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PREFACE

The investigation described in this report was conducted for the US Army

Engineer District, Vicksburg. Authorization was given by DA Form 2544, No.
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this report were provided by the Concrete Technology Information Analysis

Center (CTIAC). This is CTIAC Report No. 87.
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Experiment Station (WES) by members of the staff of the Structures Laboratory

(SL), under the general supervision of Messrs. Bryant Mather, Chief, SL, and

J. T. Ballard, Assistant Chief, SL. Direct supervision was provided by Mr. K.

L. Saucier, Chief, Concrete Technology Division (CTD). Project Management was

provided by Mr. Michael I. Hammons, Group Leader, Applied Mechanics Group

(AMG), Engineering Mechanics Branch (EMB), CTD. This report was prepared by

Mr. Hammons and Mr. Donald M. Smith, AMG, and Mr. Billy D. Neeley,

Applications Group, EMB. The authors acknowledge Dr. C. Dean Norman,

Structural Mechanics Division, SL, Ms. Sharon B. Garner, Mr. Anthony Bombich,

Mr. Dan Wilson, Mr. Brent Lamb, Ms. Linda Mayfield, and Mr. James Shirley,

AMG, for their help during this investigation. The authors also acknowledge

the assistance of Messrs. Toy Poole, Sam Wong, Michael Lloyd, Percy Collins,

Tom Lee, Julies Mason, and Ken Loyd, CTD, and MAJ Stacey Hirata of the US

Military Academy. In addition, the authors acknowledge the technical

direction of the Red River Thermal Study Advisory Panel members, Mr. Mather,

Mr. Fred Anderson, headquarters, US Army Corps of Engineers, and Prof. W. L.

Dolch, Purdue University.

Commander and Director of WES is COL Larry B. Fulton, EN. Technical

Director is Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

Btu (International Table) 4,186.8 joules per kilogram
per pound (mass) • degree kelvin

Fahrenheit

Btu (International Table) 5,981.41947 watts per metre kelvin
feet per day • square
foot • degree Fahrenheit

Fahrenheit degrees 5/9 Celsius gegrees or
kelvins

feet 0.3048 metres

inches 25.4 millimetres

miles 1.609 kilometres

pounds (force) per 0.006894757 megapascals
square inch

pounds (mass) 0.4535924 kilograms

pounds (mass) per cubic 16.01846 kilograms per cubic metre
foot

To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use the following formula: C + (5/9)(F - 32). To obtain kelvin (K)
readings, use K - (5/9)(F - 32) + 273.15.

iv



RED RIVER WATERWAY THERMAL STUDIES

CONCRETE MIXTURE SELECTION AND CHARACTERIZATION

PART I: INTRODUCTION

Background

1. In 1968 Congress enacted Public Law 90-483 which authorized the

construction of the Red River Waterway in Louisiana, Arkansas, Texas, and

Oklahoma. As a part of this act, Congress directed that the Red River be made

navigable from its juncture with the Mississippi River to Shreveport,

Louisiana. This improvement includes developing a 9-ft deep, 200-ft wide

navigation channel along approximately 236 miles of river. * A system of five

locks and dams is required along the channel to furnish a maximum lift of 141

feet. Locks and Dams 1 and 2 were completed in 1984 and 1987, respectively.

In 1989 Lock and Dam 3 was under construction, and construction of Locks and

Dams 4 and 5 was scheduled to begin in 1992.

2. Both Locks and Dams 1 and 2 experienced significant cracking with

Lock and Dam 1 requiring remedial grouting. This cracking is believed to have

resulted from stresses induced as the concrete cooled under restraint. Also,

similar cracking has been observed on locks and dams constructed by the

Vicksburg District on the Ouachita and Black Rivers in Louisiana and Arkansas.

Although this cracking usually does not pose a threat to structural integrity,

it leads to increasud maintenance costs and possible shortening of service

life. The Vicksburg District and Lower Mississippi Valley Division recognized

the need for a careful and deliberate thermal stress analysis to be conducted

on Locks and Dams 4 and 5. Consequently, the Concrete Technology Division

(CTD) of Structures Laboratory (SL), USAE Waterways Experiment Station (WES)

initiated the Red River Waterway Thermal Studies in January 1988.

3. The thermal and incremental construction analysis procedures used for

the study were developed at WES beginning in 1984 to provide a modern,

A table of factors for converting non-SI units of measurement to SI

(metric) units is presented on page iv.
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consistent, and effective method of analysis to predict cracking in mass

concrete structures. This analysis procedure allows better definition of

concrete material properties and construction procedures which lead to safe,

serviceable, and cost-effective mass concrete structures. The analysis tool

is a two- or three-dimensional finite-element model for concrete which

includes change in material properties with time, creep, shrinkage, and

thermal effects. Through the use of this model in a proven general purpose

heat transfer and structural analysis code, different concrete mixtures can be

accurately simulated in the construction analysis of a structure or critical

structural component. From this analysis the engineer can determine the

concrete mixture and construction procedures which will yield the most

cost-effective and serviceable structure for the given field conditions and

practical construction constraints.

4. This report is the first of two documenting the findings of the Red

River Waterway Thermal Study. It includes the selection and characterization

of the concrete materials in support of the thermal and incremental-

construction analysis. The second report will include the results of the

thermal stress analyses and specific recommendations to limit thermal-related

cracking in Locks and Dams 4 and 5.

Obiective

5. The primary objective of this research program was to develop and

evaluate materials and construction methods which would yield safe,

serviceable, long-lived, and cost-effective structures. All products of the

research were carefully scrutinized to determine if they were practical for

field application. The results of laboratory tests were used to make specific

recommendations intended to limit production of heat during the hydration

process and reduce costs by using increased levels of replacement of portland

cement with fly ash. Also, the results of the finite-element analyses were

used to recommend improved construction practices intended to limit thermal

stresses and related cracking.
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6. This research effect can be divided into two integrated phases:

concrete materials selection and characterization and thermal and incremental-

construction analyses. Each of these phases is discussed below.

7. Prior research and field experience have proven that the critical

material property parameters affecting cracking in mass concrete are

time-dependency, creep, shrinkage, heat production, and thermal properties. A

preliminary mixture proportioning study was conducted to investigate the

appropriateness of using increased levels of fly ash as a cementitious

material to limit heat production during early hydration and reduce the total

cost of cementitious materials. The results of this study were used to select

a few representative candidate mixtures for a full suite of mechanical and

thermal properties tests. These tests were designed to determine the values

of critical material response parameters at early ages when time- and

temperature-dependent changes in these parameters are occurring most rapidly

and thermal-related cracking is most likely to occur.

8. Crack surveys of Lock and Dam 2, Red River Waterway, were studied

prior to selecting critical structural features for analysis. These features

were discretized to allow incremental construction finite-element analysis.

The material and thermal properties test data were used to calibrate

state-of-the-art thermal and mechanical material models. The previously

defined critical sections were analyzed using two- and three-dimensional

finite-element models. Variations in placement and ambient temperature,

concrete mixtures and temperature control parameters were analyzed for control

of thermal stresses.

