on the shrinkage results. However, the reader should be
reminded that the main factor influencing the amount of final shrinkage is the water content of
the fresh concrete. In this part of the study the water-to-cementitious material ratio and the
amount of cement were held constant. The average magnitudes of shrinkage strains after 380
days of drying were 565, 485, 469, 443, and 492 ue for heat-cured reférence high strength
conerete specimens made with R1, R2, L1, L2 and G2 coarse aggregates, respectively J _
(approximately 65 to 83 percent of the shrinkage strain values recommended by the ACI

Committee 209 equation at equal age). The average magnitudes of shrinkage strains after 380 l .
days of drying were 517, 452, and 485 pe for moist-cured reference high strength concrete B
specimens made with R2, L1, and L2 coarse aggregates, respectively (approximately 63 to 72 il

percent of the shrinkage strain values recommended by ACI Committee 209 equation at equal

age). i

Figures 10.9 through 10.12 compare shrinkage characteristics of reference mixes to
companion mixes containing supplementary cementing materials (7.5% silica fume or J
combination of 20% fly ash and 7.5% silica fume) for both heat-cured and moist-cured high
strength concretes. Clearly, for the cases studied, the composition of the cementitious material
did not have a significant effect on the shrinkage characteristics of high strength concretes made
with crushed coarse aggregates. An FIP State of the Art Report also reports that shrinkage of
concrete is little influenced by, silica fume contents less than 10 percent by weight of the cement ;
[FIP Commission on Concrete, 1988]. No comparison was made on the effect of inclusion of

supplementary cementing materials on the shrinkage characteristics of high strength concrete

made with round river gravel.
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American Concrete Institute Committee 209 fJACI 209R-92 1992] suggested the

following general equation for predicting shrinkage of concrete at any time:

o (esh)t = [10F°)]*(shu (10.4)

where
(&sh)+ = shrinkage strain at any time ¢
t = time in days
a = constant, (0.90< ¢ <1.10)
f= constant, (20< /< 130 days)
(egh)y = ultimate shrinkage strain,

(415x10°< (sgp)y <1070x10°)

For normal weight, sand lightweight, and all lightweight concrete and under standard
conditions ACI Committee 209 fACI 209R-92, 1992] recommends the following values for the
constants in the above equation:

o a=1.00

e f=235, for 7-day moist-cured concrete

e f=155, for steam-cured concrete

o (egh)y = 780x10° i/in (m/m)

A nonlinear least-square analysis of all the experimental data from this study (with a=1)
resulted in ultimate shrinkage strain values in the range of 506 to 631 pe for heat-cured and 477
to 539 pe for 7-day moist-cured specimens. These values are between 65 to 86 percent and 61 to
69 percent of the uitimate shrinkage strain value recommended by the ACI Committee 209 for
heat- and moist-cured specimens respectively. The time to one-half ultimate shrinkage strain (f)
was determined to be between 58 to 72 days for heat-cured and between 42 to 50 days for 7-day

moist-cured specimens as compared to 55 and 35 days recommended by the ACI Committee 209
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for the two curing conditions. Lower water-to-cementitious material ratio required in the
production of high strength concrete and the resulting denser matrix are believed to be the
reasons for the observed smaller ultimate shrinkage strain for high strength concrete. High
strength concrete dries out more slowly than conventional concrete and has less evaporable
water. This also explains the higher fvalues (time to one-half ultimate shrinkage) computed in
this study. The computed values of (egp)y and fare well within the ranges presented in ACI
209R-92 fACI 209R-92, 19927 and reported by other researchers [Smadi et al. 1982, Paulson et
al. 1989, Burg et al. 1992].

