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FOREWORD

This report presents the findings of a State-of-the-Art review in
which available information on a broad spectrum of materials which
may have potential for improving the characteristics of pavements with
regard to reducing future maintenance, was synthesized. Materials
studied included Gussasphalt, asbcstos asphalts, sulfur modified
asphalts, noncalcareous inorganic cements, expansive cements, fiber
reinforced concrete, polymers in concrete, sealants, ceramics, pre-
stressed concrete and vacuum processed concrete. None of the materials
or materials systems will singularly provide the desired improved
performance. However, many of the materials possess desirable
characteristics and when combined with other materials or techniques
could greatly extend the maintenance free life of a high traffic
volume pavement.

This report is being distributed to materials and pavement researchers
involved in work with the materials studied.

Director, Office of Research

NOTICE

This document is disseminated under the sponsorship of the Department
4of Transportation in the interest of information exchange. The United

States Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the U.S. Army Engineer
Waterways Experiment Station, which is responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation.

The United State Government does not endorse products or manufacturers.
Trademarks or manufacturers' names appear herein only because they areconsidered essential to the object of this document.

JciI /



PREFACE

This report was prepared for the Federal Highway Admin'qtration (FHWA),

Office of Research and Development, Materials Division, Department of

Transportation, Washington, DC, under an intra-government contract,

Order No. 4-1-0189, dated 3 May 1974. The FHWA technical monitor for

this work was Mr. K. C. Clear.

This report was compiled and organized by Mr. G. C. Hoff, Chief,

Materials Properties Branch, Concrete Laboratory (CL), US Army Engineer
S Waterways Experiment Statioa (WES). The various chapters within the !

report were prepared by the following WES staff members:

Chapter No.

1, 7, 8, 9, 10, 15 George C. Hoff, Chief, Mat-rials
Properties, Branch, Conctete Laboratory

2, 3, 4, 5 Lenford N. Godwin, Civil Engineer,
Pavement Materials Research Facility,
Soils and Pavements Laboratory

6 Alan D. Buck, Acting Chief, Petrography
and X-Ray Branch, Concrete Laboratory

11 Tony B. Husbands, Chief, Chemistry and

Plastics Branch, Concrete Laboratory

12 Katharine Mather, Chief, Engineering
Sciences Division, Concrete Laboratory

13, 14 Kenneth L. Saucier, Research Civil
Engineer, Concrete and Rock Properties
Branch, Concrete Laboratory

The report preparation was done under the general supervision of

Messrs. B. Mather, Chief. CL; J. M. Scanlon, Jr., Chief, Engineering
Mechanics Division, CL; J. P. Sale, Chief, Soils and Pavements Laboratory

(S&PL); A. H. Joseph, Chief, Pavement Investigation Division, S&PL; and

T. I). White, Chief, Pavement Materials Research Facility, S&PL.

Directors of WES during this study and preparation of this report

were COL G. H. Hilt, CE, and COL J. L. Cannon, CE. Technical Director

was Mr. F. R. Brown.
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CONUKRSION FACTORS, U. S. CUSTOMARY TO METRIC (SI,
UNITS OF MEASUREMENT

U. S. customary units of measurement jused in this report t..n b con-

verted to metric (SI) units as follows:r Multiply- By___ To Obtain

inches 25.4 millimetres

feet 0.3048 metres

square inches 6.4516 sqiare centimetres

miles 1609.3 metres

square feet 0.09290304 ,quar-. metres

square yards 0.83612/4 square metres

cubic feet 0.02831685 cubic metres

k-,'.bic yards 0.7645549 cubic met;!s

cubic centimetres 0.000001 cubic metres

inches per minute 25.4 millimetres per minute

centimetre per second 10 millimetres per second

grams 0.001 ki'ogrtms

pounde (mass) 0.4535924 kilograms

tons (2000 pounds mass) 907. 184-1 kilograms

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

pounds (mass) per cubic yard 0.59327638 kilograms per cubic metre

pouid, (force) 4.448222 newtons

pounds (force) per inch 175.1268 newton per metre

pounds (force) per square inch 0.0068947f.1 megapascals

foot-pounds (force) per inch 53.378661 joule per metre

foot pounds (force) per square 14.59390 joule per square metre
foot

Btu iuch per hour square foot 0.1442279 watt per metre kelvin
degree Fahrenheit

poise 0.1 pascal second

centipoise 0.001 pascal second

centistokes 0.000001 square metres per second A

milliliter 0.000001 cubic metres
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Multi ______ By To Obtain

ounce (US liquid) 0.00002957353 cubic metres

ohms per square foot 10.76391 ohms per square metre a

Fahrenheit degrees 5/9 Celsius degrees or Kelvins

aTo obtain Celsius (C) tempefature readings from Fahrenheit (F)

re~adings, use the foliwing formula: C = (5/9)(F - 32). To ob-

xxiv
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IDENTIFICATION OF CANDIDATE ZERO

MAINTENANCE PAVING MATERIALS

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

. i. |,aintainability is a built-in characteristic of any i'hysical systew

and can be defined as a measure of the effort needed to maintain the

system. Pavement maintainability is usually measured by the annual

maintenance costs for the life of the pavement. Often a maximum accepta-3 ble amount of maintenance is specified for a particular pavement.

In highway design, trade-offs exist between initial costs and future

costs. The principal future costs for a highway are maintenance costs

and road user costs, In the past, the options in design have usually

been either high initial cost and low maintenance costs or lower initial

costs and higher maintenance cost. Unfortunately, future maintenance

costs are usually difficult to estimate. Even if the future maintenance

effort could be determined, it's satisfactory implementation may be

constrained by budgets limited for administrative organizations that are

;.ncapable of performing the work, or by administrative or political

decisions to make low maintenance a goal. To minimize these potential

sources of difficulty, it would be ideal to begin with a pavement that

requires little or "zero maintenance." Zero maintenance as used in this j
report refers only to the structural adequacy of the pavement system.

Zero maintenance or low maintenance is not a goal which should be

sought to the point where its implementation requires a disproportionate

ircrease in construction costs. Increased first cost could be justified,

within limits, if it produced decreased rates of deterioration and, hence,

decreased needs for maintenance and repair and later replacement. Esti-

mates have shown, for example, that an additional $500K per mile would

be justified on a high volume, six-lane urban expressway if the time

to first overlay It for maintenance reasons could be doubled. R

S4'
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Some pavements made with conventional paving materials have been

in service for 30 to 40 or more years with very little, if any, sig-

nificant need for maintenance and repair. These c-uld be looked upon as

examples o" -teful overdesign or as examples of cases where locally

available economical materials were of unusually 1-Lgh quality and the

construction techniques were nearly perfectly adapted to the environ-

mental conditions of use. The truth is probably somewhere between the

two, however. These pavements generally have not been in heavy traffic

regions. Increased pavement use is associated with increased rates of

deterioration and increased need for maintenance and repair and earlier

replacement, In some instances, pavements have required maintenance, repair,

or replacement very soon after construction due to a single specific 4

deficiency -- either one involving tailure to follow requirements of

specifications or failure of the specifications to require what was

needed. The first case is something which must be handled individually

for each job. The second case requires proper design for anticipated

loads and environmental conditions. A material for zero maintenance

pavements is a part of this proper design.

Many new materialr -r composite materials are developed each year

for a wide variety of end uses and some of these could probably be adapted

to pavement systems if costs were not a consideration. Regarding these

materials, the underlying question raised by the United States Federal

Highway Administration ir:

Can new materials L,- used to construct a pavement which will
provide satisfactozy "rideability" to exceptionally heavy
traffic without requiring maintenance for "X" years, where
"X" may vary from 20 to 40 years.

By "new materials" is meant materials other than those used in con-

ventional portland cement and bituminous concrete pavements which can

be used co form a materials system for structural pavements. Th

addition of a single new material to the conventional meterials sytems

qualifies the system as a new materials system. Both precast and field-

formable materials systems can be used. Ideally, the new materials system

should exhibit, in addition to the desirable qualities of present concretes,

th3 following characteristics:

2
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a. A rapidly developed significant tensile strength (rigid systems)

or sufficient elasticity to accept vehicle and environmenta] stresses

without cracking or distortion (flexible systems).

b. Low thermal expansion characteristics.

c. Low volump change upon placement.

d. Low volume change upon wetting and drying.

e. Greater durability in the pavement environment.

Above all, the new materials system should not result in significant

increases in the initial cost of construction. Moderate increases,

Soffset by anticipated benefits, are acceptable.

1.2 OBJECTIVE

In order to attempt to answer the question raised by FIIW4A, the

following research objectives were established:

Task A. Conduct a detailed literature survey to determine the new

materials which are available for adaptation and use in highway con-

struction. This search shall cross technical lines to include materials

which may not have been previously considered for highway application.

Consultations with technical experts shall be held, if necessary, to

procure information on unpublished work.

Task B. Expand Task A to include data of other researchers and

examples of highway applications of these materials. Rate the materials

on the basis of their properties, ease of construction, ease of maircenance

when necessary, availability, costs, and environmental compatibility.

Task C. Prepare similar rating sheets of Task B [or conventional

portland cement and bituminous concretes.

Task D. Using the data and experience on new matcrials Systems,

recommend the research design for future detailed developmental and

refinement work on these materials. This recommendation should include

detailed listings of the testing which is necessary for incorporating

these new materials into construction with ,easonable assurance that

they will not fail prematurely.

34
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1.3 SCOPE

1.3.1 Task A. A number of meetings were held at the Waterways

Experiment Station (WES) among the various staff members who had an

expertise relating to the type of materials and materials systems which

could be considered as candidate zero maintenance paving materials.

The findings of these meetings resulted in a categorization of possible

zero maintenance materials into six groups:

Categ(ry Material or Materials System

I Fiber Concrete, Polymer Concrete, and
Expansive-Cement Concrete

2 Ceramic Materials

3 Sealant Systems

4 Noncalcareous Inorganic Cements

5 Special Construction Techniques

6 Organic Cementing Systems

A more detailed breakdown of each category is contained in Table 1.1.

The listing shown in Table 1.1 represents the findings of Task A and is

the plan for further consideration of candidate materials for zero

maintenaace.

As is the case in most research, other materials or materials

systems became apparent as work pr,<gressed. These included such materials

systems as nonasphalt organic bindei. for flexible pavements, super water

reducers for concrete, rolled fill c icretes, and others. Especially

intriguing are combinations of the vz "ious materials already under con-

sideration. With engineering imagin; ion, the list will continue to

grow with time and for che pruposes oi this report it was only feasible

from both a cost and time standpoint to consiaer only those items

noted in Table 1.1.

1.3.2 Task B. The expansion of the categories of Table 1.1 into

detailed information represents the main thrust of Task B. This informa-

tion is found in the following sections of this report:

4
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Cacgory Description Chapter

1 Expansive Cement Concrete 8

Fiber Reinforced Concrete 9
Polymers in Concrete 10

2 Ceramic Materials 12

3 Sealant Materials 11
4 NonCalcareous Inorganic Cements 6
5 Prestressed Concrete Pavements 13

Vacuum Processed Concrete 14

6 Gussasphalt 3
Asbestos Asphalts 4
Sulfur Modified Asphalts 5

Some of the items listed in each category may not be described in the

appropriate chapter due to lack of information on thE material or materials

system, but all were given consideration and an attempt made to docu-

ment the findings.

1l 1.3.3 Task C. The characteristics of asphalt concretes and con-

ventional portland cement concretes are briefly summarized and documented

in Chapters 2 and 7, respectively. No attempt was made to document the

innumerable applications of these materials.

* I 1.3.4 Task D. The ratingsof each material or materials system

from Tasks B and C are contained in Chapter 15 along with the recom-

mendations for future detailed development and refinement work on these

materials.

b5
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- Table 1.i

Zero Maintenance Candidate Materials C2eJre

Category 1: Fiber Concrete, Polymer Concrete, and Expansive-Cement Concrete:

Fiber-Reinforced Concrete
Polymer Concrete
Polymer-Portland Cement Concrete

4 Polymer-Impregnated Concrete

- , Expansive-Cement Concretes

Category 2: Ceramic Materials:

~Calcined Bauxites

Refractory Shapes
Cement Clinker Aggregates
Expanded Clay, Shale, and Slate as Lightweight Aggregates
Some Pozzolans, Especially Fly Ash, and Calcined Shale
Slag, Particularly Finely Ground Granulated Slag as a Constituent of
Portland-Blast-Furnace Slag Cement

Category 3: Sealant Systems:

Thermosetting Polymers (Liquid):
$Epoxy Resins

Polyesters
Polyurethanes

Asphaltic Materials:

Mastic Asphalt
Asphaltic Concrete
Coal Tar
Rubberized Asphalt

Other Resins (Liquid): 4'

Linseed Oil
Silicones
Chlorinated Rubber
Latex
Acrylics
Waxes

Sheet Materials:
Rubber Sheets
Polymer-Impregnated Fabric Sheet
Bituminous Coated Membrane
Modified Coal Tar Reinforced with Fabric

(Continue d)
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Table 1.1 (Concluded) I
Category Noncalcareous Inorganic Cements:

Sulfur
Phosphate Cements
Sorel Cements

Cate~ory 5: Special Construction Techniques:

Precast Concrete
Prestressed Concrete
Vacuum Processed Concrete

Category 6: Organic Cementing Systems:

Gussasphalt (Mastic Asphalt)
Asbestos Asphalt
Rubberized Asphalt
Epoxy
Fiber-Reinforced Asphalt Mixtures
Sulfur-Modified Asphalt M'.xtures

A
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CHAPTER 2

ASPHALT CONCRETE

J

INTRODUCTION

2.1 BACKGROUND

The information presented in this chapter provides a capsule look

at the current state-of-knowledge of asphaltic concaete as it is used

today. This material is not a zero-maintenance candidate material as

experience gained from its cc-ntinuous use from the 19th century has

indicated a need for constantly routine maintenance. The information

presented in this chapter is to be used as a comparison base for other

types of improved asphalt systems, some of which are described in

Chapters 3, 4, and 5.

Since the beginning of placing asphalt pavements in the United

States in the 19th century, many different types of asphalt pavingf mixtures have been developed. One such mixture is asphaltic concrete.

Asphaltic concretes are generally preferable to sheet asphalt, sand

asphalt, or stone-filled sheet asphalt when the pavemeat is subjected
9

to heavy traffic." The physical properties of conventional asphalt

concretes and the influence of various parameters such as binder con-

tents, temperatures, aggregates, etc., are presented in the following

sections. It should be noted that some of the data presented are not

normally used to evaliate aspha't concrete; therefore, such data should

not be weighed heavily.

2.2 DESCRIPTION OF MATERIAL

Asphalt concrete (conventional asphalt concrete) is a "high quality,

thoroughly controlled hot mixture of asphalt cement and well-g-aded, 3I
high qualit\ aggregate, thocroughly compacted into a uniform dense mass...

8
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C MECHANICAL PROPERTIES

2.3 TEiPERATU'RE AND TIME DEPENDENCY

4,5,6,7i A review of literature4 ' ' ' indicates that the stress-strain

characteristics of an asphalt are temperature dependent and time dependent.

Any change in test temperature or loading rate (time) can produce large

changes in the strength characteristics.

2.4 COMPRESSIVE STRENGTH

Compression testing is not a method normally used for evaluating asphalt

concretes. Methods such as the Marshall stability test are generally

used to evaluate asphalt concretes; therefore, compressive _trattgch data

are very limited and no real significance should be placed on it.

Hevitt and Slate7 conducted triaxial compression tests on

2-1/2- x 2-1/2- x 5-in. specimena using confinement pressures of 0 psi

and 30 psi. Specimens were prepared using one type aggregate, one

asphalt content (5.5 percent) and five types of asphalt. Test tempera-

tures of 80F and 140F were used at a load rate of 0.05 in./min. The un-

confined test yielded compression values of 35 to 48 psi at 140F and

100 to 155 psi at 86F (See Table 2.1). The confined triaxial test values

ranged from 199 to 205 psi at i40F and 244 to 285 psi at SOF. The effect

of the different types of asphalt on the compressive strength did not i

appear to be very significant, but this may be due in part to the rela--

tively narrow range of asphalt penetrations (70-94) with the exception of
8

cnu asphalt. Unconfined iompression data by Hickey in whi n r different

asphalt concrete (low voids) was tested at a load-ing rate of 0.2 in. per

minute and at 140F indicated a compressive strength range of 108 to

158 psi as the asphalt content was decreased from 8.5 percent io 7.5 percent.

These asphalt concrete mixtures had very low void contents (0.18 to

1.15 percent), however, which are lower than most designs allow.

The above unconfined compressio,: testing data indicate that the

range or variation in the compression strength, under the test conditions

as previously stated, is small, 35 to 285 psi and changes in asphalt type

and content are still within the 35 to 285 psi range. This indicates that

9 .
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compressive strength appears to be inflIenced more by temperature and

rate of loading (time) than by asphalt t,.pe or content.

2.5 MRSHALL STABILITY

4 Marshall stability is a measure of the resistance of a mixture to

plastic deformation. Typical marshall stability values are shown in

Table 2.2. It should be noted that for properly evaluating increases

in stability, other marshall properties, such as flow, should also be

evaluated. High stability way Pot be dezLrable if the flow valueE are

not within desired limits.~9
2.5.1 Effects of Amount aid Type of Binder. Pignataro conducted

marshall stability test on 4-in. diameter by 2-1/2-in.-high asphaltic

concrete specimens. Five asphalt contents, three asphalts, and one

aggregate were subjected to loading at six different temperatures. The

results for tie marshal) test are presented in Table 2.2. Density and

void data of thi test specimens are presented in Table 2.3. Plignataro's
9

data indicate at stability values increase with incr-_nasng asphalt

* content up to an optimum and then decrease wIh increasing atiphalt

.ontent. A decrease in asphalt penetration also britigh nboat In increase

in the mixture's stability. Flow, which is always used tn onjunct.,.n

with stability, always increases with an increase in the asjh.:t content.

Density and air void values are also influenced by apha|lt ontent and

therefore, are included in marshall design requiremenL. lDehsity is

similar to the srability and asphalt content relaionship in th.t as the

asphalt content increases, the density reaches an optimum value. Void

content continues to decrease with increasing asphalt conterts. ie

7- type or penetration of the asphalt used in the marshall tents did not

significantly influence any of the test propertie. excepL stanility.

2.5.2 Effects of Aggregate and Filler Materials. Marshall stability

can be increa3ed by using crushed aggregates instead of ungraded natural
10

aggregates. Figure 2.1, (a) and (b), represents the effeets on

marshall stability and flow, recpecrively. that can be expected when

using crusheL, a rgregates. From Figure 2.i it appears that the use of a

crushed fine aggregate will improv2 the marshall stability and flow more

10
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than the use of a crushed coarse aggregate. Rescarch by Heithaus and

Izatt also indicates that angular aggregates will produce higher

stability values and that the addition of filler materials will increase

the stability up to a point and then the stability will decrease.

2.5.3 EffecLs of Proportioning and Curing. The effects of proper

proportioning are described in Section 2.5.1 and can be sec. in Table 2.2.

Curing factors, such as wet curing, iry curing, etc., are not generally

used in evaluating stability.

k 2.5.4 Effects of Temperature. Variations in temperature of an

asphaltic concrete can produce strength property changes of large magni-

tudes. Generally lower strength characteristics occr "L nigh temp L ..r

and h',gh strength characteristics at low temrpratures. The effect of

temperature on marshall stability is siown in Figure 2.2. The stability

at 176F is approximately 400 lb, but the stability at 86F is approximately

10 times greater. Increases in strength characteristics such ns shown

in Figure 2.2 are not uncommon for asphaltic concrete. The changez in

the compressi-ve strength of unconfined specimens as given in Table 2.1

also show a rapid increase as the temperature is reduced from 140F to

80F Even higher strength properties can be obtained as the temperature

is reduced closer to the glassy temperature range of the asphalt.

2.6 FLEXURAL STRENGTH

I 2.6.1 Effects of Amount and Tyne of Binder. Flexural testing,12,13

indicates that che stiffness and modulus of rapture of asphalt concrete

mixtures are influenced by the penetration grade of the asphalt. Figure 2.3

and Table 2.4 show how these flexural properties can be influenced by

the different asphalts. Penetration grade aspnalt 40/50 when tested at

25F at a loading rate of 0.02 in./min shows a stiffness value of over

90,000 psi and a modulus of rupture of appioximatelv 900 psi. Under the

same test conditions, a 200/300 penetration grade asphalt mixture has a

stiffness of less than 12,000 psi and a modulus of rupture of approximately
%" 13

200 psi. Zuehlke has shown (Table 2.5) that variations in the binder

coi tent do not produce le-ge changes in the flexural properties, as

compared to changes chat occur with tenperature 'ariation.