3



PART II: MATERIALS CHARACTERIZATION

General

9. In support of the thermal stress analyses, materials typical of those

likely to be used to construct the locks and dams were chosen for laboratory

testing. These materials were recommended to WES by the Foundation and

Materials Branch, Engineering Division, Vicksburg District, based upon an

extensive study of suitable sources of cements, pozzolans, and aggregates.

Samples of the materials were obtained by WES in sufficient quantities to

conduct characterization tests and prepare trial mixtures for the mixture

proportioning study described in Part III of this report. In this chapter the

aggregates and cementitious materials are described and the results of

characterization tests are reported.

Aggregates

10. Based upon the recommendations made by Vicksburg District of

aggregate sources typical of those likely to be used on the project, the

following aggregates were obtained from the listed sources:

j. Fine Aggregate: Cobb Industrial Corporation, Coushatta, Louisiana

b. 4.75-mm to 19.0-mm (No. 4 to 3/4-in.) Aggregate: Western Gravel Co.,

Inc., Jena, Louisiana

c. 19.0-mm to 37.5-mm (3/4-in. to 1-1/2-in.) Aggregate: Granite

Mountain Quarries, Sweet Home, Arkansas

A brief description of each of these aggregates follows.

11. The 3/4-in. and smaller aggregate chosen for this investigation is

typical of those normally used in the Lower Red River Valley region. It is a

natural sand composed of blocky, ellipsoidal, and spherical particles. Chert

is the primary constituent in sizes larger than 2.36 mm (No. 8) with quartz

predominating in the smaller sizes. The #4 to 3/4-in. aggregate is a

primarily pale yellowish brown chert composed of blocky, pyramidal, and

tabular particles with rounded edges and corners. Quartz and other

miscellaneous particles make up the remainder of the constituents. Grading

4



and other physical characteristics of the aggregates are given in Appendix I.

12. There are essentially no quality aggregates larger than 3/4-in.

locally available in the Lower Red River Valley region. Therefore, three

types of materials typical of those available from nearby sources were

considered for use as the large aggregate for this study: 1) syenite from

Arkansas, 2) sandstone from Arkansas, and 3) limestone from the Ohio River

Valley. Syenite was chosen as the large aggregate for this study based upon

the proximity of the quarry to the construction site and upon its thermal

properties. The coefficient of linear thermal expansion was determined for

samples of the three materials furnished by the Vicksburg District. A test

method based on CRD-C 125-63 (U. S. Army Corps of Engineers, 1989), modified

for use with a Perkin Elmer Thermomechanical Analyzer (TMS-1) was used. Tests

were conducted on 0.224-in. diameter by 0.3-in. long cylinders over a range of

temperatures from 300 C to 1000 C (860 F to 2120 F). The test results showed

that the thermal expansion was linear over that range of temperature. The

coefficients of linear thermal expansion (a) were as follows:

Coeff. of Linear Thermal Expansion (a)
Mineral per °C per OF

Limestone 4.8 X 10-6 2.7 X 10-6

Syenite 6.0 X 10-6 3.3 X 10-6

Sandstone 10.8 X 10-6 6.0 X 10-6

13. The large aggregate is a crushed stone. It is a speckled medium

light gray, medium to coarse grained igneous rock classified as a syenite.

Its composition and textural characteristics are similar to those of granite.

Physically, the stone is angular with rough surface texture. It appears to be

structurally sound and durable and is free of potentially alkali-silica

reactive constituents. The grading and other physical characteristics of the

large aggregate are presented in Appendix I.

5



Cementitious Materials

14. The effects of a wide range of levels of blends of portland cement

with Class C fly ash and curing conditions on strength development, heat of

hydration, and time of setting were studied using small mortar specimens.

This relatively inexpensive investigation was conducted prior to the mixture

proportioning study to avoid the large expense necessary to study the

performance characteristics of trial concrete mixtures over wide range of

mixture proportions. Compressive strength, heat of hydration, and time-of-

setting properties of mortars are not usually directly interpretable into

quantitative performance characteristics of concretes. However, the relative

effects of changing substitution levels on these properties should be about

equivalent. Therefore, the results of this work were used to evaluate the

potential for change in the performance of concrete mixtures as cementitious

material proportions were varied. The testing reported in this report is a

part of a more thorough cementitious materials investigation conducted by WES

documented by Poole, et al (in draft).

Chemical and Physical Prooerties

15. At the time this work was initiated, the cement supplier for Locks

and Dams 3, 4, and 5 had not been determined. However, WES was directed by

the Vicksburg District to assume Type II, low alkali (LA), ASTM C 150 (ASTM,

1989) cement meeting the heat-of-hydration requirement at seven days (HH)

would be used in the structure. Based on previous experience, a Type II, LA,

HH cement manufactured by Lone Star Cement Company, Cape Girardeau, Missouri,

was chosen for this investigation because this cement will probably be

comparable to cements likely to be used by a contractor in the structures.

Chemical and physical properties of this cement are given in Appendix I.

16. A Class C fly ash as per ASTM C 618 (ASTM, 1989) produced by

Gifford-Hill, Boyce, Louisiana, was similarly chosen as the most likely fly

ash for the project. Chemical and physical properties of this material are

given in Appendix I.

17. The cement and fly ash were blended to achieve ratios (by volume) of

Class C fly ash to total cementitious materials (F/C ratio) varying from 20%

to 70%. Strength and heat of hydration were measured versus time. Setting

6



properties were quantitatively described for selected mixtures. The effect of

elevated temperature on strength development, heat of hydration, and time of

setting was investigated for selected mixtures.

Strength Development

18. Mortars were prepared and cast in cube molds in accordance with ASTM

C 311 (ASTM, 1989). The cubes were cured in sealed plastic bags at the

indicated temperatures. Compressive strength was measured in accordance with

ASTM C 109 (ASTM, 1989), with three cubes broken at each test age (2, 7, 28,

and 90 days).

19. The results of the compressive strength tests for specimens cured at

room temperature (73°F) are shown in Figure 1. At test ages of 2 and 7 days,

the compressive strengths days were reduced in linear proportion to the amount

of fly ash in the blend over the observed range of F/C. At 2 days

approximately 28 psi (11.3% of control) was lost for each one percent increase

in F/C. At 7 days approximately 37 psi (8.9% of control) was lost for each

one percent increase in F/C.

20. At test ages of 28 and 90 days (for specimens cured at 73F), the

relationship between strength and F/C ceased to be linear. Strengths at 28

days for F/C ratios of 20 and 30 percent closely approximated the strength of

the control specimens without fly ash. For high F/C ratios the strengths of

the mortars continued to be below that of the control specimens.

21. The contribution of the fly ash to the strength of the mortar was

estimated assuming that the portland cement contributed in proportion with its

volume. A bar chart showing comparisons of compressive strengths is shown in

Figure 2. For example, if the fly ash in a mixture with an F/C ratio 20

percent had no effect on strength, the mixture should have at least 80 percent

of the strength of a 100 percent portland cement specimen. All comparisons

are for specimens cured at 73F.