Based on the data collected and analyzed during this study the following two equations

are suggested for predicting shrinkage strain of high strength concrete at any time:

¢ Moist-cured concrete (W7);

= (esp)t = [V(45+)] (espu (10.5)
s Heat-cured concrete (H):
= (eh)t = (V650 ] (55 (10.6)

where
(esp)t = shrinkage strain at any time ¢
! = time in days |

(8sh)y = 530x10°¢ in/in, (m/m)

The amount of drying shrinkage measured with respect to time for high strength concrete
specimens made with round river gravel, heat-cured at two different temperatures, is shown in
Figure 10.13. In general, the drying shrinkage of concrete is expected to decrease with the
increase in curing temperature. The decrease in shrinkage due to higher curing temperature may
be explained by the maturity concept (i.e. the amount of curing) for the hardened concrete. A
concrete cured at a higher temperatures is usually stronger, has a higher modulus of elasticity and
therefore exhibits less shrinkage [Soroka 1979]. The data presented in Figure 10.13 confirms this
expected effect. The average magnitudes of shrinkage strains after 380 days of drying were 603
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for the two curing conditions. Lower water-to-cementitious material ratio required in the
production of high strength concrete and the resulting denser matrix are believed to be the
reasons for the observed smaller ultimate shrinkage strain for high strength concrete. High
strength concrete dries out more slowly than conventional concrete and has less evaporable
water. This also explains the higher f values (time to one-half ultimate shrinkage) computed in
this study. The computed values of (ggp),, and fare well within the ranges presented in ACI
209R-92 JACI 209R-92, 1992] and reported by other researchers [Smadi et al. 1982, Paulson et
al. 1989, Burg et al. 1992].

Based on the data collected and analyzed during this study the following two equations

are suggested for predicting shrinkage strain of high strength concrete at any time:

¢ Moist-cured concrete (W7);

= (gsh)t = [/(45+)]*(esh)u (10.5)
¢ Heat-cured concrete (H):
= (gsh)t = [(65+)]*(eshu (10.6)

where
(esh)t = shrinkage strain at any time ¢
t =time in days A

(esh)y = 530x10° in/in, (m/m)

The amount of drying shrinkage measured with respect to time for high strength concrete
specimens made with round river gravel, heat-cured at two different temperatures, is shown in
Figure 10.13. In general, the drying shrinkage of concrete is expected to decrease with the
increase in curing temperature. The decrease in shrinkage due to higher curing temperature may

be explained by the maturity concept (i.e. the amount of curing) for the hardened concrete. A

concrete cured at a higher temperatures is usually stronger, has a higher modulus of elasticity and

therefore exhibits less shrinkage [Soroka 1979]. The data presented in Figure 10.13 confirms this

expected effect. The average magnitudes of shrinkage strains after 380 days of drying were 603
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and 565 e for specimens heat-cured at 120 °F and 150 °F, respectively. However, tests on
companion specimens showed no significant difference in the compressive strength and modulus
of elasticity tests results due to different curing temperatures and in cases specimens cured at 120

°F exhibited slightly higher compressive strength and modulus of elasticity values.

Creep Tests: Creep tests Were conducted for a duration of 380 days on companion 4x11
in. (100 x 280 mm) cylinders. Tests for creep on heat-cured specimens started 1-day after casting
the specimens under a constant initial stress equivalent to 60% of the compressive strength at the
time of loading. The creep tests on moist-cured (W7) specimens started at the age of 28-days,
after 3 weeks of air drying in 724 °F (2242 °C) and SOiS%IR.H. beyond the initial 7 days period
of moist-curing, under a constant initial stress representing 45% of the compressive strength at
the time of loading. Immediately after loading, the initial deformation, representing the elastic
responses of the concrete specimens, Were measured. The modulus of elasticity values were then
calculated and were compared to the values obtained from testing companion 4 x 8 in. (100 x 200

mm) specimens. The results are presented in Table 10.2.

As explained earlier creep strains were calculated by deducting from total strain, the
initial elastic strain (which occurred immediately after application of the load) and the average
shrinkage of the companion unloaded specimens. Each data point represents the average of six
strain measurements taken from two companjon specimens loaded in the same frame. The
variations of creep strain and specific creep (creep strain divided by the applied stress) with time

for all the mixes and for both curing conditions are given in Figures 10.14 through 10.20 and

10.21 through 10.27, respectively.