11



2.6.2 Effect of Aggregate and Filler Materials. The aggregates in

Table 2.5 were dense graded. Even though two of the aggregates were

crushed stone and the other a crushed gravel, all of different gradations,

the difference in the resulting flexural strength propertias was not

significant. The addition of filler tends to decrease the void concent

and increase density.1 4 '1 5 The resulting change in densification results
~15

in different mechanical properties.

2.6.3 Effects of Proportioning and Curing. The trends established

in Table 2.2 and described in Section 2.5.1 for the effects of proportioning

on marshall stability also apply to flexural strength. As in the case

fo. marshall stability curing factors such as wet cure, dry cure, etc.,

are generally not considered in the evaluition of flexural strength.

2.6.4 Effects of Temperature. Temparature has a great effect on

flexural strength properties of asphalt concretes. The flexural stiffness

and modulus of rupture are temperature dependenc. As seen in Tables 2.4

and 2.5 and Figure 2.3, the stiffness of an asphalt concrete will vary

from near zero at high temperatures (10OF) to near 400.000 psi at --SF,

while the modulus of rupture will also vary from near zero to 1200 psi.

Such changes in the strength of an asphalt concrete are not unusual. At

low temperatures, the failure of an asphalt concrete is partly in the

asphalt and partly in the aggregate, but at high temperatures the failure
12

is in the asphalt cement binder and not in the aggregate.

2.7 TENSILE STRENGTH

2.7.1 Effects of Amount and Type of Binder. Epps and Monismith
4

performed direct tensile tests on various asphaltic concretes at one

temperature (68F) and one time of loading (0.1 sec). The results are

shown in Table 2.6. The tensile stress at fracture was approximately

600 psi for asphalt concrete prepared from penetration grade 40-50, 60-

70, and 85-100 asphalts at an asphalt content of 6 percent. The strain

values for the 60-70 and 85-100 penetration grade asphalts were approxi-

mately 0.02 in./in., but the 40-50 penetration grade asphalt mixture had

a strain of 0.005 in./in.; a significant reduction in strain with a

corresponding increase in stiffness. A crushed basalt aggregate was

12
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also tested at asphalt contents of 5.7, 6.7, and 8.7 percent (Table 2.6).

Regardless of the asphalt content, there was no signiricant difference

4' between stress, strain, or stiffness at fracture of the test specimen.

2.7.2 Effects of Aggregate. The data in Table 2.6 also show the

effects of changing the gradation or type of aggregate. The data for

the California "fine" gradation appears to have a slightly higher stress,

strain, and stiffness than the "medium" gradation mixtures which had

tensile strengths slightly higher than the "coarse" gradation mixtures.

This may be partly due to a higher filler or fines content but this is J

not conclusive. The tensile strengths of asphalt concretes prepared

from crushed limestone, crushed gravel, and crushed granite are shown in

Figure 2.4. The granite and limestone aggregates appear to follow the

same path, but the granite aggregate mixture had a lower stress value V

(368 psi) than the limestone aggregate mixture (465 psi) and a strain

value that was considerably lower. The crushed gravel mixture had a

higher stress value than the other two aggregate mixtures, but the

strain was approximately the same as the strain in the granite mixtures.

Different aggregates will cause some differences in the tensile properties

of a mixture, but the effect on the tensile strength will usually not be

significant.

2.7.3 Effects of Proportioning and Curin . There is little informa-

tion on pioportioning effects on tensile strength, although it is believed

follow trends similar to those of marshall stability and flexural

strength. Again, curing factors such as wet cure, dry cure, etc., are

not usually a consideration with asphaltic concretes.

2.7.4 Effects of Temperature. Tensile testings by Hewitt and

Slate7 and Tons and Krokosky,16 indicate that temperature has a sig-

nificant influence on tensile properties of an asphalt concrete mixture.
'7

The test results from Hewitt and Slate' (Table 2.7) show that the tensile

strength at 60F can increase more than 10 times when the temperature is

reduced to OF; that is from 20 to 50 psi at 60F to 300 to 500 psi at OF.

The same temperature influence was also found by Tons and Krokoskv6 as

shown in Figure 2.5. At temperatures of 120F the tensile strength was

approximately 20 psi, but as the temperature was decreased, the tensile

J,.
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strength increased by 300-500 psi. Somewhere between +20F and -20F the

asplialt was believed to have approached the glassy temperature range,
--- 16

and as a result the binder became more glass-like than elastic. As a

result, the tensile strength was slightly reduced. The effects of

loading rates (time) on tensile strength can also be seen in Table 2.7.

Faster loading results in higher strength and slower loading produces

lower strength characteristics.

2.8 DIMENSIONAL, CHANGES 17

2.8.1 Thermal Expansion and Contraction. Littlefield evaluated

3-in.- by 3-in.- by 16-in.-long asphalt concrete beanis and concluded

that:

a. Asphalt binder from different sources will produce different

amounts of expansion and contraction between OF and 130F.

b. The thermal coefficient of expansion data should >iclude the

tempetature range, grade, and source of the asphalt binder.

c. The amount of shrinkage during expansion and contraction testing

was more than the amount of expansion; consequently, the mixture tended

to densify.

* The expansion and contraction characteristics obtained by Littlefield
17

are presented in Table 2.8. Other research 18 indicates that an asphalt

concrete exhibits two different thermal coefficients of expansion and

contraction. One is called the solid thermal coefficient and applies to

the expansion and contraction measure below the transition temperature

of the asphalt. Above the transition temperature the coefficient is

called a fluid thermal coefficient.
1-9

2.8.2 Due to Moisture Changes. Test conducted by Zube and Cechetini

on asphalt concrete made with highly absorptive aggregates indicated

that moisture absorbed from the air can cause considerable expansion.

When exposed to moist air the test specimens expanded and when exposed

to drier air the specimens contracted, but the contraction was always
less than the expansion. This expansion and contractio, is shown in

Figure 2.6. Such expansion and contraction can cause rapid failure or

14
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cracking of the asphalt concrete. Asphalt concrete made with nonabsorptive

aggregate did not show this type of behavior as a result of being exposed

to moisture.

2.9 DURABILITY

Asphaltic concrete durability is not a measurable physical property;

therefore data are not available for this property.

2.10 ABRASION RESISTANCE

Abrasion tests are not usually performed on asphalt concrete

mixtures, herice, no abrasion resistance data are presented.

2.11 TOUGHNESS

Toughness is another physical property that is not normally used

in evaluating asphalt concretes. Data, if available, would be dependent

on temperature and time.

2.12 FATIGUE STRENGTH AND DYNAMIC CONDITIONS

20,21,22,23
A review of the literature indicates that the fatigue

characteristics of bituminous concrete are influenced by parameters such

as binder content, '.oid content, temperature, etc., but the degree of

influence will vary because of the various testing conditions and

methods used by researchers. Mixtures tested under controlled stress

(load) conditions will have different fatigue properties than the same

mixture when tested under a controlled strain (deflection) loading mode

(Figure 2.7). Epps and Monismith summarized some of the existing

fatigue data to show the influence of various parameters on fatigue of

bituminous mixtures. Tables 2.9, 2.10, and 2.11 show the effect of many

of the various parameters.

2.13 PERMEABILITY

8 24 25Tests by Hickey, Goode and Lufsey, and Mullen indicate that

the permeability of an asphalt concrete decreases as the air void content

is decreased. They concluded that generally asphalt concretes with low

air voids (3 to 6 percent) are impermeable to either water or air. Air
24

permeability data are presented in Table 2.12 and show the effect of

4 15
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void content. Water permeability tests 2 5 indicated that the asphalt

concrete specimens with less than 6 percent voids had a permeability

of 0.0001 X 10-4 cm/sec or less. Specimens with a permeability of

-40.0001 X 10 cm/sec or less are considered to be impermeable. Since

the permeability of an asphalt concrete is dependent on the amount of

air voids, the permeability can be controlled by varying the amount of

binder in the mixture or by changing aggregate gradations.

1i
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Table 2.3

Summary of Density-Voids D'ata

for Asphaltic Concrete9

% Asphalt Cement % Voids of % Total Voids Density,
eby!Weiht of Total Mix Total Mix Filled with Asphalt Pcf

Asphalt penetration 52

5 6.3 64.0 149.5
5-1/2 4.5 74.5 151.7
6 2.8 83.7 153.1
6-1/2 1.8 90.0 153.6
7 1.2 93.5 153.3

Asphalt penetration 76 4

5 6.6 64.2 149.4
5-1/2 4.5 74.4 151.5
6 2.9 83.5 152.9
6-1/2 1.8 89.1 153.4
7 1.3 92.9 153.0

Asphalt penetration 108

5 6.6 63.9 149.3
5-1/2 4.6 74.3 151.4
6 .182.4 152.6
6-1/2 1.8 89.8 153.4
7 1.3 93.2 153.1

Table 2.4

Average of Asphaltic Concrete Flexure Test Results'2

Asphalt Grade Temperature, Stiffness Modulus, Rupture Modulus,

Penetration OF psi psi

40/50 +25 91,318 891

-5 283,109 827 1
-35 420,000 779

85/100 +25 48,214 508
-5 226,826 905 I "

-35 319 ,077 7. )

200/300 +25 ii,671 225
-5 117,482 895
-35 268,118 869
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Table 2.7

Tensile 'rest Results of Asphaltic Concrete as

Influenced by Temperature and Rate of Loading

Rate of
Temperature, Loading Tensile Strength, psi

OF in./min 70* 94* 173* 80* 90*

60 0.002 45.9 22.6 13.2 38.9 18.7

40 0.002 92.5 62.3 36.1 117 47.8
0.006 - - - - 71.2
0.02 - - - - 152

0.05 170 131 81.4 189 198
0.5 450 373 246 349 520

20 0.002 280 210 118 316 286
0 0.002 487 465 313 467 502

*Asphalt cement penetration at 77F.
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Table 2. 10

Selected Results from Controlled Stress Tests of Asphaltic 
Concrete2 3

Change in
Variable Variable Change in Fatigue Lifea

92-33 500,000 to 1,000,000
120-60 6,000 to 250,000 b

Asphalt 110-40 no significant change
penetration 180-40 250,000 to 1,000,000

85-13 no significant change

5.3-6.7% 2,000 to 20,000
Asphalt 6.0-7.5% 6,000 to 40,000
content 3.5-6.5% 6,000 to 2,500,000

smooth to 800,000 to 1,000,000
Aggregate rough surface 8,000 to 40,000

type texture 750.000 to 1,000,000

450,000 to 1,000,000,
coarse to 450,000 to 1,000,000a

fine 150,000 to 1,000,000d
Aggregate 350,000 to 1,000,000
gradation

addition of
filler 0 to 700,000 to 2,500,000

9%
25,000 to 125,000 (sandsheet)

Air void 250 to 15,000 (dense graded)
conatent 1)-3% 250 to 5,000 (dense graded)

30,000 to 300,000 (sandsheet)
9-4.5% 300,000 to 1,000,000 (sandsheet)

200,000 to 1,000,000
(Avg. Values)

40-68 F 600,000 to 1,000,000
remperature (Avg. Values)

32-86 F no significant change
14-50 F no significant change

a. Comparisons based on results from st'-ess-fatigue life r-Iationships.
b. Littc difference was noted on c-N plor provided the mixture dii

not exhibit nonlinear behavior.
c. Optimum asphalt contont :ised to establish maximumr fatigue life.
d. Comparison of sheet asphalt mixtures with dense r!aded mixtures.
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Table 2. 11.

23
Selected Results from Controlled Strain Tests of Asphaltic Concrete

Change in a
Variable Variable Change in Fatigue Life

Asphalt 114-47 :00OO o to 9,000
penetration 200-50 no significant change

Asphalt
content no significant data available

smooth to
rough surface no significant change

Aggregate texture 300,000 to 1,000,000
type rounded to

angular shape significant change

Aggregate coarse to no significant change
gradation fine limited data available

Air void 9-5% 2,000 to 3,500
content (dense graded)

2,000 to 1,000,000

Temperature 40-75 F 300,000 to 1,000,000
23-104 F 100 to 1,000,000

a. Comparisons based on results from strain fatigue life
relationshi ps.
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Table 2.12

24Air Permeability" Measurements from Asphaltic Concrete

Air Voids Aggregate Permeability per cm2

% Blend x 10-3 cm3 /sec*

4 A 3
C 3
E 7

7 A 40
C 67
E 115

10 A 98
C 230
E 800

* Vertical edges sealed with paraffin.

31

-_ _



44F26 I - 1

2200-24 - I

2 00---------------------6-- -1800 -. 20

t1 3O

1600 - Z3i
>: N 6

1400- - 4- 3 16 -

I< 1200 0L1

41000 - -'12- A

$ ~800 -- 10

600 - -_- 8 -- - -

5 6 7 8 9 10 4 5 6 7 8 910

BITUMEN CONI ENT, % BITUMEN CONTENT, %

a. b.

COMPOSITION OF MIXTURES

MIXTURE TYPE OF FINE AGGREGATE (-10#) TYPE OF COARSE AGGREGATE 1+109)

1 GRADED NATURAL SAND NATURAL GRAVEL

2 UNGRADED NATURAL SAND NATURAL GRAVEL

3 CRUSHED SAND CRUSHED AGGREGATE
4 CRUSHED SAND NATURAL AGGREGATE

5 GRADED NATURAL S-.'U0 CRUSHED AGGREGATE

F; 10
Figure 2.1. Marshall stability and flow of asphalt concrete

%

is

/-r J~C-



S
L5

PENETRATION 52

4 0 5.5% ASPHALT

A 6.0% ASPHALT

0 7.0o ASPHALT

3A

00

2

<A

• 4 4

-J

00

-J

4 -!

2z I ....l..,,..... -

30 40 50 60 70 80
TEMPERATURE *C

Figure 2.2. Marshall stability ai affected by temperature 9

3.



500,000

400,000 40/50

085/100

" 300,000

w
z

IL 2OQ,0O0

U)

100,000 200/300

01
-40 -20 0 20 40

TEMPERATUPE ) OF

Figure 2.3. Effect of temperature on
stiffness of asphaltic concrete

1 2

600 I

CRUSHED GRAVEL
500 1

a- 400

LIMESTONE AGGREGATE

300

w
GRANITE AGGRIU-(,ATE

0 500 IOOC 1500 2000

STRAIN E X10-6  N./IN.

Figure 2.4. Effect of aggregate type on stress-
strain behavior of California medium graded

mixes; 85-100 penetration asph,.lt--direct
tension testsf-

' 4

34 A

INN



. m~oo ' ,

ASPHALT-6.5 PERCENT
( RATE-0.4 IN..'IN./MIN

400

200 AL

or
•- 20 20 so 120

TEMPERATURE OF

,. 'Figure 2.5. Effdet of tempera-
~ture on tensile strength of as-
~phalt concretes containing:

SLimestone Filler (LS), Asbestos

Fiber (A), and a combination Af
4:. Asbestos and Limestone (ALS)16 "

zz

0

- -J

U 0.060

.' Z _ABSORPTION _ 100;_.

00

* -20 20 8 12

* Fiue25 f'c ftmea

z 0.020 /[

tueo eniesrnghoos

Fiber (A), and a LobiaI I9I

z

a 0.000

(

w0 -- 0 0 0 -- 0-- 0 0 -- 0 0 -- -- 0 -- --0

TIM ABOPTO :!2
U .00 0 0_ 0_0

00

350 -

DATE
.0 0 0

Figure 2.6. Expansion and contraction of a3phaltic'concrete 1

3S7

-- i-i • • • •



..-.. .

-4j

I.)

I.,

0 00

b

w (NS), OR NI),
$ CORRESPONDING TO a °

14UMBFR OF LOAD APPLICATIONSp

N (LOG SCALE)

a. STRESS VS LOAD APPLICATIONS
(CONTROLLED -STRESS)

-I J CONTROLLED STRAIN(<
< U

U)

00 0

z0 (N _'R o
w b CONTROLLED
z" Il ST R ESS I

(NC) OR (NO)r. = IIxo. INTERMEDIATE
CORRESPONDING TO o0 (N,) 1  MODE

NUMBER OF LOAD APPLICATIONS MEAN SERVICE LIFE,
N (LOG SCALE) N (LOG SCALE)

S
b. STRAIN VS LOAD APPLICATIONS c. INITIAL STRAIN VS LOAD APPLICATIONS,

(CONTROLLED -STRAIN) COMPARISON FOR CONTROLLED -STRESS
AND CONTROLLED-STRAIN TESTS

Figure 2.7. Fatigue dizgrams for asphaltic concretes
2 3

36

t4



CHAPTER 3

GUSSASPHALT

INTRODUCTION

3.1 BACKGROUND

The use of gussasphalt dates back to the early nineteenth century,

but it was not extensively used in pavement construction until 1953

when it was machine-laid for the first time. Gussasphalt is used as a

surface wearing course and is placed In thin layers of approximately

3.5 cm (1.4 in.). Gussasphalt, which provides a tough, durable, and

watertight pavement surface, is primarily used where heavy traffic is

anticipated.1 Most construction involving gussasphalt pavements hasF 2
been done in Europe. Only a limited amount of gussasphaltic pavements

has been placed in this country. The Pennsylvania Department of Trans-

portation and the Pennsylvania Turnpike Commission placed small test

sections of gussasphalt in 1972.
3

3.2 DESCRIPTION OF MATERIAL

Gussasphalt is a mixture of a relatively hard asphalt, mineral

filler, aggregate, and sometiines Trinidad Lake Asphalt. These materials

are proportioned to produce an essentially voidl2ss mixture which can be

cast or poured in place at temperatures of 374 to 437F.3 .4 The material

proportions of a typical gussasphalt mixture are shown in Tables 3.1,

3.2, and 3.3.

MECHANICAL PROPERTIES

Some of the various gussasphalt mixture characteristics are pre-

sented. in the following paragraphs. The amount of available data on

the various characteristics is limited.
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3.3 COMPRESSIVE STRENGTH

3.3.1 Effectsof Amount and Type of Binder. A relatively hard

asphalt cement with a 45 penetration is commonly used in gussasphalt

mixtures, a.though the general range of penetration may vary from 15

to 60. The amount of asphalt binder is usually within the range
-- 2

of 6.5 ;o 9.0 percent, based on the weight of the total mixture. Data

relating to the effects of various amounts and types of binder on the

v'apressive strength of gussasphalt mixtures were not available.

3.3.2 Effectsof Aggregate, Filler, and Fiber Materials. Data on

the effectof different aggregates and aggregate gradations were not

available. The gradation as given in Taole 3.3 is typical, but coarse

aggregate as large as 1/2 in. can be used. One requirement in the aggre-

gate gradation is that a high percentage of filler be used. Schultz

and Jones investigated the effects of the filler on the strength of

gussasphalt mixtures. Figure 3.1 shows the results of varying the type

of filler material. Normally, a limestone filler is used in gussasphalt,

4but in Figure 3.1, 5 percent of the limestone filler was substituted

with asbestos in one test and with fibeiglass in the other test. The

effects of using different fillers (5 percent of a total filler content

of 25.1 percent) were not significant. The most significant change in

compressive strength is associated with the change in temperature, which

is discussed in Section 3.3.4.

3.3.3 Effects of Proportioning and Curin. Generally, the pro-

portions as given in Table 3.1 are within an acceptable limit. The amount

of mineral filler that is used is very seldom below 20 percent, and the
2

amount of binder used is very seldom above 10 percent. Data with respect

of the effect of proportioning on the compressive strength were not

available nor was information on curing.

3.3.4 Effects of Temperature. Gussasphalt reacts to temperature

changes the same way that conventiondl asphalt mixtures react, that is,

as the temperature decreases, the compressive strength increases.

Figure 3.1 shows the effect of temperature on the compressive strength

of gussasphalt and conventional asphalt mixtures. At 120F, the cot.pressive
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strength of gussasphalt is in the range of 300 to 400 psi, but at 32F,

the compressive strength increases to 1300 to 1400 psi. The gussasphalt

* mixtures are not as sensitive to temperature changes as conventional

asphalt concretes. At temperatures above 10OF, gussasphalt shows compres-

sive strength that is twice as great as conventional asphalt concretes I
at the same temperature, but at temperatures below 77F, the conventional

asphalt mixtures show greater- compressive strength. There is a transition

zone between 77 and 90F inL which the compressive strength of gussasphalt

and conventional asphalt concrete is approximately the same. The rate

of change in compressive strength for gussasphalt is not as rapid as is
I

the rate of change associated with a conventional asphalt concrete.