22. At all F/C ratios (20, 30, 40, 50, 60, and 70%), the fly ash causes

some retardation in the 2-day strength relative to that expected from the

portland cement fraction. However, by 7 days, this effect appears to be

overcome for F/C ratios less than 70%, and the fly ash appears to be making a

positive contribution to compressive strength. All apparent negative affects

of the loss in portland cement volume have essentially disappeared by 28 days

7



for F/C ratios less than 70%.

23. By 90 days, the fly ash appears to make a sigaificant contribution

to compressive strength for all F/C ratios observed. At higher F/C ratios

(50% or greater) the blended portland cement-fly ash mortar strengths are

approximately 100% greater than the strength expected from the portland cement

fraction alone.

24. In summary, it appears thac the Class C fly ash causes a reduction

in strength for ages less than approximately 7 days for most reasonable levels

of F/C ratios. Between 7 and 90 days, impressive strength gains were obtained

by the portland cement-fly ash mortars when compared to the strength expected

from the portland cement fraction alone, indicating that the fly ash makes a

significant contribution to compressive strength in that time frame.

8 0 0 0 1 1 , , 1 1

4 73OF (2300)

0Odays
a 6000

4 28 days 28 -0

4000

P 7 days -.

U
0..

1 ..1 I I . I

0

0 1O 20 30 40 50 60 70
F/C, %

Figure 1. Compressive Strength of Mortar Cubes
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Figure 2. Contribution of Fly Ash to Compressive Strength of Mortar Cubes
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Heat of Hydration

25. The heat of hydration was determined according to ASTM C 186 (ASTM,

1989). Single determinations were made at each age (1, 3, and 7 days). The

data from these tests are shown in Figure 3.

26. The reduction in the heat of hydration due to use of Class C fly ash

is linearly related to the F/C ratio at 1, 3, and 7 days. At 1 day the heat

of hydration is close to that expected by the mass percent of portland cement

in the mixture. This would indicate that the effect of the fly ash on heat

evolution at early ages is largely due to the dilution if the portland

cement. By 3 days the fly ash appears to make some detectable contribution to

the heat generation. At 7 days, total the heat evolved by the mixtures was

very close to the heat evolved by pure portland cement. Thus it appears that

the Class C ash causes a substantial reduction in heat at early ages (before 7

days), but by 7 days no substantial reduction in heat of hydration is

realized. This agrees well with the strength gain data above which indicate

that by 7 days the fly ash is making a significant contribution to compressive

strength over the range of feasible F/C ratios.

Time of Setting

27. Time of setting was determined according to ASTM C 191 (ASTM, 1989).

Figure 4 presents the results of these tests. As expected, an increase in

both initial, and final time of setting time was observed for the higher F/C

ratios. The initial time of setting was increased some 20 percent, while the

time of final setting was increased by approximately 28 percent. However, the

effect of F/C ratio on initial and final times of setting was not well

understood.

10
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PART III: MIXTURE PROPORTIONS SELECTION

Project Requiremebts

28. The major considerations in the selection of mixture prop6rtions for

a mass concrete structure are strength, durability, heat generation, and

placeability. The specific requirements for this study were set by the

Vicksburg District. These requirements are discussed below.

Strength

29. The majority of the concrete in the structures will have a design

strength requirement based upon service conditions of 3000 psi. The

exceptions to this will be the post-tensioned concrete in the trunnion girder

anchorage and the baffle blocks in the stilling basin, which will have a

design strength of 5000 psi. These requirements for various features of the

structures are tabulated in Table 1.

30. In addition to design strength requirements, a strength requirement

of 500 psi at time of erection of the forms for the next lift (5 to 7 days,

typically) has traditionally been necessary for constructability

considerations. This requirement is based upon form-anchorage requirements.

At strengths of less that 500 psi, special formwork anchorages may be

required, thus increasing construction effort and corresponding costs.
Durability

31. Durability is the capacity of concrete to resist the processes of

deterioration including freezing and thawing or other weathering action,

abrasion, chemical attack, etc. The durability of the concrete is enhanced by

requiring the use of a low water-cement ratio and air-entrainment. The upper

1.5 feet of the dam wier (ogee) section of the dam and the stilling basin are

required to have a maximum water-cement ratio of not more than 0.45 (by mass).

The majority of the concrete above the minimum pool elevation is required to

have a maximum water-cement ratio of 0.50, while the majority of concrete

which will remain permanently submerged is required to have a maximum

water-cement ratio of 0.65. The required water-cement ratios for various

components of the structures are given in Table 1.

12



Table 1. Concrete Strength and Durability Requirements

Minimum Strength, Maximum Water-Cement
Location Feature psi Ratio (by Mass)

Dam Foundation 3000 0.65
Piers 3000 0.50
Pier Bases

Top 1.5 ft. 3000 0.45
Remaining Concrete 3000 0.65

Stilling Basin
Top 1.5 ft. 3000 0.45
Remaining Concrete 3000 0.65
Baffle Blocks 5000 0.45

Trunnion Girder and
Anchorage 5000 0.50

Lock Foundation 3000 0.65
Floor 3000 0.65
Walls

Above minimum pool 3000 0.50
Below minimum pool 3000 0.65

Heat Generation

32. Early heat generation will be limited through the use of reduced

quantities of cementitious materials and, to a lesser extent, the use a Class

C fly ash as a portion of the cementitious materials.

Placeability

33. The placeability of concrete is determined by its workability and

consistency. The concrete must have enough workability to be placed,

consolidated, and finished properly without harmful segregation. The ease

with which the concrete will flow during placement is its consistency.

Placeability is measured by the slump of the fresh concrete as determined in

accordance with ASTM C 143 (ASTM, 1989). The average slump for mass concrete

should be approximately 2 in.

13



Preliminary Mixtures

34. Based upon the stated requirements, a matrix of preliminary mixtures

was established. This matrix is shown in Figure 5. The matrix included

water-cement ratios ranging from a minimum of 0.45 to a maximum of 0.65 based

on a mass of portland cement having an absolute volume equivalent to that of

the cementitious materials in the mixtures. The ratios (by volume) of fly ash

to total cementitious materials (F/C ratio) were varied from a minimum of 25%

to a maximum of 60%.

35. As with any mixture proportioning study, due consideration was given

to the economy of the mixtures. The estimated cost of cementitious materials

and admixtures was calculated based upon current prices for materials at

potential project material sources. This information is shown in Figure 6,

Each mixture is ranked based upon the estimated cost. A ranking of "1" means

the mixture is the most economical, while a ranking of "15" means the mixture

is the least economical of the mixtures considered in this study. Aggregate

costs were not available for inclusion in the estimate. However, these costs

should be relatively constant for all mixtures and therefore should not

significantly change the ranking of the mixtures.