Figure 10.28 compares the specific creep values observed in this study with the typical
specific creep values suggested in the literature [Nilson et al. 1986] for the various compressive
strengths. The examination of the behavior of high strength concrete specimens from each curing
condition reveals that specific creep of high strength concrete follows the general trend of

conventional concrete, i.€. concrete specific creep decreases as compressive strength increases.
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However, heat-cured high strength concrete specimens made with round river gravel (R1)
exhibited higher specific creep values than concretes having similar compressive strengths and
made with other types of coarse aggregates. It is believed that the young age of concrete at
loading together with the small amount of restraint provided by the smooth surface of this type of
coarse aggregate are the main causes of observed higher specific creep values. The coarse
aggregate itself normally used in the production of concrete mixes do not experience creep;
however, the presence of the coarse aggregate influences the creep of concrete as a whole. The
extent of the aggregate effect on creep depends on its mechanical and physical properties as well
as its concentration in the concrete. It is well known that creep of concrete made with soft
aggregate is higher than that of concrete of the same mix design made with hard aggregate. In
contrast to normal strength concrete, grading, particle size, and shape of coarse aggregate
particles affect creep characteristics of high strength concrete. Under high levels of sustained
loads encountered in testing high strength concrete specimens for creep, local regions along the
aggregate-paste interface are potential sites for the initiation of microcracks. Surface
characteristics of the aggregate affect the strength of the aggregate-paste interface. The use of

smooth aggregate involves lower strength and hence higher creep.

Because the strength of heat-cured and moist-cured specimens from the same mixes were
not the same at the time of loading, no direct comparison can be made about the effect of curing
condition on the creep characteristic of high strength concrete. However, results of this study
suggest that moist-curing reduced the effect of the type of coarse aggregate and/or variations in
the composition of cementitious materials on creep of high strength concrete mixes, Figures
10.21, 10.22, 10.25 and 10.26. In fact, for the cases considered, for high strength concrete mixes
with identical basic mix designs, moist-curing supressed the effect of variations in the mix design
on the specific creep of concrete. For instance moist-cured high strength concretes containing
7.5% silica fume or combination of 20% fly ash and 7.5% silica fume, made with crushed river
gravel (R2) had almost identical specific creep values compared with the reference mix over the

entire test period, Figure 10.26. moist-curing together with loading specimens at a later age (28-
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days) resulted in hydrated cement paste of similar microstructure and hence similar creep

characteristics.

Replacement of cement with a combination of 20% fly ash and 7.5% silica fume slightly
decreased the specific creep values of heat-cured high strength concrete made with crushed river
gravel (R2) compared with the reference mix over the entire test period, Figure 10.25.
Replacement of cement with a combination of 20% fly ash and 7.5% silica fume had a more

pronounced effect on specific creep values of high strength concrete made with granite (G2),

Figure 10.24.

Tower curing temperature resulted in lower specific creep values for heat-cured high

strength concrete reference mixes made with round river gravel (R1), Figure 10.27.

American Concrete Institute Commiitee 209 fACI 209R-92 1992] suggests the following
general equation for predicting the creep coefficient (ratio of creep strain to initial elastic strain)

of concrete at any time:
o v = [/dH)] vy (10.7)

where
v; = creep coefficient at any time /
t = time in days |
= constant, (0.40< y <0.80)
d = constant, (6<d <30 days)
vy, = ultimate creep coefficient,

(1.30< vy <4.15)

Table 10.3 shows the results when the creep tests data were fitted into the above equation.
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The values of y, d, and v,, obtained from this study ate close and comparable to the
ranges presented in ACI 209 that were developed based on conventional concretes. Considering
the inherent variability of the experimental data, it is likely that any of the obtained set of
parameters can be used for estimating the creep coefficient of high strength concrete. Therefore,
the recommended form of ACI 209 equation (= 0.60 and d = 10}, given below, was used to

estimate the ultimate creep coefficient values based on the experimental data from this study.