3.4 FLEXURAL STRENGTH

Information ard data relating to the flexural strength of gussasphalt

were not available.

3.5 TENSILE STRENGTH

3.5.1 Effectsof Amount and Type of Binder. Data relating to the

effects of different amounts and types of gussasphalt binder on tensile

strength were not available.

3.5.2 Effectsof A gregate, Filler, and Fiber Materials. There is

information that a change in the aggregate requirements can produce an

improvement in the tensile properties, but this is uot substanitiated

by any available data. The effect-, of aa asbestos, fiberglass, and lime-

stone filler on tensile strength are shown in Figures 3.2, 3.3, and 3.4.

As previously stated, limestone filler is the most cowmon filler material.

In the tensile testing, 5 percent of the ?imeston( filler was replaced

with 5 percent asbestos or fiberglass. At temperatures above 60F,

the gussasphalt containing all limestonc tiller showed the highest ten-

sile strength, but near 32F the mixture -"ontaining asbestos or fiber-

glass filler showed superior strength over the mixture with limestone

filler. The gussasphalt mixture c .- ining the fiberglass filler showed

the highest tensile strength at 32F. In contrast to a conventional asphalt

mixture containing 2-1/2 percent limestone filler and 2-1/2 percent

asbestos filler, gu!sasphalt has a higher tensile strength.
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3.5.3 Effects of Proportioning and Curing. Data on the

effects of proportioning the component materials and also on curing as

they affect the tensile strength of gussasphalt were not available.

3.5.4 Effects of Temperature. Changes in temperature always re-

sult in a change in tensile strength of bituminous mixtures. Gussasphalt

mixtures increase in tensile strength as the temperature decreases. The

rate of change of tensile strength is not as great in a gussasphalt as

in a conventional asphalt mixture. Figures 3.2, 3.3, and 3.4 show how

tensile strength is changed by changing thr temperature. At temperatures

above 77F, gussasphalt mixtures have at least three times more tensile

strength than the conventional asphalt mixture. Below 77F, the tensile

strength of the gussasphatt mixture containing the limestone filler

* changed very little as the temperature was reduced to 32F. However, the

gussasphalt with the asbestos and fiberglass fillers increased in tensile

strength indicating that the asbestos and fiberglass fibers might be

carrying a part of the tensile load.

3.6 DIMENSIONAL CHANGES

No information on the dimensional stability of gussasphalt under

influences could be located..

3.7 Dl,"BILITY

Gussasphalc pavements have been used on the Cermar autobahn system

under unrestricted conditions, such as no weight limit, no speed limit,

heavy application of deicirng chemicals, and tire chains. After 15 years

these gussasphaltic surfaces show very littl. wear, reflective cracking,

5
deformation, or channeling.

3.8 ABRASION RESISTAPCE

3.8.1 Effect of Amount and Type of Binder. A study by Kohler and
6Tappert indicated that wear on - gussasphaltic surface decreased as the

temperature decreased from 50F to 32F but ther at 14F, the wear increased.
6Kohler and Tappert believed this increase in wear occurred as a result

of the low penetration asphalt, which is used in gussasphalt, becoming
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very brittle and bein chipped off by the studded tire during wear

testing. Additional tests would be necessary to aetermine the effects
of binder on the abrasion resistance of gussasphalt.

The tenuits of wear testing of gussasphaltic surface is shown in

Figure 3.5. Figure 3.6 shows the results of wear testing on coLventional

asphalt surfaces. Table 3.4 compares the results of the wear of gussas-

phalt to the wear of a conventional asphalt surface.

3.8.2 Effects of Aggregate and Filler. In the wear testing con-

ducted by Kohler and Tappert, the wear of the gussasphalt surface was

found to be generally independent of the type of aggregate used in the

gussasphalt. Figure 3.5 shows this aggregate independence. In most

cases, the wear of the gussasphalt pavement is approximately the same

regardless of type ur hardness of the aggregate.

3.8.3 Effects of Proportioning and Curing. No information on the

effects of proportioning on abrasion resistance could be found. The

only data regarding the effects of curing were from testing conducted
6

by Kohler and Tappert. Prior to testing, specimens of gussasphalt

and asphaltic concrete were subjct to either a preliminary treatment

of 10 days of air storage at 50F under wet conditions or to 25 freeze-

thaw changes (5F to 68F). Figures 3.5 and 3.6 show the results of

these preliminary treatments. The wear on the gussasphaltic surface

was found to be relatively independent of the preliminary treatments,

but the wear of the open graded asphaltic concret'n was found to be in-

fluenced by the preliminary treatments.
6

3.8.A Effects of Temperature. Figure 3.5 shows the effects of

low temperature on the abrasion resistance (wear) of a gussasphaltic
2

pavement. At 5OF,wear in the amounts of 30 to 35 g/cm might be expected.

As the temperature drops to 32F, even less wear can be expec'Led, but at

14F there is a slight increase in the amount of wear on the gussasphaltic

pavement. 6 A reason for the increase in wear at 14F was presented in

Section 3.8.1. A ,e, ratio of gussasphalt versus asphaltic concrete

is show-n in Table 3.4. At temperatures above 32F the asphaltic concrete

wears t-,7 e as much as the gussasphait mixture. Only at 14F is the

wear ratio the same. Data regarding the effect of temperatures higher "

than 5OF were not available.
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3.9 TOUGHNESS

Information on the toughness of gussasphalt was not available.

3.10 FATIGUE STRENGTH AND DYNAMIC CONDITIONS

Information on the fatigue strength and dynamic response of

gussasphalt was not available.

3.11 PERMEABILITY

Because gussasphalt is a voidless mixture of aggregate, filler,

and binder, it should be impermeable. A field test performed on a test

section in Pennsylvaiiia 3 showed that the gussasphalt was impermeable.

The permeability test was accomplished by sandwiching wetted gussasphalt

between two metal plates and measuring the resistance between the plates.

The ohmeter readings were very high (one million to infinity) which

indicates that no water had passed through the 
gussasphalt.

3

USE OF GUSSASPHALT

3.12 EASE OF CONSTRUCTION

The construction of a gussasphalt pavement is very similar to

the construction of a portland cement concrete pavement. Both gussasphalt

and portland cement concrete are poured or cast in place. Because the

gussasphalt mixture is voidless and is placed in a fluid-like condition,

compaction of the mixture is not required.

A special paving train is used to place the gussasphalt. The paving

train, which is mounted on longitudinal rails, consists of a spreader

with a strike-off bar, a chip spreader, and a chip roller. After the

gdssasphalt has been qprond, precoated -hips are spt a.1 jver the hot

gussasphalt and lightly rolled into the surface. These chips are used

to improve the skid resistance of the gussasphalt.

The speed of paving generally averages 4 to 5 ft per minute.

Paving speeds higher than 6.5 ft per minute are not recom:.ended because
4

of the danger of trapping bubblPs in the laver of gussasphalt. Under
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i the best conditions and with trained construction crews, ou:pllt as high

as 240 tons per hour can be obtained, but normally, the output of a

gussasphalt plant is only 70 to 80 percent of the output of an asphaltic

concrete mixing plant. In Germany, 80 to 100 cons per hour plants are 7
44

conmon.

There are several problems associated with the placement of guss-

asphalt mixtures. One such problem is safety. Because the gussasphalt

is placed at near 400F, extra precautions must be taken to ensure the.

safety of all personnel involvad in the construction of a gussasphalt

pavement. Another problem is running of the gussasphalt on grades.

When placed on grades greater than 5 percent, gussasphalt may tend to
7

run.

The gussasphalt must be allowed to cool and take a "set" before

traffic can be allowed on the pavement. Sometimes it may be necessary
to remove traffic for as long as 24 hours, but some researchers contend

that the guszasphal navement ,:an be opened to traffic immediately after

the gussasphalt cools.

As previously stated, most of the gussasphaltic paving, has been

done in Europe, and o, ly a limii:ed amount has been placed in this country.

The Pennsylvania Department of TVansportation placed 1.7 miles of guss-

asphalt in September 1972 in Dauphin County on TR 422-322 between

Eisenhower Interchange and Hummclston. The gussasphalt was placed be-

tween staticns 275+42 and 321+75 in the eastbound lane and betw,-. %

stations 323+72 and 363+85 in the westbuund lane.

The Pennsylvania Turnpike Commission also placed a five-mile test
6 7

seccion of gussasphalt west of Bedford, Pennsylvania, in 1972. The

test section was placed by the 3.'me contractor that placed the test
~sections for the Pennsylvania Delartment of Transportation. Information

regarding the amount of traffic that used the test section was not given,
~but the test section is subject to heavy high-speed traffic and severe

wincr~es.)
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3.13 EASE OF MAINTENANCE

Gussasphalt is described as a paving material that is virtually
2

maintenance free. But if maintenance is required, new gussasphalt can
1,8

be easily poured in place and opened to traffic after it has cooled. 1 '

3.14 ENVIRONMENTAL COMPATIBILITY

The compatibility of gussasphalt with the environment should be

on the same level as any conventional asphalt concrete paving mixture.

3.15 AVAILABILITY AND COST

The availability of gussasphalt in the United States is extremely

limited. The special equipment necessary for transporting and placing

gussasphalt is not manufactured or readily available in this country.

The Pennsylvania Department of Transportation imported most of the equip-

ment necessary to place their test sections. The experienc necessary

to design and construct a good gussasphaltic pavement is , s- Iery limited.

In Germany, where the construction equipment is available, the cost of
2

placing gussasphalt is twice the cost of conventional asphalt concrete.

In order to place gussasphalt in the United States, the initial equipment
2

cost of at least $250,000 would be necessary. In 1972 the Pennsylvania

Department of Transportation spent $36.00 per ton for gussasphalt in

place. A conventional asphalt concrete at the same time was $12.00 per

ton, but the cost of gussasphalt was higher partly because of unfamiliarity

with a new material and partly because of the additional cost of special3
equipment.
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Table 3.1

Material Proportions of Gussaspbalt Mixture

Percent of Batch

Material Weight

Asphalt (Penetration 16) 7

Coarse aggregate 40.5

Fine aggregate 27.0

Filler 25.5

TOTAL 100.0

4|

Table 3.2

Mineral Proportion by Sieve Size for GussasphaltI

U. q. Standard Percent of Batch

Sieve No. Weight

Coarse Aggregate

4 24i.0
8 16.5

Fine Aggregate I "i

16 10.7

30 7.3
50 5.4
100 3.6 ,

Filler

200 9.0
-200 16.5
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Table 3.3

Tpical Mineral Component. Gradation for Gussasphalt

U. S. Standard Percent
Sieve No. Passing

3/8 in. 100
No. 4 74.2
No. 8 56.3
No. 16 44.8
No. 30 36.8
No. 50 31.0
No. 100 27.2
No. 200 17.7

41
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LEGEND

1 :. GUSSASPHALT WITH LIMESTOI E FILLER
2 GUSSASPHIALT WITH ASBESTOS FILLER
3 GUSSASPHALT WiTH FIBERGLASS FILLER

NOTE: DASHED CURVES (A-D) ARE C'OR CONVENTIONAL
BITUMINOUS MIXTURES FROM DATA FROM L. E.
WOOD AND W. H. GOETZ, "THE RELATIONSHIP

BETWEEN THE UNCONFINED COMPRESSIVE
STRENGTH OF A BITUMINOUS MIXTURE AND
VISCOSITY OF THE BINGER," PROCEEDINGS,
ASSOCIATION OF ASPHALT PAVING TECHNOLOGISTS,
VOL 27, 1958, PD 56 3 -580.
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CHAPTER 4

ASBESTOS ASPHALTS

INTRODUCTION

4.1 BACKGROUND

The use of asbestos in pavement construction is not new. Asbestos

has been used in bituminous joint iilling compounds, seal-coating com-

pounds, and asphalt bridge planking. In 1917 and 1918, patents were

obtained by Warren Brothers Company of Boston for the use of esbestos I
in sheet asphalt to prevent bleeding o " the asphalt during hot weather.

Although the use of asbestos Jn asphalt mixtures dates back many years,

the amount of asbestos asphalt pavements constructed each year is small

compared to the amount of conventional asphait concrete pavement con-

structed each year.

4.2 DESCRIPTION OF MATERIAL

Asbestos is a hydrous magnesium silicate mineral (Mg6 (O1) 3 Si 4O 0 )

with a fibrous structure. There are several different grades or groups

of asbestos fibers (see Table 4.1), but the asbestos that is generally

used in pavement construction is a short fiber type, such as a 7M type.

MECHANICAL PROPERTIES

4.3 COMPRESSIVE STRENGTH

4.3.1 Effectsof Amount and Type of Binder. Asbestos asphalt mix-

tures react to changes in binder content the same way that a conventional

a~phalt mixture might react. Table 4.2 gives the average results of

compressive tests on asbestos asphalt mixtures with varying asphalt

contents. These unconfined compression tests were performed on speci-

men that were air cured and on specimers that were rured in water and

indicate that the compressive strength of an asbestos asphalt mixture

s6
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increases as the asphalt content is increased to an optimum value and

then decreases with additional increases in asphalt content. Data re-

garding the effects of the type of binder were limited.

4.3.2 Effect of Aggregate, Filler, and Fiber. Some researchers6

have presented data (Figure 4.1) that show a significant increase in

the compressive strength of a mixture which has incorporated a small
percentage of asbestos into the mixture. Yet others 1'7 present data

(Tables 4.3 and 4.4) that show only a slight increase in compressive

strength as a result of adding asbestos to the asphalt concrete mixture.

The size of the asbestos fiber has a small effect on the compres-

sion strength. Short fiber tends to give higher compressive strength

values than do longer asbestos fibers (see Figure 4.1).

4.3.3 Effect of Placement Compactive Effort. The density of the

asbestos asphalt concrete Uiso affects the compressive strength. Speci-

mens that were compacted to 96 to 97 percent of the laboratory density

showed a 70 to 80 percent loss of compressive strength (see Table 4.2).

Therefore, field compaction efforts wou.d greatly affect the compressive

strength of asbestos asphalt concrete mixtures.

4.3.4 Effects of Proportioning and Curing. Very little data

t'owing the effects of different component proportions on the physical

properties of an asbestos concrete mixture were available. Research 2

in the area of a ratio of asbestos fiber content to asphalt content

indicates that a minimum ratio of 0.3 be used to prevent instability

of the pavement under heavy traffic. An asbestos fiber content of

3 percent by total weight is recommended as the maximum asbestos content.
8

The only data relating to the effects of curing on the compref, .ve

strength are presented in Figure 4.1 and Table 4.2. Laboratory prepared

specimens 6 were compacted by applying a 3000-psi compressive load for

2 minutes to each standard test cylinder (ASTM D-1074 test method). Some

specimens were cured for 4 days at room temperature and some were cured

4 days in - water bath at 120F. Unconfined compression tests (ASTM D-1074)

on these specimens indicate that air cured specimens of asbestos asphalt6g

concrete have a higher compressive strength.6
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4.3.5 Effects of Temperature. Although the data on temperature

and its effect on the compressive strength of asbestos asphalt concrete

are limited, some conclusion might be drawn from the data of Table 4.5

The compressive strength of an asbestos asphalt concrete at 77F is

1003 psi, but the same mixture at 140F has a compressive strength of

318 psi. From this bit of information, it appears that an asbestos

asphaltic concrete reacts to temperature changes in approximately the

same fashion as a conventional asphaltic concrete. A conventional

asphaltic concrete increases in compressive strength, bearing capacity,
9

and stability as the temperature decreases. The compressive strength

at 77F may be as much as 4.6 times the strength at 140F.9

4.4 MARSHALL STABILITY

4.4.1 Effectsof Amount and Type of Binder. As with compressive strength,

the stability of the mixture increases with asphalt content until an

optimum amount is reached and then with further asphalt contents it begins

to decrease (see Table 4.6). Several researchers 1
'
4
'
5
' indicate that

when asbestos is used in an asphaltic concrete the binder content can

be increased by I to 3 percent by weight above the binder content of a

conventional asphalt concrete without a reduction in the stability alue.

The results of the stability test given in Table 4.3 indicate that

a low penetration binder will produce a stronger mixture.

4.4.2 Effects of Aggregate, Filler, and Fiber Materials. Table 4.6

shows that the type of aggregate used affects the stability. In

the case of the data shown, a crushed stone gives improved results over

a crushed gravel. Increasing the asbestos content, in general, increases

the marshall stability (Table 4.2).

4.5 FLEXURAL STRENGTH

Sufficient data to properly evaluate the effects of various factors

suc as binder type, aggregate, curing, temperature, etc., were not

available. The data that were obtained (see Tables 4.7, 4.8, and 4.9)
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tend to indicate that the use of asbestos in an asphaltic concrete mix-

ture does not significantly increase the flexural strength. In some

cases, the flexural strength is decreased with the addition of asbestos

fibers.

4.6 TENSILE STRENGTH

4.6.1 Effectsof Amount and Type of Binder. Tensile testing by

Tons d Krkosk10Tons and Krokosky indicates that as the binder content f an asbestos

asphaltic concrete is increased from 5.5 to 7.5 percent, the tensile

strength also shows a slight increase. The effect that binder content

has on an asbestos asphaltic concrete can be seen in Figures 4.2a

4.2b. In the case of a bituminous concrete which used 5 percent asbestos

fibers by dry weight of aggregate as the filler material, the tensile

strength (Figure 4.2) increased by approximately 65 psi at 20F and by

approximately 55 psi at 77F as the asphalt content was increased from

5.5 to 7.5 percent. Figure 4.2c represents a control mixture witn

5 percent limestore filler.
4.6.2 Effec-sof Aggregate, Fillers, and Fibers. Asbestos fiber is

usually of such E size that it can be considered a filler material for

the bituminous concrete. Figure 4.3 represents tensile strength data
10

collected by Tor.s and Krokosky when the filler material was varied.

Specimens containing either 5 percent limestone filler (LS), 5 percent

asbestos fiber (A), or a 5 percent 50-50 mixture of asbestos and 17.me-

stone (ALS, 2-1/2 percent asbestos plus 2-1/2 percent limestone) were,

tested in an Instron testing machine. The 5-in.-high by 6-in.-diam

specimens were tested at -20F, 20F, 77F, and 120F. Mixtures with the

asbestos-limestone filler yielded the highest tensile strength of approxi-

mately 500 psi at 20F. This was 100 to 150 psi gieater than the control

mixtures containing 5 percent limestone.

Tensile testing by Hickey6 also indicates an increase in tensile

str2ngth of asphalcic concrete containing asbestos fibers (see Table 4.10).

Cylindrical specimers (4 in. by 4 in.) were tested at a constant loading

rate of 0.2 in. per mi.,ute. Some of the specimens were compacted at

laboratory standard density and others were compacted to 96 to 97 percevt
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of the laboratory standard density. The standard density specimens

had a tensile strength of 230 psi for 7M fiber asbestos and 213 psi

for the 6D fiber asbestos. The control specimens (no asbestos fibers)

at standard density had a tensile strength of 143 psi. The addition

of asbcstos to the laboratory standard denstiy mixture provided an in-

crease of approximately 60 percent for 7M asbestos fibers and 50 percent

for 6D fibers. Tests on thu to 97 percent labcratory standard density

did not show a significant increase in the tensile strength. The failure

of the 96 to 97 percent density specimens to obtain a higher tensile

strengt!: might in part be due to a higher voids content. Tons and
10

Krokosky concluded that voids generally tend to reduce the tensile

strength because higher void content decreases the cross sectional area

and acts as inducers of stress concentrations.
7

Testing by Bishop in which asbestos asphaltic concrete briquets

were used did not show any significant increase in tensile strength.

The test results 7 (Table 4.11) were inconsistent, and the effect of the

asbestos fiber could not be determined.
4.6.3 Effects of Proportioning and Curing. A mi:iimum asbestos

2 8
to asphalt ratio of 0.3 and a maximum asbestos coritent of 3 percent

are recommended to improve the physical properties of a bituminous con-

crete. Figure 4.3 shows that mixtures with 2-1/2 percent asbestos fiber

(ALS) have significantly higher tensile st -ength than the mixtures

containing 5 percent asbestos (A). The 5 percent asbestos mixture has

a high void content tiigure 4.4) which may account in part for the

lower tensile strength.

No information of the effects of curing on tensile strength could

be found.

4.6.4 Effects of Temperature. The effect of temperature on the

tensile strength can be seen in Figures 4.2 and 4.3. As the temperature

of a bituminous concrete decreases, the viscosity of the binder becomes

greater, and the binder begins to act more like an elastic material.