36. The mixture proportioning study was conducted in two phases. In

Phase I, Mixtures Al through All were prepared in the laboratory in

accordance with ASTM C 192 (ASTM, 1989). Tests were conducted on the fresh

concrete to determine slump (ASTM C 143), unit weight in accordance with ASTM

C 138, and air content (ASTM C 231). Cylindrical specimens (6-in. by 12-in.)

were prepared according to ASTM C 192 and cured in a moist curing room meeting

the specifications of ASTM C 511 until time of testing. Specimens were tested

in unconfined compression at ages of 1, 2, 7, 14, 28, and 90 in accordance

with ASTM C 39. Selected specimens were tested at an age of 180 days.
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37. In Phase II, selected mixtures (Mixtures Al, A7, A10, and All) were

repeated for replication and Mixtures A12, A13, A14, and A15 were added to the

test matrix to investigate higher F/C ratios. All fresh and hardened concrete

testing in Phase I was repeated. The mixture proportions for the 15 mixtures

are given in Appendix II.

38. The results of the fresh and hardened concrete tests conducted in

Phases I and II are tabulated in Table 2. The results of the unconfined

compression tests are shown graphically for each mixture in Figures 7 through

21. In these figures the compressive strengths for each batch of concrete put

together from the mixture proportions are shown.

39. Because one of the primary objectives of this study was to

proportion concrete mixtures to limit heat generation, it follows that the

cementitious materials content of the mixtures should be as low as possible.

However, as the cementitious materials content decreases, it becomes

increasingly critical to have properly graded aggregates in order to have

mixtures with adequate workability. It is likely that concrete mixtures with

cementitious contents as low as some of the mixtures in this study would not

have adequate workability to be placed by all available techniques, even with

properly graded aggregates. The mixtures would, however, have adequate

workability to be transported and placed by buckets and would consolidate with

proper vibration procedures.
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Final Mixture Selection

40. The data in Table 2 are summarized in Figure 22. Based upon the

information from Phases I and II of the mixture proportioning study, the 15

trial mixtures were categorized in four groups as follows:

GrouR I Group II Grou [ III GrouD IV
Al A3 A6 A9
A2 A5 A8 All
A4 A13 A1O
A7 A15 A14

A12

41. The mixtures in Group I are characterized by 5- to 7-day strengths

judged to be too low to meet the strength criteria for form anchor

considerations. The mixtures in Group II have marginal strengths, but may be

acceptable in warm weather. The mixtures in Group III have adequate strengths

at 730 F and should be evaluated using maturity concepts for cold weather

applications. Group IV mixtures have excessive strength for mass concrete

applications, but may be suitable for trunnion anchorages, ogee surfaces,

stilling basins, etc. The compressive strengths obtained by mixtures in Group

IV are similar to compressive strengths typically obtained by mass concrete

mixtures used by the Vicksburg District.

42. Four mixtures (Mixtures A2, AS, All, and A13) were selected for the

full complement of thermal and mechanical properties testing. These mixtures

cover the range of strengths deemed necessary for the project and will bracket

the response of the remaining concretes at the higher levels of water-cement

ratio and lower F/C ratios. The results of the thermal and mechanical

properties tests are reported in Part IV of this report.
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PART IV: MECHANICAL AND THERMAL PROPERTIES

General

43. The calibration and verification of the thermal and time-dependent

material models used in the finite-element analyses requires the knowledge of

certain key material response parameters. A series mechanical and thermal

properties tests was conducted on the four selected mixtures (A2, A8, All, and

A13) identified in the mixture proportioning study. A description of the test

methods and results are presented in this chapter. The use of these data to

calibrate and verify the time-dependent material model will be reported in

Report 2 of this series on the Red River Waterway Thermal Studies.

Mechanical ProDerties Investigation

44. A series of early-time material properties tests was conducted on

hardened concrete specimens in support of the calibration and verification of

the time-dependent material model used in the incremental-construction

analysis. Specimens were prepared from Mixtures A2, A8, All, and A13 for

conducting compression tests and creep tests. All fresh concrete tests

conducted as a part of Phases I and II of the mixture proportioning study were

repeated. In addition, time-of-setting (TOS) tests were conducted in

accordance with ASTM C 403 (ASTM, 1989). Creep tests were conducted at five

ages of loading as necessary for the calibration and verification of the

time-dependent material model. The ages of loading were chosen as TOS/2 + 12

hr., one day, three days, seven days, and 14 days.

Unconfined Compression Tests

45. Unconfined compression tests were conducted in accordance with ASTM

C 39 (ASTM, 1989) at the ages shown above to provide data on strength as a

function of time. The specimens tested were 6 in. in diameter by 12 in. in

length. The ends of the specimens tested at ages of one day or less were

capped with a neat cement cap, while the specimens tested at ages greater than

one day were capped with sulfur capping compound. Capping of the ends of the

specimens was necessary to provide plane and parallel loading surfaces in
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accordance with ASTM C 39. The capped specimens were tested in a 440,000-1bf

capacity universal testing machineby applying a uniaxial compressive force at

35 psi/sec until the specimen failed. The maximum recorded applied force was

then divided by the original cross-sectional area to determine the unconfined

compressive strength of the specimen. Figure 23 shows the results of these

tests for the four mixtures as a function of age.

Compressive Creep Tests

46. Creep is most simply defined as time-dependent deformation due to

sustained load. Although concrete can exhibit changes in deformation with no

applied load due to shrinkage (both drying and sealed), creep is normally

assumed to be the deformation in excess of shrinkage strains and elastic

strains, as shown in Figure 24. Most researchers agree that the creep

response of concrete is fundamentally governed by the movement of water and

its effect on continued hydration and strength development. A brief discussion

of the phenomena measured in a compressive creep test follows.

47. Upon initial application of load at time to (Figure 24), the material

response is primarily elastic, but may include a non-elastic component. The

nominal elastic strain is governed by the elastic modulus at time t - to.

Because the elastic modulus is increasing with time (quite rapidly at early

ages) the elastic component of strain decreases with time, labeled as "true

elastic strain" in Figure 24. It is common practice to ignore this change in

elastic modulus with time except for special applications. This phenomenon is

quite important, however, in the calibration of the time-dependent material

model in the thermal stress analyses. Shrinkage of the creep specimen is

measured by monitoring the deformation of identically prepared unloaded

specimens. Thus the creep strains are calculated from the total measured

strains as follows:

ecreep = tl- felatic - eshi kage

48. Using these concepts, creep tests were conducted according to ASTM C

512 (ASTM, 1989) modified to include continuous data acquisition by computer.

The specimens tested were 6 in. in diameter by 16 in. in length. The

28



6000 '

.,5000

J4000
.41

C/
L 3000 /

o.2000 - / -EI-MA II
E/
o X >-X-<A13

1000

0
1.0 10 100 1000

Age, Days

Figure 23. Compressive Strength Development, Creep Test
Companion Cylinders

Shrinkage of
an unloaded

---------- -specimen

True elastic strain elastic
Istrain

to Time, (t - t0

Figure 24. Response of Concrete to Sustained

Load

29



creep specimens were cast in steel forms with the longitudinal axis

horizontal. These forms accommodated Carlson strain gages placed at the

center of the specimens oriented along the longitudinal axis of the cylinder.