For normal strength concrete cured under standard conditions ACI Committee 209 fACI
209R-92, 1992] recommends the following equation for the creep coefficient, v;, for a loading

age at 7 days for moist-cured concrete, and at 1-3 days, for steam-cured concrete:
o v =[10.60/10+10.60) 1%, (10.8)
where vy, = 2.35

Using this form of the equation to fit the experimental data results in the values given in
Table 10.4. The experimental data fit the equation with reasonable accuracy, as shown by the R?
values also shown in Table 10.4 (R* =1 represents a perfect fit of data to the equation). The
range of ultimate creep coefficients predicted in this study varied between 0.92 to 2.46 as

compared to the 1.30 to 4.15 range reported by ACI 209 for normal strength concretes.

10.7 Concluding Remarks

Greater shrinkage strains were observed for specimens fabricated with round river gravel

mixes compared to those for specimens fabricated with crushed aggregate mixes. Only reference
mixes were included in this portion of the study for the round river gravel mixes. Consequently,
no comparisons could be made regarding the effect of cementitious materials composition on the

shrinkage characteristics of round river gravel mixes.

314




The time to one-half of the ultimate shrinkage strain was Jonger for the high strength
concrete specimens observed in this study in comparison to the values presented in ACI 209
[ACI 209R-92 1992]. Consequently, the shrinkage of high-strength concrete appears to occur at
a slower rate than that predicted by ACI209. The specimens heat-cured at higher temperatures
(150 °F) had less shrinkage strains at 380 days of drying relative to those of specimens heat-cured

at lower temperatures (120 °F).

The specific creep of high-strength concrete followed the general trend of conventional
concrete (decreased with increased f'¢). Moist-curing reduced the effect of type of coarse
aggregate and/or variation in cementitious composition on creep. The heat-cured round gravel
concrete had a higher specific creep than heat-cured concrete of similar strength made with

crushed aggregates considered in this study. The lower heat-curing temperature resulted in Jower

specific creep.
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Table 10.1. Average magnitudes of time-dependent deformations in terms of total strain, creep
strain, creep coefficient and specific creep at 60 days after loading for high, medium, and low

strength concretes considered at two stress levels [Smadi et al, 1982].

Typa of Concrete Stress Lavel Total Strain Creap Strain Creep Specific
% Ultimate ue ue Coefficient Creep
High Strength 80 4,321 2,248 1.293 0.311
8,500-10,000 psi 40 1,890 732 0.895 0,211
Medium Strength 15 4,622 3218 2.769 0.858
5,000-6,000 psi 40 1,864 1,067 1.862 0.503
Low Strength 75 6,009 4,566 4.200 1.845
3,9000-3,500 psi 40 2,005 1,222 2.829 0.976

Table 10.2. Comparison of the calculated modulus of elasticity of 4 x 11 in. (100 x 280 mm)
creep test specimens from elastic response upon loading with the values obtained from testing
companion 4 x & in. (100 x 200 mm) specimens at the same age.

No ., Cure (Ec)gn; psi {Ec)'hﬂr psi {Ec) sx11/ {Ec)axa
108 H 6244636 6456726 0.97
116 H 6843571 6723056 1.02
124 H §219588 6221877 1.00
128 H 6650865 6503213 1,02
131 H 6587495 6843818 .96
132 H 6375940 6629059 0.96
136 H 6392244 6528943 0.98
139 H 6770394 6705378 1.01
124 W7 6787913 6838613 0.89
128 W7 6054232 6294232 0.96
129 Wi 7118928 7012595 1.02
131 W7 7158579 6958707 1.03
132 W7 6821574 7049430 0.97
139 W7 6315211 6516043 0,97
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Table 10.3. Results obtained when the cree
[ACI 209R-92 1992] general equation (vt =

p test results were fitted into ACI 209
[/ d+1) ] *vy).

Constant (di

Mix vit. Creep Coef. Ult. Specific Time-ratio (¥}
vy creep, 107°%/psi

H108,R1,REF 2,68 0.43 0,49 7.60
H116,R1,REF 2.45 0.36 0.56 7.87
H136,G2,REF 2.37 0.37 0.43 8.34
H139, G2, FASF 2.63 0.39 