At high temperature the binder begins to act more fluid like and Its

tensile strength is greatly reduced. The tensile strength of a con-

ventional asphalt concrete is approximately tne same as an asbestos
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asphalt concrete it temperatures above 77F. In Figure 4.3c the tensile

strength at 77F is approximately 100 psi for all the bituminous concrete

mixtures tested. Only below 77F is there any significant difference

between a conventional and an asbestos asphalt concrete. At 20F and

below the asbestos mixtures have tensile strength of approximately 500 psi

for the 2-1/2 percent asbestos mixture and 450 psi for the 5 percent

asbestos mixtures. Conventional asphaltic concrete mixtures at 20F have

an approximate tensile strength of 350 psi. At 120F the tensile strength

of all the mixtures approaches zero.

4.7 DIMENSIONAL CHANGES

* Although documentation on the dimensional stability of asbestos

asphalts could not be located, it is generally believed that the material

is relatively stable at normal ambient temperatures.

4.8 DURABILITY

4.8.1 Freeze and Thaw Resistance. In 1967, 28 miles of an asbestos asphalt

concrete pavement were placed on Rogers Pass of the Trans-Canada Highway

in Glacier National Park. The area has very high amounts of precipitation

(30 to 50 in.) and snowfall (300 to 700 in.), and the weathering con-
5

ditions are severe. After six years of satisfactory performance, the

asbestos asphalt pavement has not shown any visible wear, and the asphalt

extracted from asbestos asphalt concrete field samples has retained a

higher penetration value than the conventional asphalt samples. Table 4.12

presents the 1973 Glacier National Park penetration data. The higher

penetration value (85) indicates that the binder in the asbestos asphalt

mixture is not hardening as fast in the binder in the conventional

asphalt mixture. This higher penetration asphalt would help contrib.te

to less cold weather pavement cracking. A reduction in transverse

crackinF, when compared to nonasbestos sections, was apparent in the

asbestos asphalt pavement through Rogers Pass.

4.8.2 Chemical Resistance. No information on the chemical resistnce

of asbestos asphalt could be located.
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4.8.3 High Temperature Resistance. In a study by Speer and
Kietzman, asbestos modi1fied mixtures were found to reduce the amount 4

of rutting at high temperatures. Figure 4.5 shows the amount of rutting

of a typical bituminous concrete when tested at high temperatures on a

traffic simulator. The amount of rutting of the asbestos modified mix- '

ture was not greatly affected by the temperature until the temperature

approached 130F, then the rate of rutting increased rapidly. Figures 4.6

and 4.7 show how the asbestos fiber to asphalt ratio and the asphalt

penetration influence the amount of pavement rutting. At each fiber to

asphalt ratio (f/a), there is a critical temperature above which the

rate and amount of pavement rutting increases greatly. Lower penetration

asphalts and higher f/a ratios increase the critical rutting temperature.

Figure 4.5 indicates that conventional asphalt concretes are highly

dependent on the amount of traffic to produce rutting. The asbestos
modified mixtures are more independent of the amount of traffic than

the conventional mixtures, but once the critical temperature of the

mixture is reached, the asbestos modified mixtre reacts like a ronasbestos

asphalt concrete.

4.9 ABRASION RESISTANCr

No information could oe found on the abrasion resistance of asbestos

asphalt.

4.10 TOUG:NESS

No information on the toughness of asbestos asphalt could be found

although, as a general rule, the toughness of most composites is im-

proved with the addition of fibers.

4.11 FATIGUE STRENGTH AND DYNAMIC CONDITIONS

No information on the fatigue strength and dynamic res-onse of

asbestos asphalt could be found but, as in the case for toughness, in

general these characteristics of composites are improved with the addition

of fibers.
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4,12 PERMEABLLITY

The amount of permeabiLity data available was IimiLed. Only test
6

results by Hickey were obta.ned and 'fable 4.13 represents those test

results. In the permeability tests, 3-1/2-in.-diam by 3-1/2-in.-high

asbestos asphalt specimens were used. A water permeability test was

conducted. All the standard laboratory density specimens were found

to be impermeable, but at the 96 to 97 percent density, the permeability

increased to 123.35 cu ft/sq ft/day with a head of 11.55 ft. The larger

6D fiber produced a permeability of over 400 ci ft/sq ft/day at a

11.55-ft head. Much of the impermeability was the result of ti qbestos
6

fiber's tendency to bulk. This bulking increased the air void co. :ents

to near 5 percent in the test specimens.

The difference in the asbestos fibers resulted in a large difference

in the water permeability. The 6D fibers showed a water permeabili:y

that was three to four times greater than the permeability when using
6

the 7M fibers. The finer (7M) asbestos fibers provided the lowest

permeability of the mixtures studied.

USE OF ASBESTOS ASPHALT

4.13 EASE OF CONSTRUCTION

Many miles of asbe.itos asphaltic co 'rote pavemen. have been con-

structed, but informatic regarding the newest installations was diffi-

cult to obtain. Therefore, the infermation and data relating to current

construction practices ar- limited.

Based on information ot earlier asbestos asphalt construction,

the asbeotos asphalt concretes are placed using th-: same methods as con-

ventional asphalt concrete. The asbestos modified mixtures will resist

compaction efforts more than the onventiona] mixtures, but generally

asbestos asphalts are constructed with the same ease as an asphaltic

mixture.

11 1967, 28 imiles of an asbetos asphalt pavement were placed in

Canada. The pavement is part of the! Trans-Canada Highway that passes

b3
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through the Rogers P[s of Glacier National Park. The amount and typei
of traffic using thi. asbestos asphalt pavement was not available. The

asbestos modified mixture was placed in 1-1/2- to 2-in, lifts. The per-

formance as of 1974 has been "most satisfactory.
5

In 1961, Bridge Street in Madawaska, Maine, was reconstructed from
4

station 0+19 to station 8+55.75. Two percent asbestos was used in the

base, binder, and wearing course on the Bridge Street project. After

seven years of service, a report4 ot, the pavemeitt performance concluded
Sthat the asbestos modified pavement had not cracked as extensively as

the conventional pavements in the area, and the surface conditions appearedk superior to the conventional pavements. The daily traffic using Bridge

Street in 1960 was 3,685 vehicles. The ADT for 1980 was estimated to
12

be 5,160. Bridge Street carries some hoavy truck traffic as a result

of a paper mill which is located on both sides of the street, but the

amount of heavy traffic was not stated.

Table 4.14 gives the location of some early asbestos asphalt pave-
ment construction. A recent performance evaluation of these pavements
was not located. Reference 2 gives a detailed evaluation 2-1/2 to 3 years

after the construction of the pavements listed in Table 4.14, at which

time the asbestos modified pavements were performing better than the con-

ventional asphalt pavements.

In 1961, Shell Avenue in Contra Costa County, California, was over-

laid with a 2.5 percent asbestos modified asphaltic concrete. The over-

lay was constructed over an existing pavement which exhibited large

deflections under the large amount of truck traffic that used the Avenue.

Sections were placed with and without asbestos fibers. A 3-year per-

formance evaluation1 3 concluded that the "addition of asbestos appears

to offer no advantage for this project..." This conclusion was due in

part to the amount of cracking in the asbestos modified sections. The

nonasbestos sections exhibited less cracking than the asbestos modified

sections.
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4.14 E4SE OF MAINTENANCE

Asbestos modified pavements should noL be any mo-ee difficult to

maintain than a conventional asphalr. Indications are that asbestos

asphalt pavements are not maintenance free and will require periodic

maintenance but perhaps at longer time intervals thn conventional

asphalt pavements.

e 4.15 ENVIRONMENTAL COMPlATIBILITY

Asbestos asphalt in-place does noc create any problems with the

environment. Loose asbestos fiber, would be dangerous to h.mai, health

if they are suspended in the air, but asbestos can be incorporated into

the asphalt mixture without being a health hazard if it is added into

the pugmill while in uncpened, low melt polyethylene bags.

- 4.16 AVAILABILITY AND COST

Most of the materials and equipment necessary to produce and con-

struct an -3bestos asphalt concrete pavement are generally available

in the local area with the exception of the asbestos fibers. Asbestos

0fibers are usually obtained from mines in Canada, but sufficient quantity

can be obtained without difficulty. The same equipment used to construct

a conventional asphalt concrete is all that is required for an asbestos

asphaltic concrete.

The use of asbestos fibers would increase the cost of pavement

construction because more asphalt cement and additions of asbestos fibers

wo id be required. The exact cost of placing asbestos asphalt concrete

depends on the cost of local materials and the shipping cost.

At present, the F.O.B. price of asphalt cement is approximately

$64/ton, and he F.O.B. C tebec price of asbestos is $75/ton. I':ing a f
minimum fiber to asphalt cement ratio of 0.3, the cost of asbestos in

a mixture would be approximately one-third the cost of the asphalt

cement in the mixture. As the price of asphalt cement continues to

increase, the cost ratio of asbestos to asphalt will decrease, but the

total cost will increase.
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Table 4. 1
2

Asbestos Fiber Classification

Quebec Quebec Standard
Standard Testa Guaranteed

Classification Minimum Wt (oz)

Group Item 1/2 In. No. 4 No. 10 Pan

3 3R 2 8 4 2
4 4K 0 4 9 3
5 5R 0 0 10 6
6 6D 0 0 7 9
7 7D 0 0 5 11

7F 0 0 4 12
7H 0 0 3 13
7K 0 0 2 14
7M 0 0 1 15
7R 0 0 0 16

aCanadian chrysotile asbestos classification.

68



'44

Table 4.2

Average Compression Test Results of Asphalt Mixtures

Containing Asbestos Fibers
6

Avg. Compressive Strength, pi,** at 77'F

Asphalt a  Cure At 96.97 Percent
Content Condition At Laboratory of Laboratory

% 4 days*_ Standard Density Standard Density

7M Fiber Asbestos

. Air 871.8

b.0 Water 772.3

8.5 Air 1002.8 291.0

8.5 Water 879.9 210.0

9.0 Air 769.1

9.0 Water 712.5

6D Fiber Asbestos

8.0 Air 831.8

8.,0 Water 707.8

8.5 Air 968.3 215.0

8.5 Water 736.9 147.3

9.0 Air 860.9

9.0 Water 644.3

• Air cured at room temperature; water cured at 1200 F.

** Specimens tested at constant rate of deformation of 0.2 in. per
minute.

a Penetration of asphalt cement was 50 to 60 units.
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Table 4.3

Average Compression and Stability Properties

of Asbestos Asphalt Mixtures
7

Marshall Stabilitya
Compression 85/100 Pen 40/50 Pen

Percent Percent Percent Strength Stability Flow Stability Flow
Asbestos Natural* LSD** psit lb 0.01 in. lb 0.01 in.

0 2 0 290 1320 7 2280 8
0.5 2 0 321 130 9 2190 12
1.0 2 0 415 930 13 2520 12
2.0 2 0 523 1670 5 3050 6

0 0 2 300 1360 8 2580 7
0.5 0 2 343 1460 8 2620 6
1.0 0 2 450 1570 7 2840 9
2.0 0 2 489 2190 16 3080 5

0 4 0 247 1650 8 2320 11
0.5 4 0 505 1270 17 2380 5
1.0 4 0 319 1380 7 2570 5
2.0 4 0 509 1970 8 3070 7

0 0 4 477 1890 10 2160 13
0.5 0 4 362 2330 9 3140 9
1.0 C 4 393 2320 7 2790 10
2.0 0 4 496 2610 8 3370 7

0 6 0 6Ol 168o 7 2330 10
0.5 6 0 353 1980 6 3260 6
i.0 6 0 398 2100 7 2930 7 q
2.0 6 0 440 2470 8 3520 6

0 0 6 323 1530 7 2230 12
0.5 0 6 423 2020 8 2790 12
1.0 0 6 --- -- ---- --
2.0 0 6 536 2600 8 2880 8

* A natural filler material found in the aggregate.
** A limestone dust filler.
4 ASTM D 1074-60, 85/100 pen asphalt.
a 75-blow Marshall.
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47.77

Table 4.5

Asbestos Asphalt Concrete Compression Strent!L

Asphalt Content Compression Strength, psi
Mix of-- At '7 F* At lhO F**

Control 8.5 328.9 108.3

7M TNAsbestos 8.5 1002.8 318.5

6D Asbestos 8.5 968.3 346.o

96-97 Percent Laboratory Standard Density

Control 8.5 ....

7M Asbestos 8.5 294.0 78.6

6D Asbestos 8.5 ;15.0 80.0

Specimens cured at room temperature for 4 days.
** Specimens cured at room temperature for 1 day.
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Table 4.6

Comparison of Marshall Test Data for Asphalt

Concrete and Asbestos Ahat

Without Asbestos Fibers With Asbestos Fibers
Asphalt Bulk Asphalt Bulk

Con- Den- Stabil- Flow, Con- Den- Stabil- Flow,
tent, sity, ity, 0.01 Voids, tent, sity, ity, 0.01 Voids,

% by Wt pcf lb in. % %byWt pcf lb in. %

(a) Crushed Gravel Surface Course Mixture 
I

4.75 148.6 1,153 8 4.9 4.75 148.5 1,291 7 5.6

5.5 150.0 1,235 8 3.0 5.5 150.1 1,550 8 3.6
6.25 149.9 1,375 10 2.0 6.25 150.1 1,491 8 2.6

7.0 149.2 1,122 11 1.4 7.0 19.2 1,301 14 2.2

7.75 147.9 858 14 1.2 7.75 148.o 1,081 18 2.0

(b) Crushed Stone Surface Course Mixture

4.75 152.1 2,256 9 5.1 4.75 148.9 1,809 8 7.1

5.5 152.6 2,109 9 3.9 5.5 151.0 2,028 11 4.5
6.25 152.2 ,655 12 3.3 6.25 151.4 1,81 12 3.1

7.00 151.4 1,248 14 3.0 7.0 150.8 1,462 15 2.2

7.75 149.7 889 21 3.2 7.75 149.A 1,195 19 1.8

(c) Crushed Stone Binder Course Mixture

4.o 152.5 2,136 8 6.1 4.o 149.4 2,086 12 8.6

4.75 153.5 2,085 10 4.1 4.75 141.3 2,024 10 6.2

5.5 153.7 1,768 11 2.7 5.5 151.8 1,864 12 4.7

6.25 152.7 1,175 16 2.1 6.25 151.6 1,479 16 3.5

7.00 151.2 929 23 1.7 7.00 150.7 1,14o 22 2.8

7.75 149.4 954 33 2.2
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Table 4.7

Flexural Strength of Asbestos Asphalt Concrete
7

% % % Flexural Strength
Asbestos Natural* LSD** psi * **

0 2 0 90
0.5 2 0 93
1.0 2 0 96
2.0 2 0 131

0 0 2 84
0.5 0 2 117
1.0 0 2 280
2.0 0 2 ±89

0 4 0 88
0.5 4 o 14o
1.0 4 85
2.0 4 0 136

0 0 4 130
0. 5 0 4 14o

1.0 6 0 121
2.0 0 0 79

0 6 6 296
0.5 6 0 97
1.0 6 0 91-
2.0 6 0 109,

0 0 6 97

0.5 0 6 172
1.0 0 6 -
2.0 0 6 175

* A natural filler material found in the aggregate.
** A limestone dust filler.
* Beams specimens 1-1/2 by 1-1/2 by 8 in. long,

95/100 pen AC, loaded at 0.05 in. per minw;e.
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Table 4.1O

6
Asbestos Asphalt Concrete Tension Test Results

Air Elongation Tensile
Cylincer Density, Voids, Before Strength,

Mix No. pcf % Failure, in.

Laboratory Standard Density

Control 9 145.8 1.77 0.06 142.9
8.0 percent asphalt 34 146.6 1.25 0.07 146.9

32 145.7 1.87 0.06 138.5
Average 146.0 1.63 0.0? 142.8

714 fiber asbestos 21 145.9 0.02 0.06 229.8
8.5 percent asphalt 22 146.2 0.00 0.07 234.0

45 145.8 0.06 0.06 225.2
Average 146.0 0.03 0.07 229.7

6D fiber asbestos 25 146.1 0.00 0.07 226.8
8.5 percent asphalt 2U 145.7 0.19 0.05 208.7

46 !45.5 0.28 0.04 203.0
Average 145.8 o.16 0.05 212.8

96-97 Percent Laboratory Standard Density

Control 12 139.4 6.09 0.07 83.6
8.0 percent asphalt 39 141.2 4.90 0.07 94.7

40 141.6 4.61 0.07 95.5
Average 140.7 5.20 0.07 91.3

7M fiber asbestos 23 139.6 4.34 0.4 107.2
8.5 percent asphalt 24 139.5 4.38 0.05 119.1

Average 139.6 4.36 0.05 123.2

6D fiber asbestos 27 138.7 4.94 0.04 116.2
8.5 percent asphalt 28 139.3 4.54 0.05 124.6

47 138.5 5.07 0.04 113.9
Average 138.8 4.85 0.05 118.2

• Air cured 4 days at room temperature. Specimens tested at constant

rate of loading of 0.2 in. per minute.
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Table 4. 11

Tensile Strength of Asbestos Asphalt Concrete-

Filler Tensile

% % Strength,
Asbestos Natural* LSD** psi

0 2 0 89
0.5 2 0 57
1.0 2 0 85
2.0 2 0 71* .

0 0 2 71
0.5 0 2 88
1.0 0 2 133
2.0 0 2 14o

0 4 0 53
0.5 4 0 10
1.0 4 0 34
2.0 4 0 116

0 0 4 110

0.5 0 14 89
1.0 0 14 89
2.0 0 14 44

0 6 0 474
G.5 6 0 53
1.0 6 0 71
2.0 6 0 75

0 0 6 33
0.5 0 6 122
1.0 0 6 -
2.0 0 6 71

* Natural filler material in the aggregate.

- Limestone dust filler.
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Table A. 12

Glacier National Park Penetration Results, 1973

I-Standard Mix- Asphalt content 
= 5.7%

Penetration = 58 (43% of original)

1% Asbestos -Asphalt content = 6.5%

modified Penetration = 63 (47% of original)

2% Ae, ezto , -. asphalt content = 7.5%

modfieI Penetration - 85 (60% of original)

• 79'
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Table 4.13

Asbestoc Asp~halt Concrete Permeability Test Results 6

Permeability,
Asphalt cu ft-/sq ft/da
Content, Density, Voids, 11.55 ft 23.10 ft -34.65 ft

Mix %____ Pcf %Water Water Water

Laboratory Standard Density

Control 8.0 147.9 0.36 0.00 0.00 0.00
8.0 148.5 0.00 0.00 0.00 0.00

7M fiber asbestos 8.5 145.9 0.02 0.00 0.00 0.00
8. 46.1 0.00 0.00 0.00 0.00

6D fiber asbestos 8.5 1144.3 1.12 0.00 3.00 0.00
8.5 144.4 1.05 0.00 0.00 0.00

96-97 Percent Laboratory Standard Density

Control 8.0 143.6 3.25 0.00 0.00 0.00
8.0 lt43.6 3.25 0.00 0.00 0.00

7M fiber asbestos 8.5 1391.2 4.61 123.35 270.06 418.86I8.5 139.6 4.34
6D fiber asbestos 8.5 138.3 5.23 443.20 912.87 1,233.68

8.5 138.3 5.23 518.71 815.12 1,201.20
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Table 4.14

Asbestos Asphalt Concrete Pavements2  _ _ _ _H

Estimated Traff'ic

Count
LocatiLon Date per He av-y

city Street Placed Placed by Day Trucks

Calgary, Alyth June City Street Dept. 6,500 10 (est)
Alberta Freeway 1960

Dallas, Greenville Nov. M. P. Mclnerney Co. 23,000
Texas 1959

Ross Avenue 17,000 15 (estu)

C. Manville, N. 13th Sept. Jannarone Engineer- 500 10 (est)
N'ew Jersey 1959 ing Company (est)

St. Louis, Manchester Oct. Bridges Paving Co. 10,300 25
Missouri 1959

'Tower Grove)
Strodtman 500-1,000 min. 10

(est) (est)

j 4;-
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CHAPTER 5

SULFUR MODIFIED ASPHALTS

INTRODUCTION

5.1 BACKGROUND

N In the early 1900's before air blowing became the major mode of

SModifying asphalt characteristics, sulfur was used to modify the asphalt

properties. Several patents were issued for sulfur modified pavement

mixtures, but only marginal improvements were made in the mistures, and

eventually the interest in sulfur modified asphalt pavement fell by the

wayside.