Steel bearing plates were attached to the ends of the specimen by embedded

mechanical anchors. These plates provided a smooth plane surface for applying

the compressive force. A bituminous moisture barrier was applied to the

surface of the creep specimen immediately after the forms were removed to

prevent moisture from entering or leaving the specimen.

49. The apparatus used to perform the creep tests was a hydraulic

loading frame designed to maintain a constant stress by means of a gas

pressure regulator in series with a gas/oil accumulator and hydraulic ram. The

desired applied stress was set by means of the gas pressure regulator. The

test device accommodated two specimens loaded in series. For each mixture two

control cylinders were also monitored to determine the strains not associated

with the applied loads. The creep specimens were loaded to 40% of the

unconfined compressive strength at the age of loading as determined from

unconfined compressive tests on companion 6-in. by 12-in. cylinders. The

following measurements recorded using a digital data acquisition unit:

_. applied stress, by a pressure transducers located in the gas pressure

regulator output line;

I. strain and temperature in the loaded specimen, by

Carlson strain gages embedded in the center of the tapecimen;

q. strain and temperature in the control specimen, by

Carlson strain gages embedded in the center of the specimen, and

4. time, by an internal clock in the computer data-

acquisition unit.

50. Not all attempted tests were successful; each test is accounted for

in Table 3.

51. The data from the valid tests were reduced as specified in ASTH C

512. The procedure requires that the strains which occur during the initial

loading and the strains recorded by the shrinkage compensation cylinders be

subtracted from the measured strains. These corrected strains were then

divided by the average sustained stress to obtain creep strain per unit

stress. It should be noted that the change in elastic strain which occurs due
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to changes in the increase in elastic modulus with time is ignored by this

procedure. However, in the calibration of the time-dependent material model

this phenomena will be accounted for. These data are plotted for the four

mixtures in Figures 25 through 28.

52. Several observations can be made about the creep data. As expected,

the creep strain per unit stress decreases with increasing age of loading.

This decrease of the creep response is related to the continuing hydration and

strength-gain process. The specimens loaded at very early ages (1 day or

less) exhibit high levels of creep very early after the application of the

stress. This is due to the amount of free water which is able to move within

the matrix at this early time in the hydration process.

53. The elastic modulus .of the four mixtures at the various ages of

loading was determined from the initial loading phase of the creep tests.

Although at very early ages (three days or less) the mixtures exhibited

limited linear elastic compressive behavior, estimates of elastic modulus at

very early times are necessary for calibrating the time-dependent material

model. Thus, a tangent modulus was determined from the stress-strain data

obtained upon initial loading of a compressive creep specimen. This initial

loading phase of the creep test was usually conducted in less than two minutes

total elapsed time; however, some creep occurred during the initial loading

phase, particularly at the earlier ages of loading. Any creep strains which

occurred during the initial loading phase were subtracted from the elastic

strains in calculating the elastic modulus.

54. The calibration of the time-dependent material model is improved by

supplementing the elastic modulus data obtained at early time with data

obtained at some time in excess of 28 days. These data were obtained by

testing 6-in. by 12-in. compressive cylinders in accordance with ASTM C 469

(ASTM, 1989).
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Table 3. Summary of Creep Tests

Age at Applied
Mixture Loading Load, psi Comments

A2 18 h 84 Strain gage output is questionable.

Data are not shown.

1 d 176 Strain gage output is questionable.

Data are not shown.

3 d 200 Good test. Data are shown in Figure 25.

7 d 292 Good test. Data are shown in Figure 25.

14 d 403 Good test. Data are shown in Figure 25.

A8 16 h 86 Good test. Data are shown in Figure 26.

1 d 151 Data lost due to faulty relay board.

3 d 318 Data lost due to faulty relay board.

7 d 430 Good test. Data are shown in Figure 26.

14 d 654 Good test. Data are shown in Figure 26.

All 18 h 150 Good test. Data are shown in Figure 27.

1 d 214 Good test. Data are shown in Figure 27.

3 d 446 Good test. Data are shown in Figure 27.

7 d 682 Good test. Data are shown in Figure 27.

14 d 970 Good test. Data are shown in Figure 27.

A13 19 h 58 Good test. Data are shown in Figure 28.

1 d 64 Data lost due to faulty relay board.

3 d 181 Data lost due to faulty relay board.

7 d 267 Good test. Data are shown in Figure 28.

14 d 350 Good test. Data are shown in Figure 28.
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55. The results of all modulus data are presented in Figure 29 in the

modulus versus vT plane. The ACI 318 formula (ACI. 1989) for modulus as a

function of compressive strength

E - 57000Vfc

is also shown for purposes of comparison. These data indicate that the ACI

formula is inadequate for predicting modulus for the present application.

Also, the data indicate that all of the modulus data seem to fall along a

straight line in this plane regardless of the fly ash replacement level or

water-cement ratio. The exception to this observation, however, is Mixture

A8. The modulus data from Mixture A8 appear to be in error in that the modulus

is excessively high for such a low compressive strength. The cracking model

is excessively sensitive to over-estimates in modulus, which lead unrealistic

cracking in the analysis. Thus for purposes of model calibration, an estimate

of the true modulus of the A8 mixture was needed. Using the method of least

squares, the equation of a line was fitted to the modulus versus strength data

for mixtures A2, All, and A13. In Figure 30 these data are plotted along with

the linear equation, given by

E - I03800v-C - 380500

Thus knowing the compressive strength at a given age of loading, the modulus

can be estimated with the above formula. In Figure 31, the modulus development

of Mixtures A2, All, and A13 along with the estimated modulus values for A8 is

shown. These curves will be used to calibrate the time-dependent material

model for the stress analyses.

Sealed Length Change

56. The change in length or volume of a concrete specimen sealed to

prevent any drying shrinkage has been measured by a number of researchers.

Experts do not agree on the mechanism that causes this phenomenon in the

magnitudes observed. Some have attributed this change to "autogenous

shrinkage", i.e., shrinkage due to chemical processes during the hydration

process. Others believe that it may be due to moisture movement into the

aggregate. However, in order to simulate the early-age material response

properly, this volume-change phenomenon must be included in the material

35



6.0 1 1 1 1
A2

0 C3OAII5i.0 "x x XA13

u) -- ACI 318 0

z 4.0 0
0

x3Q X

-J 2.0
-3.0

S 2.0 .

0

1.0

0.0 1 1 t I I 1 I
5 10 15 20 25 30 35 40 45 50

SQUARE ROOT OF COMPRESSIVE STRENGTH IN PSI

Figure 29. Relation Between Elastic Modulus and Compressive
Strength

-- .... --60 I---I

6 57000V (ACI 316) +-- 0360 MS0 M6 3 000..

4.0

@1 3.0

0'4'

2.0
W

1.0

0.0 _ -- ._ -__ _ __
5 £0 15 20 25 30 35 40 45 50

Vrc Tpul)

Figure 30. Determination of Formula for Elastic Modulus As

a Function of Compressive Strength

36



6.0 .n I....I s.I A'

5.0

4.0
w
02

3.00

"*-"* AS (Estimated)

u. 2.0 -=-41NA2

1.0 "

0.0 *Cd .,... ,

0.1 1.0 10 100 1000

Age. days

Figure 31. Elastic Modulus Development

Gage Length
Gage 8"

Gae2

6"6"

12"

Figure 32. Geometry of Sealed Length Change Specimen

37



response model. In at least one instance (Hammons, et al, 1989) this change

has been shown to be the predominant mechanism in early-age cracking of

concrete used for resurfacing lock walls at Dashields Locks on the Ohio River.

57. Various techniques have been put forth in the literature for

measuring the macroscopic effects of autogenous length or volume change (Slate

and Matheus, 1967; Setter and Roy, 1978). For this study specimens were

6-in. by 6-in. by 12-in. rectangular prisms (Figure 32). Two sets of gage

points were cast in place at two locations on the upper surface of the

specimens with a gage length of approximately 8 in. Approximately 1 h after

time of final setting the specimens were demolded and totally enclosed in a

polyethylene vapor shield. The specimens were placed on a horizontal surface

in a temperature-controlled laboratory. The change in length between the

gage reference points was determined with a dial caliper at predetermined time

intervals to determine length change values. Specimens were weighed

periodically throughout the test program to insure that no moisture was lost

to the surroundings.

58. The results of the autogenous length change measurements are shown

in Figure 33. The curves shown in the figure are the average values of four

measurements made on two specimens of each mixture. By comparing the data

from Mixtures A2 and A8 (water-cement ratio of 0.60 for both mixtures), it

appears that sealed length change decreases with increased F/C ratio.

Similarly, by comparing Mixtures A2 and All (F/C ratio of 40% for both

mixtures), it appears that sealed volume change decreases with increased

water-cement ratio. Thus, at least for the cementitious materials used in

this study, sealed volume change should be decreased by using a high water-

cement ratio and a high level of fly ash replacement. It also appears that,

at least for Mixtures A8, All, and A13, the mixtures approach the same

ultimate sealed length change of approximately 100 millionths. This would

seem to indicate that the ultimate sealed length change is more dependent on

the cement, pozzolans, and aggregates used in the mixtures than it is on the

ratios or proportions of the constituents in the mixture. It should be noted

that sealed volume change data obtained for a similar thermal study for

Mississippi River Lock and Dam 26R (Bombich, etal, 1987) show that the

magnitudes of sealed volume change for a L&D 26R mixture with a comparable
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cement, F/C ratio of 25% (Class F fly ash), and limestone aggregate was

approximately 2/3 greater than the magnitudes measured for this study.

Thermal Properties Investigation

Adiabatic Temperature Rise

59. Tests were conducted on each of the four selected concrete mixtures

to determine the adiabatic temperature rise. Two similar adiabatic

calorimeters were used in the investigation. Each calorimeter was basically an

insulated container with a heat source and temperature controller which

maintained near adiabatic conditions. A brief discussion of the test

procedures and results follows.

60. A concrete specimen weighing 20 - 25 lb. was placed in a one-gallon

metal container and sealed on top with the lid. The concrete-filled container

was then placed onto a baseplate in the middle of the calorimeter. The

container was in contact with a thermocouple (accurate to ±0.1F) glued onto

he underside of a spring-loaded copper sheet at the center of the baseplate.

In order to provide good thermal contact, a thermal conducting paste was

placed at the contact point between the container and the copper

sheet-thermocouple assembly. The specimen was completely isolated from the

surrounding ambient conditions by a well-insulated cover. An air-filled gap

was provided between the inner wall surrounding the concrete-filled container

and the insulated outer wall. Also an air-filled gap existed underneath the

concrete-filled container. The temperature of the air in these gaps was

constantly controlled by a heat source, and the air was circulated by a fan. A

second thermocouple (accurate to ±0.1F) placed in the air-filled gap was also

connected to the heater controller, which maintained the temperature

difference between the specimen and the air surrounding it near zero. With the

thermal loss to the surroundings minimized, the continuous increase in

specimen temperature was the adiabatic temperature rise. The temperature of

the concrete was measured at two locations on the specimen container using

thermistors (accurate to +0.01°F). One thermistor was placed next to the

thermocouple at the bottom of the container, and the other thermistor was

placed at half height on the side of the container. Thermal conducting paste
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was used to insure good thermal contact between the thermistors and the

concrete-filled container. The temperature was recorded continuously using a

computer-controlled data acquisition system.

61. The results from the adiabatic temperature rise tests are shown in

Figure 34. Due to errors in the calibration of the adiabatic calorimeter, the

data from Mixtures A2 and All were in error and are therefore not shown.

Other Thermal Properties

62. The coefficient of linear thermal expansion, thermal diffusivity,

specific heat, and thermal conductivity of concrete from mixtures A8 and A13

were determined at test ages of 3 and 28 days on laboratory molded specimens.

The results of these tests are reported below.

63. The coefficient of linear thermal expansion was determined in

accordance with CRD-C 39-81 (U. S. Army Corps of Engineers, 1989) at test ages

of 3 and 28 days. Two 6-in. by 16-in. cylindrical specimens were cycled

between water baths maintained at 40F and 140F. The strains in the

specimens were measured with embedded Carlson strain meters. All data,

including the temperatures of the water baths, were acquired and recorded with

a digital data acquisition system and microcomputer. The results of the tests

are tabulated in Table 4.

64. The thermal diffusivity of each of the two mixtures at test ages of

3 days and 28 days was determined in accordance with CRD-C 36-73 (U. S. Army

Corps of Engineers, 1989) on 6-in. by 12-in. cylindrical specimens. However,

the temperature of the hot and cold water baths were maintained at 140F and

40F, respectively, rather than maintaining the hot bath at a temperature of

212F and the cold bath at essentially the temperature of the laboratory tap

water as called for in the standard method. This range of temperatures was

chosen because it is the likely range of temperatures expected in the mass

concrete. The water bath temperatures were monitored with thermocouples. The

specimen temperatures were monitored with thermocouples placed in the center

of gravity of the cylindrical concrete specimens. All data were acquired and

recorded using a digital data acquisition system and microcomputer. Two

specimens of a given mixture were simultaneously alternated between the hot

and cold baths. The specimens were allowed to remain in the bath until the

temperature at the center of the specimen equilibrated with the bath
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temperature. The results of the tests are tabulated in Table 4.

65. The specific heats of the two concrete mixtures were determined at

ages of 3 and 28 days in accordance with CRD-C 124-73 (U. S. Army Corps of

Engineers, 1989). However, as noted for the thermal diffusivity tests, the

hot and cold water bath temperatures were maintained at 140F and 400F,

respectively, rather than at 1250F and 350F as prescribed in CRD-C 124. All

temperatures were measured with thermocouples, and all data were acquired with

a digital data acquisition system. The results of the tests are given in

Table 4.