In the last few years, interest in sulfur modified asphalts has

been renewed because of an over supply of sulfur and shortages in

petroleum products and quality aggregates. It has been estimated by the

Federal Power Cotitmission that by the year 2000 the supply of sulfur

will reach 43,000,000 tons. Much of the recent research into the use of

sulfur modified asphalts has been conducted in Canada, where in 1964

full-scale test sections were placed.
2

5.2 DESCRIPTION OF MATERIAL

Elemental sulfur is a yellow crystalline solid with a relative

density of 2.0. Between the temperatures of 234F and 300F sulfur is a

liquid with a viscosity of 8 to 10 poises. Above 315F, the viscosity of

sulfur begins to increase rapidly and becomes too high to be mixed with

asphalts (Figure 5.1). At the processing temperatures of asphalt, sulfur

is a liquid and can be combined in the a3phalt concrete. After cooling,

the sulfur solidifies in the voids of the asphalt concrete mixtures and

acts as a filler.
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Sulfur can be incorporated into the asphaltic mixture by . n

2 of the following two methods:

a. The liquid sulfur can be dispersed in the hot asphalt cement

in any proportion desired, and then the sulfur-asphalt binder can be
4

mixed with the aggregare. The sulfur-asphalt binder is similar to an

asphaltic emulsion, but the sulfur-asphalt (SA) is not very stable.

After two to three hours, the sulfur will begin to settle out of the SA

A binder. Therefore, the SA binder must be mixed with the aggregate

bef-.re separation of the sulfur and asphalt occurs. In this method, which
~4

was developed by Gulf Oil Canada Limited, the sulfur is used to replace
a portion (usually one-half ) of the asphalt binder.

2,3L. The other method, developed by Shell Canada Limited, uses

sulfur as an undiluted addition to the aggregate and asphalt combina-

tion. Liquid sulfur is added as a percentage of the dry aggregate

weight. The amount of sulfur controls the workability of the sulfur

modified asphalt concrete. If enough sulfur is added, the mixture can

be poured into place. When using this method of adding sulfur, 10 to

15 percent liquid sulfur is generally required to make a workable mix.

Mixtures formed by this method do not require compaction. Deme3 stated

that "...initial experimental efforts in constructing pavements revealed

that conventional rolling resulted in damage to the sulfur crystal

structure which formed as the mix cooled."

MECHANICAL PROPERTIES

Various physical properties of sulfur modified asphalt mixtures are

discussed in the following sections. Only limited data were obtained,

becae.se research of sulfur modified asphalt is in its early stages.

5.3 COMPRESSIVE STRENGTH

Direct compressive strength information on sulfur modified asphalts
is limited. Marshall stability values are avcaUable, however, and are

presented in Section 5.4.
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5.4 MARSHALL STABILITY

5.4.1 Effectsof Amount and Type of Binder. In both the Gulf4 and

Shell 3 methods, the stability of the mixture is increased when sulfur

is added to an asphaltic concrete mixture. Table 5.1 and Figure 5.2

represent data obtained when using the Shell 3 method. Table 5.1 gives

the marshall results of increasing the sulfur content in an asphalti.c

mixture that contains 6 percent asphalt cement. The specimens were

compacted with a two-hammer blow, one side only effort. As the sulfur

content is increased from 8 percent to 16 percent, the marshali stability

increases from 946 lb to 3105 lb; a substantial increase in stability for

a small increase in sulfur. Figure 5.2 shows that as the asphalt content

of a sulfur modified mixture is increased, an optimum stability value is

reached, and any additional increase in asphalt content will only cause

a loss in stability and an increase in flow. At 4 percent asphalt, the

stability value is approximately 2800 lb with a flow of 0.06 in., but

when the asphalt content is increased to 6.5 percent, the stability drops

to UJ65 lb ana flow increased to 0.14. These specimens were not prepared

I by hammer compaction. Instead, the specimens were rodded 25 times with a
3spatula to obtain a bulk density of approximately 120 lb/ft . Increasing

the asphalt content in a sulfur modified mixture has the same effect

that is expected in a conventional asphalt mixture, i.e., there i.; an

optimum asphalt content. But increasing the sulfur content continues

to increase the stability without substantial increases in flow.

The Gulf 4 method, which replaced part of the asphalt binder with

sulfur to form a SA binder, yields marshall stability results that are

similar to the results obtained by Shell 2'3 researchers. The marshall

results obtained by Gulf4 are listed in Table 5.2 and Figure 5.3. The

specimens were prepared with a binder that contained 50 percent elemental

sulfur and 50 percent by weight 85 to 100 penetration grade asphalt.

Standard marshall test method ASTM D-1559 was used. Conventional asphaltic

concrete mixtures were also tested and compared to the SA mixtures. The

SA mixtures gave marshall stability values two to four times greater than

the conventional asphalt mixtures. Both the conventional z.nd SA mix;ures

showed an optimum binder content that would yield the highest Gtability
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value. Additional increases in the SA binder content decreased the

stability values, but the rate of decrease was not as rapid as the de-

crease that occurs in a conventional asphalt mii:ture.

In all the stability data presented, the stability values increased

when the amount of sulfur in the mixture was increased. Hammond and
4, 2Deme indicate that it may be possible to obtain a desired stability

value by varying the sulfur content in the mixture.

5.4.2 Effectsof Aggregates and Fillers. Many of the sulfur modified

asphalt test specimens were prepared from poor quality aggregates. These

aggregates, when used with an asphalt binder, would not meet construction

specifications, but when sufficient sulfur is added, the same poor quality

aggregate mixtures obtain high stability values, some above 2,000 lb.

Stability values of 1,800 lb or higher are desired for most pavements 3

with heavy traffic. Figure 5.4 shows stabi.ity of different aggregates

as a function of sulfur content. Table 5.3 lists the gradations of the

aggregates given in Figure 5.4 The sand aggregates obtained higher

stability values than the gravel aggregates, but the reason for higher
1

strength is not yet known. Some researchers suggest that the aggregate's

surface angularity may influence mixture stabilities. Aggregates used

in conventional pavement usually have a high degree of surface angu- I

larity, and this angularity creates stress concentrations in the crystal-

line sulfur structure, thereby reducing the load-carrying capability.

Some sands have surfaces that are more rounded and, therefore, may not

contribute to stress concentrations. At present, the surface angularity

theory has not been investigated.

5.4.3 Effects of Proportioning and Curing. The sulfur content

should be at least equal to the asphalt content to improve the strength

properties of the mixture. Research by Gulf4 indicates that a 40:60

or 50:50 blend of sulfur to asphalt cement is a blend that will improve

a bituminous mixture. Research1 using the Shell mixture, "Thermopave,"

indicates a high sulfur content. A mixtuzi with an 80.5 percent sand

to 6 percent asphalt to 13.5 percent 5ulfur ratio was found to produce

the desired workability and stability.
1
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No information on the effect of various types of curing on the com-

pressive strength of sulfur modified asphalts could be found.

5.4.4 Effects of Temperature. No information on the effects of

varying temperatures on the compressive strength of sulfur modified asphalts

could be found.

5.5 FLEXURAL STRENGTH

The flexural strength data was very limited. Table 5.4 represents

the only flexural strength data obtained. The flexural test specimens,

25/32 by 1-3/16 by 9-7/16 in. were prepared with 82 percent 150/200 pen

asphalt and 12 percent sulfur. Two temperatures (50F and 68F) and two

loading rates (0.008 and 0.787 in./min) were used. The highest flexural

strength was 415 psi at 50F and 0.787 in./min. At 68F and 0.008 in./min,

the lowest flexural strength was 46 psi.

5.6 TENSILE STRENGTH

3
Tensile test by Deme indicates that sulfur modified asphalt concretes

have a tensile strength of less than 100 psi when tested at 68F. Tests

at 50F rest 1t In a two to three titues increase in tensile stress. The

results of Deme's 3 direct tensile test are presented in Table 5.5. The

test specimens were prepared with a medium-coarse sand, 6 percent of a

150/200 penetration grade asphalt, and 12 percent sulfur. The mixture

was formed into 1- by 1- by 4-in. size test specimens. Tensile test

results reported by Saylak, Gallaway, Lpps, and Ahmad are presented in

Tables 5.6 and 5.7. Direct tensile te,;ts were run on 1-1/2- by 1-1/2- by-2

6-in. specimens. All the tensile test.s were run in an Instro, Universal
ia Tensile Tester at 20F, 73F, and 135F.

5.6.1 Effects of Amount and Type, of Binder. From the dtta given

in Tables 5.6a and 5.6b, the tensile failure stress increases as the sulfur

content is iacreased and the asphalt content decreased. The failure strain

was decreased as the sulfur content was increased and the asphalt

content decreased.
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5.6.2 Effect of Aggregates and Fillers. Sand I from Table 5.6

is a poorly graded beach sand. It shows higher strength values

than S 1d II, which is a dense graded concrete sand. As previously

dlscuuad, the aggregate surface angularity may contribute to stress

concentration which results in lower failure stresses.

5.6.3 Effects of Proportioning and Curing. No additional detailed

information on either the effects of porportioning or curing on the tensile
strength of sulfur modified asphalt other than that reported in the

preceding paragraphs could be located.
whi c mixe trest are teeprton s icesd ufrmdfe

5.6.4 Effects of Temperature. Most mixtures that contain asphalt

wLll lose strength ar the temperature is increased; sulfur modified

When compared to a conventional asphaltic concrete, the sulfur

modified mixture generally has a smaller tensile failure stress and stiff-

ness value, but at high temperatures (133F) the sulfur modified mix

yielded a stiffness two to three times that of a conventional asphalt.

This may indicate a lesser degree of viscoelasticity in the sulfur mixtures.

5.7 DIMENSIONAL CHANGES

No information on the dimensional stability of sulfur modified

asphalts could be found.

5.8 DURABILITY

Data regarding the effects of freeze and thaw cycles on sulfur

modified asphalts were not available, but several test sections have

e been placed in Canada for observation. These test sections are subject

W to severe weather and an evaluation at a later date will help indicate

the amcunt of durability that can be expected.

No information on chemical, high temperature, or fire resistance

could be found, but the presence of sulfur within melting temperatures

being from 242F to 300F would probably adversely affect the performance

of the modified asphalt when subjected to high temperatures and fire.
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5.9 ABRASION RESISTANCE

The amount of abrasion on the test sections in Canada has not been

evaluated. Only skid resistance measurements were made on one test

section. These measurements (Table 5.8) were made after nine months of
2

traffic. Deme and Hammond also noted that the sulfur asphalt pavement

had nct shown any sign of being polished by traffic. Most of the sulfur

asphalt pavements are fairly new and have not been used enough to fully

evaluate the abrasion resistance.

5.10 TOUGHNESS

No information on the toughness of sulfur modified asphalt could

be located.

5.11 FATIGUE STRENGTH AND DYNAMIC CONDITIONS

Fatigue testing of one sulfur modified asphalt mixture (sand

aggregate) indicated that the fatigue life of the sulfur modified asphalt

mixture was lower than the fatigue life of an asphalt concrete but slightly

above the minimum fatigue life used by Shell. The fatigue tests were

conducted in a three-point bending apparatus at a constant frequency of

50 Hz and temperatures of 32F, 50F, and 68F. A plot of the fatigue
2

data for a Shell sulfur modified asphalt mixture (Thermopave) is pre-

sented in Figure 5.5. The stiffness modulus for the Thermopave (6 x 105 psi)

mixture was approximately two-thirds of the stiffness modulus of an

a 5asphaltic concrete (9 x 10 psi). This reduction in stiffness could cause

an increase in tensile strain; therefore, facilitating a thicker pavement

design.2

Fatigue testing of sulfur asphalt mixtures by other researchers
4

indicates that the sulfur asphalt mixtures may have a longer fatigue life

than a conventional asphalt concrete. The fatigue testing conducted by
4

Kennepohl, Logan, and Bean was on cylindrical test specimens that were

prepared by ceplacing a portion of the asphalt binder with an equal measure

of sulfur (the method of mixing used by Gulf Oil Canada Limited). These

cylindrical specimens were tested at 70F with a constant stress of 20 psi

and a load rate of 0.04 second load and 0.08 second rest. The data,
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as presented, are inconclusive as to the stperioiI'y of sulfur mixtures

over conventional aspbalt mixuures. Only the mixture: with the same

binder content (in this case 6 percent) shoul,1 be compared because the

type and amount of binder will affect the fatigue life by changing the -

mix stiffnesS. The fttigue Lifc of the mixtures -ntai ing the same

binder content are approxima,:ely equal: therefore, no conclusion as to

the best mixture should be made from the- data in Table 5.9.

5.12 PERMEABILITY

Air permeability of some Thermopave mixtures has oeen found co be
-12 -13 2 -10 2

in the range of 16 x 10 to '6 x 10 in. This is below 16 x 10 in.

which is considered by DOme3 to be acceptab1- as the m .imum value n order

for a mix to be impermeable. Tnis low value of permeability existed

in the sulfur modified asphalt mixtures despite the high air void con-

tu=nts of 11 percent.

Permeability measurenents were also made in the field by Hammond,
2

Deme, and McManus. These permeability measurements were made using the

greased ring method (Tentative Method for Measuring the Permp ability of

Bitum.nous Mixes, E. Zube, California Division of Highways). "Ar average

permeability reading of 7 ml/min was obtained which is considered comparable

with some asphaltic concrete pavements tested."2  The pavement specimens

were also found to contain a high air void content. The void content

was determined by ASTM Lct method C 457 acccrding to the linear trans-

verse method. The mincroscopic examnatior revealed that the sulfur in

the mixture had ertrapped the air in the voids, sealing some of the voids
2

and reducing the permeability.

USE OF SULFUR MODIFIED ASPHALT

The newer generstion of sulfur modified asphalt pavement has been

placed in Canada. in 1970, a rulfur modified paving mixture called
2Thermspavc, which was developed by Shell Canada Limited, was placed

in Richmond, B.C, The tcaffic count was 9000 vehicles per day with

11 percent t-cucks. The miL, composition was 6 percent of an 85/100 penetration
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grade asphalt, 80.5 percent medium-coarse sand, and 13.5 percent sulfur.

The mixture was placed over a weak subgrade with a high water table.

After four years, "the pavement has not shown any detrimental performance."

Other field installations of the same type mixture were placed

over an old pavement in Oakville, Ontario, in 1971. Also constructed

in Ontario in 1972 was a 1-mile test road to evaluate the structural proper- j
ties of sulfur-asphalt-sand bases of various thickness. 3 Performance

data on these test installations have not been obtained.

Sulfur paving mixtures, prepared by the Gulf4 method, were placed

in Port Colborne, Ontario; Blue Ridge, Alberta; and Windfall, Alberta.

The Port Colborne test section was placed at the entrance to a

quarry. Its purpose was to test the feasibility of full-scale production;

therefore, no test results were given

The Blue Ridge installation was a full-depth pavement. It was con-

structed in the fall of 1974 and no performance data are available. A

layout of the construction and binder composition is given in Figure 5.6.

In the fall of 1974, a sulfur modified asphaltic overlay was placed

on a 1-mile sectiun of Alberta Highway 43 near Windfall, Alberta. The

overlay thickness design consisted of 0.5 mile of 2 in. and 0.5 mile of

4 in. of material. A conventional asphalt concrete was placed in the

southbound lane and a sulfur modified asphalt mixture was placed in the

northbound lane. The sulfur mixture used a 7 percent SA binder, with

40 percent sulfur and 60 percent asphalt. Additional data, such as traffic .1
count, temperatures, and performance were not available.

5.13 EASE OF CONSTRUCTION

The sulfur modified mixtures prepared by the Gulf4 process are placed

using the same construction equipment and methods that are used for a

conventional asphalt concrete. Special equipment for storing, heating,

and mixing sulfur will be reqtired at the mixing plant, but no special

transportation equipment will be required. 

Sulfui mixturc prared by the Shell.I' 2 ' 3 process can be placed

either of two ways. The mixture can be plaqed with a conventional asphalt

paver, or the mixture can be poured berween forms. In eithei case, the
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sulfur modified asphalt mixture is not compacted with a roller. Com-

paction is accomplished with vibrating screeds while the mixture is still

hot (260F). Full-scale production of sulfur modified asphalt mixtures

can be adapted to batch hot-mix plants by adding a sulfur handling

system that is similar to asphalt cement systems.

5.14 EASE OF MAINTENANCE

Repair of sulfur modified mixtures is similar to that of a con-

ventional asphalt concrete. The Thermopave2 type mixtures will not

require compaction after a repair is made and the sulfur modified mix-

tures can be opened to traffic as soon as the mixture has cooled.

5.15 ENVIRONMENTAL COMPATIBILITY

3 4
Both Shell Canada Limited and Gulf Oil Canada Limited studied

part of the environmental problems of using a sulfur type mixture. Gas

emission testing was conducted at constructed sites, production plants,

and on transportation vehicles. The conclusion of the emission testing

is that fume concentrations increase with temperature and decrease a

short distance away from the source. To avoid high concentrations of

hydrogen-sulfide, the temperature should be kept below 300F. Temperature

in excess of 300F would also cause difficulty in mixing the sulfur and

asphalt together. Table 5.10 gives the data on the emission testing for

sulfur modified asphalt mixtures.

5.16 AVAILABILITY AND COST

Some sources of information1,23 indicate that there is a large

stockpile of sulfur. A telephone survey in July 1975 Indicated that

sulfur is presently being used in great quantities, but future supplies

are expected to icrease.
In a telephone survey conducted in February 1974,1 the price of

liquid sulfur was $20/ton. In July 1975, the cost of one dark liquid

sulfur was $57.50/long ton F.O.B. New Orleans. This places the cost of A

sulfur slightly less than the cost of asphalt cement. The price of sulfc-

varies with locality and supply and generally ranges from $30 to $60/ton. I
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Table 5. 1

Marshall Properties of Sand Mixtures

(150/200 Pen Asphalt) for Sulfur Modified Asphalts

Bulk Marshall* Marshall
Percent Percent Density, Stability, Flow,
Sulfur Asphalt g/cc lb 0.01 in.

8 6 1.985 9i46 6

10 6 2.026 1212 6

12 6 2.063 1954 6

* 14 6 2.o4~8 2658 6

16 6 2.058 3105 8

Li

* Specimens prepared with two-hammer-blow compaction.
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Table 5. 2

Marshall Test Data with a Sulfur Asphalt Binder

Binder
Content Air Voids, % Stability, lb Flow, 0.01 in.
% wt AC* SA** AC* SA** AC* SA**

6.0 4.8 7.3 1811 3934 9.5 10.0

6.5 3.4 5.6 1833 4351 10.0 8.5

7.0 2.1 4.5 1398 4362 11.0 8.5

7.5 1.0 4.0 1224 4224 14.0 8.5

8.0 0.6 1.4 1011 4209 15.0 9.5

* 85-100 penetration grade asphalt cement.

SA binder containing 50% weight elemental sulfur and 50
percent weight 85-100 penetration grade asphalt.