66. The thermal conductivity of the concrete was calculated in

accordance with CRD-C 44-63 (U. S. Army Corps of Engineers, 1989). This

method requires the results of the thermal diffusivity and specific heat tests

as reported above. Also required is the actual unit weight of the concrete.

This was determined by weighing the concrete specimens in air and water. The

results of these calculations are shown in Table 4.

67. The average moisture contents of the specimens are also recorded in

Table 4 for comparison and informational purposes.

68. As expected, there was very little variability in the diffusivity,

specific heat, or thermal conductivity between the two mixtures or as a

function of age. The variations noted are well within normally expected

experimental scatter and cannot be interpreted as significant.
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Table 4. Results of Thermal Properties Tests

Mixture A8 Mixture A13

Property Units 3-Day 28-Day 3-Day 28-day

Coefficient of Linear millionths 5.68 5.48 5.34 5.72

Thermal Expansion per °F

Diffusivity ft2/h 0.0359 0.0360 0.0360 0.0358

Specific Heat Btu/lb-0F 0.216 0.224 0.207 0.213

Thermal Conductivity Btu/h-0F-ft 1.14 1.19 1.11 1.15

Unit Weight lb/ft3  146.6 147.9 148.8 150.5

Moisture Content percent 4.01 5.12 3.93 4.78
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

69. The use of concrete mixtures with Class C fly ash somewhat reduces

the heat generated in the concrete at ages less than 7 days compared to

mixtures without fly ash. Mixtures with Class C fly ash lead to the

generation of more heat at early ages than would be expected from a

corresponding mixture with Class F fly ash. This effect may, however, allow

higher ratios of Class C fly ash to total cementitious materials than would be

possible with Class F fly ash due to accelerated strength gain in the first

three to five days after placement. The strength gain during this period is

critical for safe removal of formwork and anchorage of forms for subsequent

lifts.

70. Magnitudes of creep strains recorded in this study were strongly

dependent on the degree of hydration of the cement paste and the related

quantity of free water and rate of compressive strength gain. The mixtures

with higher levels of cement replacement with fly ash had over two times as

much creep at ages of 14 days or less than those with less cement replaced

with fly ash.

71. The measured magnitudes of sealed length change obtained in this

study for mixtures with Class C fly ash appear to be less than the magnitude

of sealed length change measured for similar concretes with Class F fly ash in

similar studies. This should lead to a reduction in the tendency to crack.

72. A total of 15 trial mixtures at fly ash replacement levels varying

from 25% to 60% and water-cement ratios varying from 0.45 to 0.65 were

investigated. The compressive strength data from the trial mixtures were used

to group the mixtures into four distinct groups. Group I mixtures were

considered to have strengths too low for formwork considerations. Group II

mixtures have marginal strengths, but may be acceptable for warm weather

applications. Group III mixtures have adequate strengths for the project

requirements. The mixtures in Group IV have excessive strengths for mass

concrete applications, but may be suited for high-strength applications. The

mixtures in Group III represent considerable cost savings in terms of cost of
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cementitious materials over the mixtures typically used by the Corps for mass

concrete construction in this region of the country. Unlike the mixtures used

previously, these mixtures should yield compressive strengths adequate to meet

the design strength requirements without being overly conservative. From the

matrix of fifteen mixtures, four were selected for further thermal and

mechanical properties testing.

73. Because the concrete mixtures were proportioned, at least in part,

to limit the heat generated, the cementitious material content of the mixtures

is low; therefore the workability of the mixtures may not be as good as those

typically used for mass concrete construction. However, the mixtures

proportioned in this study have adequate workability to the transported and

placed by buckets and will consolidate satisfactorily if adequately vibrated.

74. The mechanical properties and thermal properties tests resulted in

enough information to adequately calibrate the time-dependent material model

and the thermal model for a few selected mixtures. The creep tests showed

that the magnitude of creep strongly depends upon the degree of hydration of

the cement paste, associated free water, and compressive strength developed.

The values of specific heat, thermal diffusivity, and thermal conductivity of

the mixtures were not significantly affected by the use of higher levels of

fly ash replacement, as these are principally controlled by the aggregates

used in the mixture.

Recommendations

75. We recommend that the thermal and time-dependent material models be

calibrated and thermal stress analyses should be conducted using data from the

following mixtures:

Mass Concrete: Spring start - Mixture A13

Fall start - Mixture A8

High-Strength Concrete: Spring and Fall start - Mixture All

76. The innovative use of high ratios of fly ash to total cementitious

materials is a significant breakthrough in economy of construction and

controlling heat generation. However, because contractors and field

construction personnel lack experience with such mixtures, some resistance to
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using them may be encountered. Therefore, we recommend that the final mixture

portions and materials used in the field should be very similar to those used

in the thermal stress analyses. Any changes in mixture proportions or

materials (such as types of cements, fly ash, or aggregates) made in the field

should be carefully evaluated to ascertain what effects these changes might

have on early-age compressive strength, heat .generation, and thermal- and

shrinkage-related cracking. This will necessitate close cooperation between

the field construction personnel and the district materials personnel. Every

effort should be made to inform all concerned that use of these mixtures will

result in significant materials savings, reduced maintenance costs, and

increased service life, and hence reduced life-cycle costs.

77. We further recommend that buckets be used for the transportation and

placing of the mixtures proportioned in this study. Care should be exercised

to insure adequate vibration in keeping with good construction practice.

78. We also recommend that the mixtures used for construction should not

have a compressive strength of less than 500 psi at time of application of

loads to embedded formwork anchorages. The contractor should be informed of

all parameters which would affect the design of the formwork and formwork

anchorages including the possibility of concrete compressive strengths at 3 to

5 days of 500 psi. This will allow the design of formwork anchorages for this

strength. No problems are anticipated if the concrete strength at time of

loading the formwork anchorages is greater than 500 psi.

79. In most cases no service loads will be applied to the structure until

approximately 6 months or more after the concrete is placed. The traditional

practice of specifying the design strength at 28 or 90 days has led to

structures with concrete strengths at one year of 1.5 to 2 times the specified

design strength. Therefore, the design strength of the concrete should be

specified at no earlier than 120 days, which will result a more economical

structure with no compromise in structural integrity. Any atypical

construction loads such as cranes or other heavy equipment applied to the

structure prior to the concrete attaining its specified design strength should

be carefully and deliberately evaluated to determine if the concrete strength

is adequate to allow the structure to carry the required loads without

sustaining damage.
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The gravel Is pale yellowish brown chart composed of blocky, pyramidal, and
tabular particles with rounded edges and corners. Chart was the major con-
stituent of each sieve fraction larger than 9.5 mm (3/8 in.) with the
remainder quartz and miscellaneous particles.