10
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Table 5.3

Aggregate Gradation for Sulfur Asphalt Concrete Mixtures
3

Cumulative Percent Passing

ASTM Medium Low High
Sieve Fine Coarse Coarse Stone Stone

Size Sand Sand Sand Gravel Gravel

3/4 in 100 100

1/2 in. 95 90

3/8 in. 100 00 85

No. 4 98 85 704 " a

No. 8 100 89 75 65

No. 16 97 74 59 55

No. 30 100 '30 46 36 34

No. 50 75 48 20 16 11

No. 100 20 14 6 9 6

No. 200 5 2.5 2 7 5
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Table 5.4
•3

Flexural Test Results of Sulfur Modified Asphalt

Testing b

Machine
Crosshead Bulk Flexural

Temperature, Speed, Density, Strength, Flexural
F in./min g/cc psi Strain

50 o.oo8 2.034 126 o.o4

50 0.797 1.972 415 0.003

68 0.008 2.015 46 o.0o6

68 0.787 1.076 162 0.o04

Table 5.5
3Direct Tensile Results of Sulfur Modified Asphalt Mixture

Testing
Machine
Crosshead Bulk Flexural

Temperature, Speed, Density, Strength, Flexural
F in./min g/cc psi Strain

50 0.008 1.968 73 0.04

, 50 0.787 1.961. 282 0.002

68 0.008 1.972 31 0.003

68 0.787 1.968 79 0.0o6
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Table 5.6

* Results of Tension Testing of Sulfur Modified Asphalt Mixtures

Deformation Fail ure

Temperature, Rate, Asphalt, Sulfar, Stiffness, Stress, Failure
OF in./min % % psi si Strain

(a) Us.ng Sand I

20 0.02 6 13.5 3,550,000 320 0.025
0.20 6 13.5 6,560,000 334 0.014
2.0 6 13.5 5,643,000 397 0.024

73 0.02 6 13.5 190,000 38 0.153
0.2 6 13.5 206,000 91 0.174
2.0 6 13.5 460,000 179 0.24o
2.0 4 13.5 520,000 258 0.101
2.0 2 13.5 790,000 272 0.062
2.0 4 16 1,025,000 207 O.080

* 2.0 2 16 1,480,000 290 O.O48
2.0 4 20 1,455,000 233 0.062
2.0 2 20 2,005,000 325 O.Ohi

135 0.2 6 13.5 15,000 5.21 0.211 1
2.0 6 13.5 43,000 17.50 0.190

(b) Using Sand II

20 0.02 6 13.5 1,100,000 275 0.026
0.20 6 13.5 2,730,000 283 0.018
2.0 6 13.5 3,530,000 432 0.010

73 0.02 2 13.5 493,000 118 0.063
0.02 4 13.5 125,000 30 0.116
0.02 6 13.5 107,000 14 0.112
0.02 6 6 200,000 o.16
0.02 6 20 24o,000 35 0.13
0.20 4 13.5 260,000 83 0.100
0.20 6 13.5 260,00 46 o.166
0.20 6 16 310,000 61 0.117
0.20 6 20 380,000 68 0.110
2.00 2 13.5 624,000 258 0.055
2.00 4 13.5 353,000 176 0.155
2.00 6 13.5 327,000 123 0.205
2.00 6 16 867,000 155 0.127
2.00 6 20 1,060,000 182 0.103

135 0.20 6 13.5 6,000 2.24 0.059
2.00 6 13.5 36,000 15.2 0.352
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Table 5.7

Tension Test Results of Asphaltic Concrete Containing 6.25 Asphalt

Deformation Failure
Temperature, Rate, Stiffness, Stress, Failure

OF in./min psi psi Strain

20 0.02 5,200,000 491 0.11
0.20 5,300,000 412 0.015

I 2.00 6,000,000 439 O.016
73 0.02 137,000 81 o.2427

0.20 255,000 148 0.53
2.00 415,000 386 0.33

135 0.20 4,ooo 8.4 o.814
2.00 14,ooo 14.0 0.958

7 1
1-

Table 5.8

Skid Resistance of Sulfur Modified Asphalt Pavement Using

the British Road Research Laboratory Pendulum Tester
2

Skid Resistance Reading

Sulfur Modified Asphalt Pavement After
9 Months 64.8

Asphaltic Concrete Surface After 1 Year 55.1
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Table 5.9

F Fatigue Test Results of Cylindrical Specimens of I
Sulfur Modified Asphalt4

lI i

Sample Description Load Applications to Failure'10 6
Test No. 1 Test No. 2

Test specimen with

6.0% wt asphalt 2.3 1.87

Test specimen with

6.7% wt S/A binder i.0 8.3*

25% wt sulfur

* Test specimen with

6.0% wt S/A binder 2.6* 2.7

*" 50% wt sulfur

Test Epecimen with

7.4% wt S/A binder 3.6* 0.8
I1

50% wt sulfur

1'*

* Teet stopped before failure occurred.
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Table 5. 10

Comparisou of Emissions of As-,halt and Sulfur -

Modified Asphalt Binders
4

Pollutant - -Asphalt SA Binder

H2S; ppm 0.2 1.8

so 2; PPM 0.1 0.2

RSH, COS, CS 2; PPM N.D.* < 0.1 N.D.* < 0.1

Total hydrocarbon 6 6

H2 wt iaaatoe p .. . -
SO5 (with Kitagawa tube) ppm N.D.* < 0.1 2-3
S2 (ihKtgw ue p .. . .

*N.D. =Not detected.
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CHAPTER 6

, NON"'ALCAREOUS INORGANIC CEMENTS

INTRODUCTION

6.1 BACKGROUND

Numerous materials can be classifLed as noncalcareous inorga-ic

cements. These include sulfur, phosphate cements, sorel cement,

(i.e., magnesium oxychloride cement), sodium silicate, the chlorides
rA

NH Cd C 3 and K2 SnCl6 2 H20, and others. A literature review was

made to see which of the materials fitting this classification could be

considered as having po,-ential to replace conventional portland cement

concrete or to improve one or more of its properties by their use with

it. Sorel cement was rejected from serious consideration since it is
1,2

damaged by water.1 ' No promising information with regard to the desired

use of sodium silicate or chloride cements was found. They are generally

considered too specialized to be useful for pavement work and were not

investigated further. The bulk of the review was therefore confined to

sulfur and to phosphate cements. Several of the phosphate references

that were examined mentioned that sodium silicate is a common refractory

cement whose bonds are not as strong as the phosphate bond. This was

taken as added evidence that a specific search for references pertaining

to the use of sodium silicate .s cement was not necessary.

While there has been some work with sulfur in the present context for

about 50 years, the major emphasis came about in the last 10 years because

sulfur was becoming cheaper as stock piles of it accumulated, especially

in Canada, where it was aby-product of cleaning natural gas. The price

advantage that sulfur enjoyed largely disappeared by 1975 however, so any use

will need to be based on a quality rather than a price basis. The data

on phosphate cements is the result of continuing efforts by industry to

improve their use as refractory cements or in patchi.,g formulations

for refractory linings.
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6.2 DESCRIPTION OF MATERIALS OR SYSTEMS

6.2.1 Sulfur. Sulfur is used in many different ways and many

references on these uses are available. For simplicity, the various uses

have been categorized as follows with the references for each use being

appropriately grouped in the reference listing for this chapter:

a. Sulfur (elemental) - General (SG).31

11-17

b. Sulfur - impregnated or infiltrated concretes (SIC) These

materials are formed by the treatment of hardened portland cement mortar

or concrete specimens by vacuum, followed by immersion in molten sulfur

which may or may not be under pressure to help drive the sulfur into the

specimens and then subsequent exposure to atmospheric pressure and normal

temperature ranges to allow the sulfur to harden.
13-26

c. Sulfur - surface applications (SSA). This category differs

from the above in that no vacuum is used; concrete specimens are dipped

into liquid sulfur, or it is applied to surfaces as a spray or with a

brush with the intent that the liquid sulfur penetrates as far as possible.

d. Sulfur - Admixture (SAD).27 This unusual category deals with

the addition of powdered sulfur to portland cement pastes or moratrs

before they are mixed with water. Specimens are then autoclaved or other-

wise heated, to liquefy the sulfur. The intent is that it then forms a

continuous phase with subsequent cooling.

28-q6Ie. Sulfur concrete (SC). This material is a combination of

aggregates and molten sulfur without any portland or other type of cement;

the sulfur serves 4s the binder when the mixture cools and the sulfur

solidifies. This material is not intended to be a substitute for portland

cement concrete but may possibly be preferable in some specific applica-

tions, probably involving linited volumes.

f. Sulfur Foam (SF).47-51 This category covers the use of foamed

sulfur or sulfur formulations for insulation in construction activities.

There have been indications from other work* that coating porous aggregates

*Buck, A. D., "Recycled Concrete," US Army Engineer Waterways Experiment

Station, Miscellaneous Paper C-72-14, May 1972, Vicksburg, MS.
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Sbefore use in concrete may improve their frost resistance. Doing this by

dipping porous aggregates in molten sulfur is an attractive concept that

does not seem to have been tried.

6.2.2 Phosphate Cements. The information gathered on these materials

has been categorized as follows with the references for each category

being appropriately grouped in the reference listing for this chapter:
52-54

a. Phosphorous - General (PG). Information on the chemistry

of 2hosphorous compounds is readily available, but it generally does not

contain specific information as to the actual mechanism of the setting

of phosphate cements or their behavior.
55-76b. Phosphate cements (PC). These materials combined with

suitable aggregates were originally used as refractoxies or as patching

material for refractory linings. These same materials are now finding

a market for making quick-setting, high-strength patches for concrete

but do have a number of limitations.

MECHANICAL PROPERTIES

6.3 SULFUR

6.3.1 Sulfur (Elemental). Dale,8 '9'I0 Ludwig,9 '1 0 and Thaulow I I

have discussed the properties of sulfur and the alterations to these
properties that can be made by the use of additives. Table 6.1 summarizes

the methods of altering the properties of sulfur. The ability to change sulfur

from a material that supports combustion to one that will burn but will

not support combustion is perhaps the more important of these possible

changes. Since interest was in materials that might be usedin addition

to or instead of portland cement concrete, emphasis was on obtaining data

that were comparative with conventional concrete.

6.3.2 Sulfur-Impregnated or Infiltrated Concrete. ThaulowII and

Malhotra, et al.,1 2'13'16 have dealt with this process in detail. A

tabulation of their results compared to control concretes is given in

Table 6.2. It can be seen that strength, modulus of elasticity, and

resistance to freezing and thawing all increase with sulfur impregnation
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while porosity decreases. Thaulow got an increase by a factor of

nearly 3 to 20,000 psi in his work while Malhotra's best factor was

10 to 10,000 psi. Thaulow used a mature, stronger concrete than

Malhotra, thus Thaulow's concrete contained less void space that could

be filled with sulfur, and it is the filling of this void space that is

believed to be responsible for the improvements that have been found.

Unpublished data from the Waterways Experiment Station (WES) on very poorly
consolidated concrete, dried and immersed at 48 hr age in a molten cylinder

capping compound containing approximately 25 perzent sulfur upon hardenin-

also experienced a strength increase by a fact)r of 10. The amount of

sulfur that was taken into the specimens of Thaulow and Malhotra .anged from

about 8 to 13 percent of the dry weight of the concrete. Other factors were

not evaluated in these references. There is need for additional data,

especially data covering service records or similated service records to

verify that the improvements are long lasting. It is interesting to note
25

that in 1940 Kobbe had already done some vacuum and pressure treatments

of concrete with sulfur, but he did not provide any data in this reference.

6.3.3 Sulfur-Surface Applications. This process is just a simpler

version of the SIC process, but without use of vacuum. Therefore, as

expected the properties of the treated concrete or mortar are affected

like those in Table 6.2. Comparative data are shown in Table 6.3. Kobbe 2 5

states that concrete absorbs about 15 percent sulfur by weight during

immersion. This value seems a little high, but similar, to those quoted by
11 12Thaulow and by Malhotra, Painter, and Soles. Other kinds of data

were not evaluated against conventional concrete or mortar. Again, long-

term data are needed to verify that improvements are permanent. Kobbe2 5

notes that fire hazard with sulfir-impregnated concrete is very slight andstates that the treated concrete will not support combustion. Enough

heat will, however, cause the sulfur vapors to be driven off. The sulfur

referred to by Kobbe 2 5 is sulfur before firt-retarding additives became
9

known. His remarks should apply equally well to the SIC category.

i
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6.3.4 Sulfur Admixture. Beaudoin and Sereda 2 7 added different amounts

of powdered sulfur to portland cement and to mortars of portland cement

and sand before they were mixed with water. The resulting pastes and

mortars were then autoclaved and tested. They found an increase in com-

pressive strength for the paste with 2 percent sulfur and a decrease for
the mortar with sLliceous sand (Table 6.4). This effect needs additional

investigation. There was also an increase in strength when the sand

was limestone (Table 6.4). The addition of sulfur increased tie surface

area of the paste, (auscd a change from a coarse to a fine pore size

distribution, increased drying shrinkage, decreased density ;nd porosity,

and increased microhardness However, these properties were still similar

to those for normal hydrated pastes when an optimum amount of sulfur
25

(2 percent) was used, Kobbe found that thn addition of sulfur powder to

a mixture had little or no effect on strength even if the sulfur is caused

o melt. As he neither mentions the amount of sulfur or method of heating,

his staement remains enigmatic when compared to Beaudoin and Sereda's

data.
27

6.3.5 Sulfur Concrete. Figure 6.1 shows a comparison of mixture

proportions used in sulfur concrete and in portland cement concrete.

Figure 6.2 shows strength gair of the two kinds of concrete with time.

Their creep behavior is compared in Figure 6.3 and stress-strain curves are

shown in Figure 6.4. Figure 6.5 shows the effect on the durability of

sulfur concrete of different amounts of pyrite and conventional sand. All

of these figures were taken from T.oov 4 5'4 6 or Loov, et al.29 Sulfur

concrete gains most of its compressive strength (85 percent) during the

first few hours. This gain is much more rapid that conventional concrete,

but the final result is similar (Figure 6.2). Creep of sulfur concrete is

several times greater than conventional concrete (Figure 6.3) which may

or may not be an advantage. The stress strain curves in Figure 6.4 indi-

cate that the sulfur concrete is brittle compared to conventional concrete

especially above 4350 psi. The modulii of rupture and of elasticity of

sulfur and conventional concrete are similar,4 5 ,4t Freeze-thaw resis-

tance of sulfur concrete is poor unless additives are used (Figure 6.5).
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Overall, sulfur concrete and portland cement concrete are similar in

properties and cost. Each material has its own advantages and dis-

advantages. Loov concluded that sulfur concrete is a potentially

useful material for specialized applications, but it will not replace

conventional concrete nor should it be expected to do this.

$ 6.3.6 Sulfur-Foam. Rennie4 8 provided a general review of rigid

4 sulfur foams and concluded the following about them:

Property Data
Compressive Strength 54-400 psi

Flexural Strength Increases with density
Freeze-thaw Resistance Satisfactory
Thermal Conductivity 0.25-0.45 B.T.U.

in./hr ft2 F. at 86F for 7 to 32
pcf foams. Somewhat higher with
higher density foams.

These and other data are shown in Table 6.5. Sulfur foam properties

are compared to styrofoam and polyuiethane foam in Table 6.6. Dale,I 51et al., found a curvilinear relationship between compressive strength

and foam density with strengths as high as 600 psi occurring at foam

densities from 40 to 60 pcf. They also found that shvinkage of the foams

upon solidification was negligible. Direct application of sulfur foams

in a zero maintenance highway concept seems unlikely at this time. If

any application evolves, it will probably be in (:anada and farther north

as some form of insulation against cold placed under the pavement.

6.4 PHOSPHATE CEMENTS

References 55 through 76 deal with phosphate cements. Only references

56 and 62 deal with the application of phosphate cement formulations for

use as concrete patches. Tho - generally have to do with phosphate

cements in connection with refractories. Janowiecki and Semler 56 evaluated

a silico-phosphate cement combination as rapid patching material for

repair of concrete pavements and bridge decks. Their ilicate aggregate
was the mineral wollastonite (CaSiO 3) and their cement was buffeted

phosphoric acid. They found that compressive strengths of 5000 psi or wore
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could be obtained in one hour and that other properties were equal to

or better than those of portland cement concrete. Therefore, they sug-

gested that this material should be field tested for use as a concrete

patching compound. Unpublished WES data for Republic Steel's quick
62

setting concrete verified the claim of quick setting and high early

strength for that product. This material took between 8 to 24 hours to

reach a compressive strength of 5000 psi. It is an acidic ammonium r
phosphate solution with an aggregate that is periclase (MgO) plus dolomite

(CaCO3"MgCO ). The properties of the material tested by Janowiecki

and Semler and by WES seem generally similar. Republic Steel licensed

their product to the following four producers:

Company Trade Name
USM Corp.. Upco Chemical Division Bostik 275

W. R. Grace and Co., Construction Derex 240 Concrete
Products Division
Steelcote Manufacturing Co. FC 100 (Hi-Strength Concrete)
Acme Highway Products Corp. (Acmaset)

USE OF SULFUR

6.5 EASE OF CONSTRUCTION

6.5.1 Sulfur-Impregnated and Infiltrated Concrete. There should be

no difficu1:y in the use of this process for precast concrete elements.

Some problems are foreseen for its application to cast-in-place pave-

ments, but these problems are similar to those associatea with the polymer

impregnation of pavements (Chapter 10). As some pavements and bridge

decks have been successfully impregnated with polymers, _ is believed

that a successful system for sulfur impregnation or infiltration could

be devised.

6.5.2 Sulfur-Surface Application. There is no special difficulty

with the use of tbis process; it can be used aoywhere by simply brushing

or spraying molten sulfur on any desired surface.
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6.5.3 Sulfur-Admixture. Difficulty will probabl) be experienced

in providing enough hear to melt the admixed sulfur in a field installation.

It would have to be done at such a time so that the concrete could with-

stand the thermal conditions. Al

6.5.4 Sulfur Concrete. Theze are no serious difficulties involved

here. Provision must be made to liquefy the sulfur. There would be the

usual small problems associated with the use of any new process.

6.5.5 Sulfur-Foam. This should not pose any special problems as

the equipment necessary for foaming and applying the water has been

developed and a number of successful jobs completed.

6.6 EASE OF MAINTENANCE

r There should be no special maintenance problems for any of the

five sulfur categories.

6. 7 ENVIRONMENTAL COMPATIBILITY

There is possibility of air pollution and personal harm or dis-

comfort to humans with any sulfur usage since fire could create noxious

fumes.

6. 8 AVAILABILITY AND COST

As mentioned earlier, tnere was a time recently when sulfur was

somewhat of a low-cost waste by-product. The present status is that there

are and will be adequate supplies of sulfur, but it will no longer be a

7
cheap item. This latter point is illustrated by a change in price in

Calgary, Alberta, Carada, from $6.40/to,,. in July 197]. to about $25/ton

in December 1974.45 '46

USE OF PHOSPHATE CEMENTS

6. 9 EASE OF CONSTRUCTION

These cements can be used as either cold. setting or hot setting

materials. The two systems described in this report (phosphoric acid

with silicatEs or oxides) are both cold setting processes that do not
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use water. With either system the extremely rapid set (5 to 10 min) can

cause handling problems. The ammonia fumes released when the Republic

Steel product is mixed are objectionable to working personnel. Phosphate

cement systems can be formulated with wpter as a lubricant; however, it

is then necessary to fire the mixture to remove the added water. This

would be difficult in the field. The need for heating if water is added

and the need to avoid water with the cold setting mixtures makes it
clear that phosphate cement formulations are not compatible with fresh

portland cement concrete. They are compatible with hardened portland

cement concrete.

6.10 EASE OF MAINTENANCE

Phosphate cement systems are not expected to have any unusual

maintenance problems.

6.11 ENVIRONMENTAL COMATIBILITY

No environmental problems due to the use of phosphate cements are

anticipated other than the small amount of ammonia gas already mentioned. i

It is not considered serious for the small amounts of phosphate cements

or for work out of doors where it can escape readily.

6.12 AVAILABILITY AND COST

Information on both recent availability and cost was not readily

available, although indications are that it is quite expensive. Availa-

bility should not be a problem as long as usage is restricted to patching

applications. Small quantity usage may also be dictated by cost.

5
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CHAPTER 7

PORTLAND CMENT CONCRETE

INTRODUCTION

7.1 BACKGROUND

The use of cementing materials to bind stone together to form a

structural material dates back to the ancient Egyptians and perhaps

even before recorded history. Some of this material still survives today.

The type of cementing material has varied over the ages and in different

locations and societies. In 1824, Joseph Aspdin, a Leeds, England

builder took out a patent on what he called "portland cement." This

cement was prepared by heating a mixture of finely divided clay and hard

limestone in a furnace until carbon dioxide (CO2 ) had been driven off.

The resulting clinker was then pulverized and used. ! prototype of

modern cement was made in 1845 by Isaac Johnson whoburned a mixture of

clay and chalk until ciinkering occurred. The name Portland Cement was

given to the original set material due to its resemblance in color and

quality to portland stone which was a limestone quarried in Dorset, England.

Since these early developments, the use of portland cement has

developed rapidly and widely, with portland cement concrete becoming one

of the most versatile construction materials available in the world. In

the United States, concrete has been and is presenztly used extensively

in pavement construction. Concrete has been repeatedly studied, researched,

and tested with innumerable reports, papers, and books being written on

all aspects of the materials, concrete properties, performance, and con-

struction techniques. The following sections of this chapter are just a

brief glimpse at the information that is available on the various factors

or properties being considered for candidate zero maintenance materials.

Although portland cement concrete is generally not thought of as a zero

maintenance material, much is known about its properties and behavior

such that by combining this knowledge with the proper construction prac-

tices, a portland cement concrete can be produced that will have greatly

improved long-term performance in terms of recuced maintenance over the

quality of concrete generally occurring in pavements today.



7.2 DESCRIPTION OF MATERIALS

7.2.1 Portland Cement Concrete. Concrete is a composite material

which consists essentially of a binding medium within which are embedded

particles or fragments of aggregate. In portland cement concrete, the

binder is a mixture of portland cement and water. The aggregate is

generally graded in size from a fine sand to pebbles or fragments of

stone which may range up to several inches in diameter. The aggregate

occupies roughly three-quarters of the volume of typical concrete with

the remaining volume being filled with cement, water. and air voids.