The sand is primarily chart in sizes larger than 2.36 mmn (No. 8), with quartz
and feldspar increasing in the smaller sizes. A trace of heavy minerals in
present In the smaller sizes. as Is chalcedony. Quartz content ranges from

632 to 90% of the sizes passing the 1.18 mm (No. 16) sieve. Individual par-
ticles are blocky, tabular, spherical and ellipsoidal In shape.
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The crushed stone from Granite Mountain Quarry is a speckled medium light gray
rmedium to coarse grained igneous rock classified as a syenite. Composition
and textural characteristics are similar to those of granite. Physically, the
stone is angular with rough surface texture. Twelve percent are considered
flat as defined in CRD-C 119. Physically, the aggregate sample from this
source appears structura1ly suund and durable and is free of potentially
alkali-silica reactive conscituents.

601011
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MIXTURE PROPORTIONS
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Mixture No.: Al

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 184.6 0.939

Fly Ash 98.8 0.626

Fine Agg. 1302.1 7.934

Coarse Agg. 3/4" 943.9 5.955

Coarse Agg. 1-1/2" 1151.5 6.991

AEA 3.1 oz --

WRA ....

Water 200 3.205

Air 1.350

Total 3881.1 27.000

Mixture No.: A2

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 190.1 0.967

Fly Ash 101.7 0.644

Fine Agg. 1274.8 7.768

Coarse Agg. 3/4" 964.3 6.084

Coarse Agg. 1-1/2" 1176.6 7.142

AEA 3.2 oz --

WRA --

Water 190 3.045

Air E 1.350

Total 3897.5 27.000
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Mixture No.: A3

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 195.3 0.994

Fly Ash 104.6 0.662

Fine Agg. 1282.7 7.816

Coarse Agg. 3/4" 970.4 6.122

Coarse Agg. 1-1/2" 1184.0 7.187

AEA 1.3 oz --

WRA 18.0 oz --

Water 178.3 2.869

Air 1.350

Total 3916 27.000

Mixture No.: A4

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 208.2 1.059

Fly Ash 82.4 0.522

Fine Agg. 1299.1 7.916

Coarse Agg. 3/4" 941.7 5.941

Coarse Agg. 1-1/2" 1149.1 6.975

AEA 2.6 oz --

WRA -- --

Water 202 3.237

Air " N"- 1.350

Total 3882.5 27.000
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Mixture No.: A5

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU PT)

Portland Cement 217.7 1.107

Fly Ash 86.1 0.546

Fine Agg. 1267.4 7.723

Coarse Agg. 3/4"1 958.7 6.049

Coarse Agg. 1-1/211 1169.7 7.100

AEA 3.0 oz --

WRA -- --

Water 195 3.125

Air 1.3 50

Total 3894.6 27.000

Volume of water is volume of water plus WRA

Mixture No.: A6

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 218.1 1.110

Fly Ash 86.3 0.546

Fine Agg. 1282.7 7.816

Coarse Agg. 3/4"1 970.4 6.122

Coarse Agg. 1-1/2"1 1184.0 7.187

AEA 0.9 0z --

WRA 18.3 oz --

Water 178.3 2.869

Air _____________ 1.350

Total, 3920.5 27.000
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Mixture No.: A7

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 236.6 1.204

Fly Ash 63.3 0.401

Fine Agg. 1328.7 8.096

Coarse Agg. 3/4" 923.3 5.825

Coarse Agg. 1-1/2" 1126.7 6.839

AEA 2.7 oz --

WRA -- --

Water 205 3.285

Air..... .. .. . 1.350

Total 3883.6 27.000

Mixture No.: A8

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 250.0 1.272

Fly Ash 66.9 0.424

Fine Agg. 1293.9 7.885

Coarse Agg. 3/4" 937.9 5.917

Coarse Agg. 1-1/2" 1144.4 6.947

AEA 3.5 oz --

WRA -- --

Water 200 3.205

Air 1.350

Total 3893.1 27.000

59



Volume of water is volume of water plus WRA

Mixture No.: A9

MATERIALS S. S. D. WEIGHTS SOLID VOLUME

ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 253.7 1.291

Fly Ash 67.9 0.430

Fine Agg. 1306.4 7.960

Coarse Agg. 3/4" 947.0 5.974

Coarse Agg. 1-1/ 2 11 1155.5 7.014

AEA 1.1 0z --

WRA 19.3 oz --

Water 185.3 2.981

Air _____.... _________,1.350

Total 3916.5 27.000

Volume of water is volume of water plus WRA

Mixture No.: A10

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 212.5 1.081

Fly Ash 113.7 0.720

Fine Agg. 1241.4 7.564

Coarse Agg. 3/4" 980.5 6.186

Coarse Agg. 1-1/2" 1196.3 7.262

AEA 1.6 oz --

WRA 19.6 oz --

Water 176.3 2.837

Air 1.350

Total 3921.4 27.000
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Mixture No.: All

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 232.0 1.180

Fly Ash 124.2 0.787

Fine Agg. 1200.2 7.313

Coarse Agg. 3/4" 990.3 6.248

Coarse Agg. 1-1/2" 1208.2 7.334

AEA 1.8 oz

WRA

Water 173.2 2.788

Air ___1.350

Total 3928.9 27.000

Volume of water is volume of water plus WRA

Mixture No.: A12
MATERIALS S. S. D. WEIGHTS SOLID VOLUME

ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 158.2 0.805

Fly Ash 127.1 0.805

Fine Agg. 1325.3 8.076

Coarse Agg. 3/4" 960.7 6.061

Coarse Agg. 1-1/2" 1172.1 7.115

AEA 1.4 oz --

WRA 17.1 oz --

Water 173.4 2.788

Air 1.350

Total 3916.8 27.000
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Volume of water is volume of water plus WRA

Mixture No.: A13

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 171.0 0.870

Fly Ash 137.4 0.870

Fine Agg. 1285.5 7.833

Coarse Agg. 3/4" 972.4 6.135

Coarse Agg. 1-1/2" 1186.5 7.202

AEA 1.5 oz --

WRA 18.5 oz --

Water 170.3 2.740
ir

Air _________________1 .350

Total 3923.1 27.000

Volume of water is volume of water plus WRA

Mixture No. : A14

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YD BATCH (LB) ONE CU YD (CU FT)

Portland Cement 180.0 0.916

Fly Ash 144.6 0.916

Fine Agg. 1253.8 7.640

Coarse Agg. 3/4" 990.3 6.248

Coarse Agg. 1-1/2" 1208.2 7.334

AEA 1.9 0z --

WRA 19.5 oz --

Water 161.3 2.596

Air _ _ _ _, ___ ....... ___1.350

Total 3938.2 27.000
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Volume of water is volume of water plus WRA

Mixture No.: A15 ___________ ___________

MATERIALS S. S. D. WEIGHTS SOLID VOLUME
ONE CU YID BATCH (LB) ONE CU YID (CU FT)

Portland Cement 137.9 0.701

Fly Ash 165.0 1.051

Fine Agg. 1300.3 7.923

Coarse Agg. 3/4"1 983.6 6.206

Coarse Agg. 1-1/2"1 1200.1 7.285

AEA 2.1 oz -

WRA 18.2 0z --

Water 154.3 12.484

Air ____________1.35 0

Total 3941.2 27.000
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