The air voids may be either entrapped or deliberately entrained or both

with the amount varying from 1 to 2 percent for entrapped and up to 8 or

9 percent for both entrapped and entrained. Four to 6 percent total air

is common. The overall proportions of the ingredients can be greatly

varied tu satisfy particular job requirements.

7.2.2 Portland Cement. Portland cement is the product obtained by

pulverizing clinker consisting essentially of hydraulic calcium sili-

cates. It usually contains calcium sulfates as an interground addition.

The resulting finely powdered substance, usually gray or brownish in

color, will react with water to produce new compounds capable of imparting
a stonelike quality to the hardened mixture.

Portland cement comes in many varieties and types. These cements

include 2 rapid-hardening, quick-setting, white, water-proofed, hydro-

phobic, low-heat, sulphate-resisting, Kuhl, Iron-ore (Erz), Ferrari,

expanding or nonshrinking, regulated-set, and air-entraining cements.

In the U. S. they are also classified as Types I, IA, II, IIA, III, IliA,
3

IV, and V, the distinctions being made on composition. Types I, II, and

V are commonly used in pavement concrete.

The specific gravity of the particles of Types I through V portland

cement generally ranges from about 3.12 to 3.17. Other portland cements

such as expansive cements and regulated-set cements may have specific

gravities as low as 3.06 and 2.99, respectively. The unit weight of

bulk cement varies with degree of compactness with one cubic foot of

bulk cement generally being assumed to weigh 91 lb. The particles of

SA
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cement range in size from about 0.03 micron (0.000001 in.) in diameter
2

to 80 microns (0.0032 in.). The major portion of cement will pass a

No. 200 sieve (74 micron opening). The rate of hardening and other

properties are controlled to a considerable degree by the relative pro-

portions of the essential compounds and by the fineness to which the

cement is ground.

7.2.3 Aggregates. Many different types. shapes, sizes, and

*qualities of stone have been used as aggregate in portland cement concrete

pavements. Typical aggregates include natural sand, manufactured sand,

gravel, crushed gravel, crushed stone, and air-cooled iron blast-furnace

slag. Any aggregates used should conform to the quality requirements of

"Specifications of Concrete Aggregates" (ASTM C33). Gradation limits

f;r any given project are usually stipulated in the job specifications.

Aggregates should be resistant to weathering action and be of such compo-

sition that no unfavorable reaction takes place between the aggregate

minerals and the components of the cement. The aggregate should also

not contain any impurities which would affect the strength and soundness

of the cement paste.

7.2.4 Admixtures. Admixtures are used to modify the properties of

concrete so it will be more suitable for a particular purpose. Their

use to obtain desirable characteristics should be based on appropriate

evaluation of their effects upon specific combinations of materials and

upon economic considerations. Certain admixtures can improve workability

and permit easier placement. Others can accelerate the set, permitting

earlier finishing, removal of forms, and opening of lanes to traffic, as

well as reduce the time of protection against freezing during cold weather.

Others can retard the set of concrete where rapid setting is undesirable.

Many retarders accelerate strength gain once initial set is attained.

Detailed descriptions of admixtures and their use is contained in

References 4, 5, and 6.

American Society for Testing of Materials Standard C33.
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MECHANICAL PROPERTIES

7.3 NATURE OF STRENGTH

Most general discussions of portland cement concrete properties

are prefaced with some comments on the "nature of strength" because

there is not a complete understanding of the exact mechanisms of resis-

tance that occurs in concrete under load. This lack of understanding

occurs because concrete is not a simple solid but is a heterogenous mix-

ture of solids and cement gel. Neville' defines this solid portion as

being aggregates, remnants of unhydrated cement, and calcium hydroxide.

Numerous failure theories have been proposed for concrete with many of

them contained in references 8 to 20. In general, it is believed that

the failure of concrete under load takes place through progressive internal

cracking caused by the formation, under increasing load, of numerous

microcracks and, that one crack, either initiated singly or developing

from the joining of many smaller cracks, extends through the concrete

thus causing separation of the concrete and failure. The ability of the

concrete to resist this cracking must, of course, be found in the specific

materials which compose the concrete and the mann,=r in which they act

together.

From a mechanical point of view concrete is not one, but mauy dif-

ferent materials which behave differently depending on the strength of

the components, the strength of the bond between components, the ratio

between the modulus of elasticity of the components, and the fractional

volumes of the components. in addition, concrete strength also depends

on the size, shape, and quality of the test specimens, friction of the

testing machine platens, rate of loading, stiffness of the testing machine,

curing conditions, and many other factors. Moreover, there also exists

a difference between strength of concrete measured on test specimens

and the strength of the same concrete in a structure.

7.4 TYPES OF STRENGTH

With respect to strength, concrete is usually characterized by

compressive, tensile, flexural, shear, and bond (with reinforcement)

143 I
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strengths. Except for pavemnts, most concrete structures are designed

to resist compressive stresses but not tensile stresses. Hence, in most

instances, compressive strength is the criterion of quality. For pave-

ments, flexural strength (Modulus of Rupture) is usually the criterion

of quality. The followng discussion will concern itself only with

compressive, tensile, and flexural strength as these are more commonly

stated in pavement work.

7.4.1 Compressive Strength. The compressive strength of concrete

is usually determined by loading a cylindrical specimen of height equal

to twice the diameter. This specimen is usually moist cured at 70± 5 F

for 28 days and then subjected to a slow or "static" loading at a speci- j

fied rate until rupture occurs. The loading is usually accomplished in

2 to 3 minutes. Values of strength obtained in tlis manner range from

2000 to 9000 psi, the most common values being of the order of 3000

to 4000 psi. Compressive strength requirements for pavements vary

depending on type of pavement, pavement thickness, subbase strengths,

anticipated pavement loads, and other considerations. American Concrete

Institute Committee 316 on Construction of Concrete Pavements and Con-

crete Bases has recommended that specified flexural and compressive con-

crete strengths for design and durability purposes should not be less
than 650 psi and 4000 psi, respectively, at 28 days age. Mather

noted as early as 1962 that concrete compressive strengths as great as
18,000 psi had been produced. Saucier, et al,23 '2 4 showed that conete

with compressive strengths of 10,000 psi or greater at 90 days age could

be routinely produced by using certain precautions in the field. 7Y
25was later shown that by using water-cement ratios of less than 0.26 and

proper proportioning, that workable concretes having 90-day strengths of

15,000 psi could be produced.

7.4.2 Tensile Strength. Although considerable attention has been

paid to the investigation of the "tensile" strength of concrete in recent

years, there is general disagreement among investigators as to which test

of concrete provides a "true" measure of the tensile strength. The type

of tests used can be categorically described as eithec "direct" or

"indirect" methods for obtaining a numerical representation of tensile

144
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*strength, The direct tensile strength tests usually involve long,

axially loaded specimens which are pulled in a testing machine until

fracture occurs. The direct tensile stress is simply the load divided

by the cross sectional area of the specimen at the point of failure. If

the loading on the specimen is perfectly uniaxial (a possible but highly

unlikely situation for most testing), the actual tensile stress is deter-

mined. The reproducibility of this test depends to a large extent upon

the type of method used and to what degree the extraneous stresses caused

by specimen gripping are eliminated.

A number of indirect methods for obtaining a measure of the tensile

strength of the concrete have also been developed in hopes of providing

a simpler or more reproducible, or both, test procedure than the direct

tension test. These methods are:

a. Flexure test.

b. Splitting tension test.

c. Torsion tension test.

d. Ring tension test.

The flexure test is discussed in Section 7.4.3.

The splitting tension test as it is commonly used in the United

States involvas the placing of a cylindrical specimen horizontally between

the loading surfaces of a testing machine so that the load is applied

to the specimen along its entire length on two diametrically opposed

lines. The application of a compressive force along these two opposite

linca -C .r. - ? biaxial stress distribution within the specimen. Im-

mediately adjacent to the lines of load application, regions of high

compressive stresses are developed. These stresses vary to a minimum

at the center of the cylinder and are accompanied by an almost constant

tensile stress over approximately three-quarters of the vertical plane

between the two lines of load application. The concrete, being considerably

weaker in tension than in compression, fails along this vertical plane

because of the tensile forces developed there. The magnitude of the

average tensile stresses along this plane at the time of failure is con-

sidered to be the tensile strength of the concrete.
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The torsion tension test uses long cylindrical specimens which

are subjected to pure torsion by means of a specially designed loading

frame. The state of pure shear being developed at a point in a specimen

being subjected to torsional loading is also accompanied by normal

stresses (tensile and compressive) at the point on planes that bisect

the angles between the planes on which the shearing stresses act. The

magnitude of these normal stresses is equal to those of the shearing

stresses, and if the specimen is made of a brittle material (such as

concrete) which is weak in tension, the diagonal tensile stresses will.

reach a value that will cause the specimen to fracture. This value is

then considered the tensile strength of the material.

The determination of the ring tensile strength of rock-like materials

and concrete has been approached using two different metheds. The first

method uses discs with concentri: holes (e.g., rings) in a diametral

compression test identical to the cylinder splitting test described

earlier. The basic idea in this test is to change, by addition of the

hole in the disc, the raLher uniform tensile stress field which occurs

across approximately the center three-fourths of the failure plane such

that the tensile stress component at the edge of the nole is increased.

In doing this, it insures that the ocigin of the fracture is known. The

only component of stress acting at the edg' of the hole is the unidirec-

ticnal tensile stress which then would be the stress which causes frac-

ture and, hence, represents the tensile strength of the concrete.

The second method used for the ring tension test utilizes a uniform

hydrostatic pressure which is applied radially against the inside

periphery of the ring. The application of this pressure produces tangential.

tensile stresses and radial compressive stresses throughout the entire

volume of the ring with a uniformly distributed maximum tensile stress

occurring along the entire internal periphery of the ring. The magnitude

of the radial compressive strength is quite small when compared with the

tangential tensile stress so that when failure occurs, it is the reuslt

of the tensile stresses. If the ratio of the radius of the ring to its
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*wall thickness is less than 10 (as is generally the case for tests of

* concrete), the classic equations for determining stresses in thick-walled

cylinders due to internal hydrostatic pressure can be used to determine

the tangential tensile stress at failure. 4

All of the stress analysis techniques used to provide a measure of

tensile strength from the output generated by using one of the above

indirect test methods and the flexural test make the Pssumption that the

concrete obeys Hooke's law of linear stress-strain proportionality

whereas in fact the stress-strain relation for concrete is curvilinear

almost from the onset of loading. This assumption then introduces an

error into the tensile strength determination and the actual numerical

* representarions of ten. le strength obtained for any of the indirect

test methods does not represent the "true" tensile strength of the concrete.

On the other hand, the ultimate tensile strength obtained from direct

tension testing is independent of the stress-strain relationship in the

concrete and is simply the load at failure divided by the cross-sectional

area at failure. Unfortunately, the direct tension test is complicated

by difficulties in mounting the specimens and uncertainties as to secondary

stresses induced by the clamping or holding devices and hence is never

used for purposes of concrete control.

In using values for tensile strength, the user should be aware of

how the value was obtained and how it relates to other values of tensile

strength. In general, flexural tests give the highest tensile strength

value for a given mixture followed in decreasing order by ring tensile

strength, tensile splitting strength, and direct tensile strength.2 6

The position in this ranking of tensile strength from a torsion test is

not known. The ratio of tensile strength to compressive strength decreases

with increasing compressive strength. Hoff 2 6 found that for 1-in. maximum

size aggregate used in concrete over the compressive strength range of

3000 to 9000 psi, the following ranges of tensi]e/c mpressive strength
ratios expressed as percent existed:
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Range of Strength

Type of Test Size of Specimen Ratios, %

Flexural 6-in. x 6-in. x 30-in. beam 20 to 11

Ring 12-in. rings, 3-in.-thick walls 16 to 9

Splitting 6-in. x 12-in. cylinder 13 to 8

In general, the tensile screngtn of concrete is usually assumed to
27

be only 10 percent of its compressive strength. Many investig )rs

believe that there is an upper limit to tensile strength regardless of

the compressive strength because of the limiting values of bond between

aggregate and paste. This upper value is believed to be approxi.1-ately
60 27 reotd 23

600 psi although higher values have been reported.

7.4.3 Flexural Strength. The flexure test uses a plain concrete

or mortar beam of a given span length, width, and depth, which is sup-

ported at its ends and loaded at either its third points or at its

center. The flexural strength of the beam is represented by a "modulus

of rupture" which is defined as the tensile stress in the outer fiber

of the beam at failure of the beam. This tensile stress is developed by

the beam action and determination of the modulus of rupture assumes that

the stress and deformation in the beam are directly proportional to the

distance from the neutral axis of the beam. The results of the flexure

test are dependent or. where the beam is loaded (third-point or cenLer

loading), the rate at which it is loaded, the size and configuration of

the beam, and on the residual stresses in the beam caused by moisture

variations within the beam.

As noted in Section 7.4.2, the fhc.:ural test itsually gives the

greater tensile value of all the indirect tensile tests, ranging from

approximately 20 percent of the compressive strength at lower concrete

strengths (3000 psi) to 11 percent rt hig!,er concrete strengths (9000 psi).

It ranges from 60 to 100 percent higher itwan the direct censile strength~28
of concrete. In general, the flexural tr'ngth is assumed to be

In 27
15 percent of the compressive strength. As 'r, the case of tensile

strength, it can have a limiting upper value _,vending on the surface

condition and strength of the aggregate used. "i; h-textured or angular
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aggregares resul- in relatively high flexural strengths as compared to
18

smooth glassy aggregate used in the same concrete. Saucier, et al,

reported flixural. strengths of 1050 psi for concrete having a compressive

strength of 15,000 p-;i.

7.5 FACTORS AFFECTING STRENGTH

Many different things can affect the strength of concrete. Generally,

if a particular situation or phenomena affects one type of concrete

strength, such as compressive strength, it also will affect the other
strength characteristics of the concrete, although perhaps not in the

same proportion. The fellowing sections point out a few of the major

areas that affect strength. The effects on strength of freezing and

thawing, reactive aggregates, corrosion of embedded items, and chemical

effects are described in Section 7.8.

7.5.1 Component Materials. The component materials of portland

cement concrete are the cement, aggregate, water, and admixtures (if

',,sed).

The effect of the cement constituent is manifested through differences

in chemical composition aid fineness. The chemical composition is a

combination of lime (CaO), silica (SiO2 ), alumina (A1203 ), magnesia

(MgO), sulfur anhydride (SO3), and iron oxide (Fe 2 03; When these compo-

nents are intimately mixed and burned to equilibrium, the following

compounds are formed:

Chemical Cement Chemist
Compound Descript _n-  Notation

Tricalcium silicate 3CaO"Si02  C3S

Dicalcium silicate 2CaO.S"02 C2S
2CO~2  2

Tricalcium aluminate 3CaOAl 0 C A
2 3 3

Tetracalcium aluiainoferrite 4CaO.A1203" Fe0 3  C4AF

Uncombined magnesia MgO ---

Uncombined lime CaO ---

Calcium sultate CaSO 4
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The calcium silicate compounds are generally believed to be the ones

most effective iii developing strength. Cements relatively high in

C3S (alite) gain strength more rapidly and produce more heat per unit

of cement during hydration. Both of these characteristics are further

enhanced when there are larger amounts of C3A (alumina) in the cement.

These larger amounts of C A, Ithough increasing carly strengLhs, caus.

lower strengths at later ages. Cements relatively high in C2S (belite)

hydrate more slowly with accompanying lower strength and lower heat of

hydration.

Cements with C A contents above 5 percent have an increasing sus-
3

ceptibility to sulfate attack with subsequent loss in strength. C4AF

is not a significant contributor to strength but when present in large

amounts, may cause slight decreases in strength. Excessive amounts of

MgO and free CaO may, under certain conditions, participate in reactions

which produce strength-reducing deleterious expansions.

Limiting values of these various compounds are contained in ASTM
3

C 150, Standard Specification for Portland Cement. Some typical com-

pound compositions for the five principal types of portland cement are

contained in Table 7.1.

Normal portland cements generally have a specific surface (fineness

as determined by air permeability method) of about 3000 to 4000 sq cm/gm.

High early-strength cements may have specific surfaces of 5000 sq cm/gm

or greater. In general, the higher the fineness the greater the rate of

hydration thus causing greater early strength and a more rapid generation

of heat. The total amount of influence of fineness on strength will vary,

however, with the cement and t:e concrete mixture.2 Lea 2 has noted that

an increase in specific surface from 3200 to 4500 sq cm/gm (by air perme-

ability method) raises the compressive strength at 1 day by 50 to 100 perclt,

at 3 days by 30 tu 60 percent, and at 7 days by 15 to 40 percent. Increas

in fineness beyond about 5000 sq cm/gm (air permeability) only produce a

relatively small increase in rength except at less thati I-days age.

Brunauer, et al,2 9 ,3 0 however, found that by grJnding cements as fine

as 8000 sq cm/gm (air permeability), excluding all gypsum, and reducing

the water-cement ratio to 0.2, that pastes of very low shrinkage and

ISOi
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having 90-.day strengths in excess of 30,000 psi could be satisfactorily

made. The elimidation of the gypsum results in a paste containing no

sulfo-aluminates o- oulfo-ferrites which are considered as being responsible

for a considerable part of the volume changes of normal cement.

Aggregates can affect the strength of concrete by their grading,

surface texture, shape, strength, and stiffness (elasticity). Changes

in sand grading over an extreme range have no material effect on compressive

strength of mortar and concrete specimens when water-cement ratio and

slump are held constant. These changes under the conditions mentioned

do cause the cement content to change, however. Changes in coarse aggre-

gate grading always result in changes in the proportions of a mi' . e in

which it is used in order to maintain a desired level of workabi .ty.

It is these proportioning changes which, for the most part, affect the

strength. The amount of cement required to produce maximum compressive

strength at a given age with a given aggregate will vary with the maximum

size of aggregate involved. Greater strengths can be obtained at higher

cement contents for all sizes of aggregates until a maximum strength is

reached beyond which the addition of cement produces no increase in
31

strength. The compressive strength at which the addition of cement

produces no further increase in strength is higher for the smaller size

aggregates than for the larger size aggregates. In lean mixtures, large i

aggregate gives highest strengths while in rich mixtures it is the smaller

aggregate size that yields highest strength. In other words, peak compres-

sive strengths are reached at progressively larger aggregate sizes as the

cement content decreases. Standard gradation curves or tables ara available

for optimizing concrete strengths.

Under compression loading, the stress at which cracks begin to

form in concretc depends largely on the properties of the coarse aggregate.

Smooth gravel leads to cracking at lower stresses than does rough a'ad

angular crushed rock, probably because mechanical bond between thf paste

and aggregate is affected by the surface properties and, to a certain
32degree by the shape of the coarse aggregate. The properties of aggre-

gate thus affect the cracking load (as distinct from the ultimate load)

in the same manner for both compressive and flexural strength, thus making

15i
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the relationship between the two independent of the type of aggregate

used. The flexural and compressive strengths of concrete do depend,

however, on the type of coarse aggregate used since (except in high-

strength concrete) the properties of aggregate, especially surface

texture, affect the ultimate strength in compression very much less

than the strength in tension.
3 3

The influence of the type of coarse aggregate on the strength of

concrete varies in magnitude and depends on the water-cement ratio of

the mixture. For water-cement ratios below 0.4 the use of crushed aggre-

gate has resulted in strengths up to 38 percent higher than when gravel

is used. With an increase in the water-cement ratio the influence of

aggregate falls off, presumably because the strength of the paste itself

becomes paramount, and at a water-cement ratio of 0.65 no difference

in the strengths of concretes made with crushed rock and gravel has been

observed.
3 3

Kaplan3 4 observed that the flexural strength of concrete is generally

lower than the flexural strength of corresponding mortar. Mortar appears
to be the upper limit to the flexural strength of concrete with additions

of coarse aggregate generally reducing the strength. On the other hand,

the compressive strength of concrete is higher than that of mortar.
34Kaplan attributes this to the mechanical interlocking of the coarse

3]aggregates when subject to compression. Neville has noted, however,

that this behavior does not apply generally and is a much more complex

problem than stated by Kaplan.

Aggregates should not contain contaminating substances or be unsound.

Aggregate is commonly contaminated by silt, clay, mica, coal, humus, wood

fragments, other organic matter, chemical salts, and surface coatings

and encrustations. Such contaminating substances in concrete act in a

variety of ways to cause unsoundness, decreased strength and durability,

and unsightly appearance. Mineral or lock particles that are physically

weak, extremely absorptive, easily cleavable, or swell when satur-ted

are susceptible to breakdown through exposure to natural weathering pro-

cesses. The use of such materials in concrer will reduce strength. A

more detailed description of the phenomena involved with these problems

can be found in Section 7.8.
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Usually any potable water is suitable for use as mixing water for

concrete. There have been exceptions to this, however. Mixing water

containing considerable amounts of soluble sulfate may result in a delayed 4

reduction of compressive strength of the concrete. Mixing water con-

taining 1.0 percent (10,000 ppm) sulfate produced no significant reduc-

tions in strength at 28-days age but at one-year age, the same concretes

made with Types I and V cement showed strength reductions of 15 and
.10 percent, respectively, from the strengths of similar concrete made

with tap water. Concretp made with sodium chloride (common salt)

solutions showed significant reductions in strength at ages greater than

7 days for all concentrations. Five percent of ordinary salt reduced

the strength about 30 percent. A highly carbonated mineral water con-

taining only small quantities of sulfates ani chlorides gave a strength

ratio as low as 80 percent.3 1 Further discussions of the effects of water

quality are contained in Section 7.8.4.4.

The early strength of concrete can be improved by the inclusion of

accelerating admixtures Common accelerators are calcium chloride and

sodium and aluminum-based commercial products. Their use requires

special precautions in handling and placing of the concrete to avoid

delays as other characteristics such as slump loss and stiffening are

also accelerated. Limits for total amounts of accelerators to be used

are usually provided by the manufacturer. Excessive amounts may ad-

versely affect the performance of the concrete. Their use in controlled

amounts may still adversely affect other characteristics of the concrete

over the long run. Air-entraining admixtures, by virtue of providing

a controllable void system in the concrete, tend to reduce concrete

strengths. For the usual range of entrained air contents (3 to 8 percent),

a rule-of-thumb of a 5 percent strength reduction for each percent

entrained air is common.y used. Water-reducing admixtures generally

improve the compressive strength of concrete by allowing water reductions

of up to 25 percent of the total mixture water while maintaining the same

level of workability. This results in a lower water-cement ratio for
31the concrete. The Bureau of Reclamation reported that concrete con--

taining recommended dosages of water-reducing admixtures had compressive
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strengths 18 percent greater than concrete which did not contain the

agents. Over-dosages of the water-reducing admixture can negate any

benefits, however. Some water-reducing agents have, however, adversely

affected the concrete durability over extended periods of exposure.

7.5.2 Mixture Proportions. For given materials, the strength of

concrete at a given age and cured under prescribed conditions is generally

assumed to depend prima:ily on the water-cement ratio and the degree

oi compaction of the concrete. In practice, the water-cement ratio is

the largest single factor in the strength of fully compacted concrete.

The influence of the water-cement ratio on strength is due to the

fact that the water-cemenL ratio determines the porosity of the hardened

cement paste at a given stagc of hydration. Neville7 has noted that if

the water/cement ratio is higher than about 0.38 (by weight) all the cement

can hydrate, but capillary pores will also be present in the cement paste.

Some of the capillaries will contain excess water from the mixture;

others will fill by imbibing water from outside curing sources. Other
investigators have reported that all the hydration will occur when

the water-cement ratio is as low as 0.20 (by weight) and that any water
36in excess of this amount can be considered as pore space. It is this

pore space which reduces the amount of strength which the paste can

develop. It has been speculated that the zero-porosity strength of f ly

hydrated cement paste, if such a paste could be made, would be between

40,000 and 60,000 psi.

From practical consider-tions principally related to needed worka-

bility of the mixture, the water-cement ratios of good structural concrete

are generally in the range of O.J5 to 0.45 (by weight). With the use of

newly developed water-reducing admixtures (Section 15.15.122), water-

cement ratios considerably below 0.35 may be possible. The relationship

between strength and water-cement ratio Is generally depicted in graphical

form as a hyperbola. It is sometimes shown in the form of a strength

versus cement-water rati) which plots approximately linear between water-

cement ratios of 0.4 to 1.1. This makes interpolation much easier. Any

of these relations apply only to a given cement and aggregate and changes

in these materials will cause shifts in the relationships. The range
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of validity of the water-cement ratio rule is 3omewhat limited, however.

At very low water-cement ratios, full compaction is usually no longer

possible and additional voids begin to occur in the system, thus adversely

affecting strength. It has also been observed that mixtures with a

very low water-cement ratio and extremely high cement contents (800 to

900 lb per cu yd of concrete) exhibit retrogression of strength, especially

when large size aggregate is used. This behavior has been attributed

to shrinkage of the paste at later ages, which reduces cement-aggregate

bond and causes cracking because of aggregate restraint.

The proportioning effects of aggregates are discussed in Section 7.5.1.

7.5.3 Curing Conditions. For satisfactory development of strength

*in concrete, it is not necessary for all the cement to hydrate, and in

most cases, not all of it does. To achieve the maximum strengths possible

for a given combination of materials it is necessary that as much hy-

dration as possible does take place, however. This is usually accomplished

by having long periods of moist storage or curing, especially at early

ages of the concrete. More than enough water is usually mixed in the

concrete for complete hydration of the cement to occur. The purpose of

applying moisture to the concrete is to prevent the loss of this moisturce

from the concrete. This may also be accomplished by sealing the concrete

with a membrane to reduce moisture losses.

The temperature of the concrete during the early age of ;he concrete

also has an important bearing on the strength of the concrete. When

concrete is cast and maintained at a given constant temperatute, the

higher the temperature (within limits), the more rapid the hydration and

resulting gain tn strength at ages up to 28 days. A comparison of some

typical strengths for concrete cured at vaiious temperatures is shown )

in Table 7.2. It should be noted that concrete cast at low temperatures

(40 F) and stored at low t:empera:ures for a month or more before being

stored at higher temperatures will, from the age of 3 months on, be

stronger than similar concrete stored continuously at the higher tempera-

ture. Care should be taken to prevent freshly placed concrete from

freezing, however. If fresh concrete is frozen while there is considerable

free water in the mixture, and the Dabte, as it goes from its liquid to

Y5

H."~



solid phase, has not attained sufficient strength to resist the expansive

forces associated with an increase in volume of the water, the internal

structure of the concrete can be disrupted with corresponding decreases

in strength. The 28-day compressive strength of concrete which has been

frozen may be reduced 30 to 50 percent of the strength of concrete which
37

has not been frozen. When concrete is cast and maintained at a given

temperature for several hours and then cured at 70 F, the higher the

initial temperature (within limits) the lower the 28-day strength, al-

though differences may not be large. When concrete is cast and maintained

at 70 F for several hours and then cured a,- various constant temperatures,

che lower the curing temperature (within limits), the lower the strength
38

at ages up to 28 days.

It can be generalized that if the curing temperature is higher than

the initial temperature of casting, the resulting 28-day strength will be

higher than that for a curing temperature equal to, or lcwer than, the

initial temperature. This may not necessarily hold true at later ages,

however.

7.5.4 Changes with Time. As can be seen from the comments in

Section 7.5.3, the development of strength in concrete is both a function

of its curing conditions and time. Under ideal curing, the strength

development goes on for many years. Long-term tests have shown that

strength development can still be active after 50 years, although the

strength increases may be relatively small. 3 9'4 0 Washa and Wendt4 0 noted

that comparable concrete cylinders made with cements having a relatively

high C2S content and a low surface area that are stored outdoors generally

increased their compressive strength as the logarithm of the age out to

about jO years. Concretes made with finer cements having a relatively

lower C2 S content appeared to reach their peak strength between 10 and

25 years and showed strength regression thereafter. Their data indicated

compressive strengths between 2.0 and 2.5 times the 28-day strength were

obtained at 50 years age. Some design procedures allow for additional

strength gains of the concrete when the full design load is applied at a
41

minimum age of the member. An age factor of 1.24 times the one-month

strength is used for low-strength concrete when the raiember is loaded at

12-months age. For better grades of concrete an additional strength of
41

1450 pi is allowed instead of applying an age factor.
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Most expressions for relating strength to time are derived for a

particular type of cement. As most cements gain strength at different

rates, the prediction of strength should be based on experimental results

for the cement in question.

The temperature during curing also controls the rate of progress

of the reactions of hydration and consequently affects the development

of strength of concrete with time. The relatio-ship between time,

temperature, and strength is oftpen expressed as a summation function

(called maturity) of the product of time and temperature, referenced to
an origin found experimentally to be 11 F. That is,

Maturity Z [time x (Temperature- 11) (7.1)

Below 11 F concrete does not appear to gain strength.
Maturity is expressed in degree F-hours or degree F-days. Plots

of strength versus the logarithm of maturity usually produce a straight-

line relationship. From this it is possible to express strength at any

maturity as a percentage of strength at any other maturity, thus allowing

strength predictions for any combination of time or age and curing tempera-

ture condition. The maturizy rule applies fairly well when the initial

temperature of concrete is within normal concrete curing temperature

regimes and there is no loss of moisture by drying during the period

considered.

7.5.5 Size and Shape of Specimens. The same concrete used in a

variety of different sized or shaped specimens will produce different

concrete strengths because of the influence of the size and shape of the

specirn and, to a lesser degree, of the possibility of a better com-

paction and a larger water gain during moist curing in smaller specimens.

Whn a given concrete is tested in compression by means of cylinders

of like shape but of different sizes, the larger the specimen, the lower

the strength. The same behavior generally occurs for prism-shaped

flexural test specimens. The explanation usually offered to explain

size effect is the probability of the presence of a weak ele;._nt. It

is assumed that the larger the volume of the concrete suojected to k given
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level of stress, the more likely the volume will contain an element of

a given extreme low strength or a flaw. Table 7.3 has been adopted
31from a curve used by the Bureau of Reclamation to give the relation-

ship between strength changes and test sylinder size and shows some

typical strength changes that might be expected. Neville4 3 has suggested

the following general relation between the strength of concrete and the

size of the specimen:

p= 0.56 + 0.697 ( + 1) (7.2)

where

P = concrete strength
P = strength of a 6-in. cube
6
V = volume of specimen

h = height of specimen

d = least lateral dimension of the specimen

It should be noted .-, i!he size effect disappears beyond a certain size

so that a further increase in size does not lead to a decrease in

strength. 3 1'3 3 A1so, decreases in strength with increases in specimen

size are less pronounced in lean mixtures than in rich mixtures.

The greater the ratio of specimen height to diameter, the lower

the strength indicated by the compression test. Table 7.4 gives some

typical strength correction factors for cylindrical specimens whose

height tc diameter ratios are less than 2, which is the preferred ratio

for standard test cylinders. The product of these co'rection factors

-and the observed strength of the actual cylinders tested provides indicated

strengths comparable to those that would have been obtained from a

standard specimen. For ratios of 1.5 or greater, small variations in

height of specimen do not greatly affect strength.

7.5.6 Types of Loading. Concrete, when subjected to different

types and rates of loading, will prodit-e values of apparent strength

which may vary considerably. In general, the lower the rate at which
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stress increases, the lower the recorded strength. This is probably

due to the increase in strain with time owing to creep (See Section 7.6.7),

and, when limiting strain is reached, failure takes place largely inde-

pendently of the value of stress applied.

Within the range of customary testing procedures, the effect of

rate of load is not large. With ordinary laboratory machines, the practi-

cal range of speed of loading is between 10 and 100 psi/sec, and within

this range the recorded strength varies only between 97 and 103 percent

of the strength obtained at a load rate of 30 psi/sec. Above load rates
of 10,000 psi/sec, the dynamic effects due to inertia become F='-ificant

31,45,46
and the apparent strengths increase significantly (See Section 3.

47
Early tests at the University of Illinois indicated that the relation

between strength and rate of loading was approximately lgarithmic in the

form

0

S = SI (1 + K log R) (7.3)

where

S = strength at a given rate of loading R psi/sec

S = strength at a rate of 1 psi/sec

K = a constant (approx 0.08 for 28-day tests)

This relationship is still valid for concrete tested in compression.

Flexural tests are alsr affected by the speed of loading in the same

manner as compression ,:ests and follow the same general relationship

noted in Equation 7.3. The value of the constant K will be different,

however.

7.6 DIMENSIONAL CHANGES

Portland cement concrete can undergo dimensional changes for

numerous reasons. When under short-term load, it can change dimensions
due to the mechanical forces acting on it. Under long-term sustained

loads, it may undergo t-ime-dependent deformation called creep. In an un-

hardened state, plastic shrinkage can occur. Once the concrece has

hardened, it ma undergo dimensional changes due to autogenous volume
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changes, swelling, drying shrinkage, -arbonation shrinkage, and expansion

due to deleterious substances including aggregates or chemical attacK.

Dimensional changes also occur from simple temperature changes. The

following paragraphs highlight some of these phenomena. The effects of

deleterious substances and chemical attackare found in Section 7.8 on

Durability.

7.6.1 Plastic Shrinkage. Plastic shrinkage is a volume change

which takes place while the concrete is still in its unhardened state.

It can lead to cracking problems which can contribute to the further

deterioration of a concrete pavement at later ages.

During the hydration _9f the cement phase of the concrete, the volume

of the paste fraction decreases while the paste is unhardened. Normally

this volumetric contraction is of the order of i percent of the absolute

volume of dry cement. 7 If there is a loss of water by evaporation from

the surface of the concrete or by suction of dry concrete below the sur-

face, the volume change of the unhardened paste is even greater. Whether

this change in volume is the sole cause of shrinkage cracking is not

clearly defined. Cracks have occurred when no evaporation or suction

occurred. It has been suggested that plastic shrinkage cracking is

associated with differential settlement of fresh concrete due to some

obstruction to uniform settlement, such as coarse aggregate or reinforce-

ment. Both of these conditions can be eliminated by proper porportioning

of the mixture and the provision of adequate moist curing, applied at

the proper time, to minimize evaporation.

7.6.2 Autogenous Volume Change. This type of volume change does

occur in large sections of mass concrete but can bu ignored for pavements.

It is noted here only for information purposes.

When a section of concrete has a supply of water available to Jt,

Fydration of the cement will continue and lead to a slight swelling of

the concrete. If no moisture movement to or from the concrete is allowed

and temperature remains constant, hydration will still continue for some

time with the moisture available within the concrete. The resulting

self-uesiccation will produce an autogenous shrinkage, however. Usually

this shrinkage is assumed to be a portion of the total drying shrinkage

(Section 7.6.4). 100I b0



7.6.3 Swelling. Cement paste or concrete continuously cured in

water from the time of casting exhibits a net increase in volume and an

increase in weight due to the adsorption of water by the cement gel.

Linear expansions of 100 to 150 microstrains after one year's water ?

curing have been observed for concrete made with 500 lb of cement per
fl 48

cubic yard of concrete. As in the case of autogenous volume changes,

this type of behavior is usually not a consideration for volume changes

in pavements because they are never continuously cured in water over

their operational life.

7.6.4 Drying Shrinkage. The drying shrinkage of concrete is

caused by the withdrawal of water from the concrete and is usually the

result of the presence of the concrete in an unsaturated air environment.

The water is lost from the cement paste in the concrete and a part of

this loss is irreversible. The change in volume of drying concrete is

less than the volume of water lost during drying, however. The loss of

free water, which occurs ftrst, causes little or no shrinkage. As

drying continues, adsorbed water is removed and this results in a linear

change in dimensions or the cement paste.

The drying shrinkage of concrete is influenced by many factors. The

most important is the aggregate which restrains the amount of shrinkage
49

which can occur. Pickett reported that the shrinkage of concrete, S ,

to shrinkage of neat paste, Sp, depends on the aggregate content, g, in

the concrete and is:

S S (l-g)n  (7.4)
c p

* where n takes into ac .unt the aggregate content of the mixture and allows

* for unhydrated cement. Values of 1.2 to 1.7 have been reported for n.4 8

The size and grading of aggregate does not by itself influence the magni-

tude of shrinkage but they do influence the proportions of the concrete

which in turn influences the shrinkage. The elastic properties of

the aggregate determine the degree of restraint offered, with aggregates

of Ligh elasticity offering more restraint than aggregates of low elast y.
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Within the range of ordinary aggregates, there is considerable variation

in shrinkage of concrete. In general, shrinkage varies inversely with

the modulus of elasticity of concrete at early ages.
5 1

The water content of concrete affects shrinkage insofar as it reduces

the volume of restraining aggregate. The water content of a mixture is

an indicator of the order of shrinkage to be expected but is not a primary

factor causing shrinkage.
7

The properties of cement have little influence on the shrinkage of

concrete. Air entrainment has been found to have no effect on shrinkage.
5 2

Additions of calcium chloride to concrete have been reported to increase

shrinkage by amounts varying from 10 to 50 percent.53 •7

Shrinkage takes place over long peciods of time. Neville7 reported

the following shrinkage rates for concretes of varying proportions and

curing conditions:

Time of Percent of 20-year
Occurrance Shrinkage

2 weeks 14 to 34
3 months 40 to 80
1 year 66 to 85

Prolonged moist curing delays the advent of shrinkaie, but the effect

of curing on the magnitude of shrinkage once it occurs is small. The

curing is beneficial from the standpoint :hat by delaying the shrinkage,

the concrete can develop sufficient btrength to resist any cracking that

may result from the shrinkage. When moisture loss takes place at the

surface of a pavement, a moisture gradient is established in the pavement

with a resulting differential in shrinkage within the pavement. This

. shrinkage is compensated for by strains due to internal stresses. If

the stresses arisei gradually they may be relieved by creep. If the

stresses in the tensile zone of the pavement exceed the tensile strength *

of the concrete, cracking in the surface will occur. Even if the curing

has allowed sufficient strength to develop to resist these stresses,

warping of thinner sections may occur if the drying takes place in an un-

symmetrical manner.
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4 Typical shrinkage values for concrete range up to 1500 microstrains

with values of up to 4000 microstrains being reported for cement pastes.

Enough is known about the causes of drying shrinka.e that with the proper

care and precautions, it can be controlled so as not to be a problem.

7.6.5 Carbonation Shrinkage. Carbonation shrinkage has been identi-

fied in concrete pavements. It is generally believed2 that carbonation

shrinkage is caused by the dissolving of crystals of Ca(OH)2 in the cement

paste in the presence of CO in the atmosphere and moisture in the con-
2

crete to form CaCO plus water. The CaCO3 occupies less volume than the

Ca(OH) while the water is free to escape from the system. The result
2'

of both actions should cause shrinkage.

The rate of carbonation depends on moisture content of the concrete

and the relative humidity of the ambient medium. The size of the concrete

element is also a factor. Most occurrences of carbonation shrinkage have

been attributed to the phenomena of drying shrinkage and have been in-

cluded in the measurement of that phenomena. Carbonation of concrete

does result, however, in increased strength and reduced permeability of

the cuncrete because the water released by carbonation and the process

of hydration and CaCO reduces the voids within the cement paste. Both
3

of these may improve durability.

7.6.6 Thermal Volume Changes. Concrete has a positive coefficient

of thermal expansion. The value of this coefficient depends both on the

composition of the mixture and on its hygral state at the time of the

( temperature change.
The two principal constituents of the concrete, the cement paste and

the aggregate, have dissimilar thermal coefficients. These ingredients

also occur in the mixture in varying proportions. This results in the

concrete having a range of values for its thermal coefficient. In general,

the coefficient of concrete is a function of the quantity of aggregate in
54the mixture and the coefficient of the aggregate itself. Tables 7.5

and 7.6 show -he influence of both aggregate content and type of aggregate

on the coefficient of thermal expansion of concrete.

The significance of the differences between coefficients of aggre-

gate and those of the cement paste is that if they differ too greatly,
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a large change in temperature may introduce differential movement which

could cause a disruption of the bond between the aggregate and surrounding

paste. It has been suggested that if the two coefficients differ by
-6

more than 3 x 10 per degree F, the durability of the concrete when sub-

jected to freeze-thaw cycling may be affected.

Variations in moisture content of the concrete also can affect the

coefficient. The influence of the moisture, in general, affects the

coefficient of the paste which in turn affects that of the concrete.

When a paste is -y the coefficient of thermal. expansion is lower than

when the paste is partially saturated. The increase is attributed to a

"swelling pressure" which arises from a decrease in the capillary tension

of water held by the paste whe'- the temperature is increased. No

swelling can occur when the specimen is dry or when it is saturated.

The potential swelling pressure is reduced with age of the paste due to

incicased amounts of crystalline material in the hardened paste. Sub-

sequently the coefficient is also reduced with age.

7.6.7 Creep. Creep is the time-dependent deformaticn under a sus-

tained stress. The increase in deformation due to creep can be several

times as large as the strain on loading. Due to creep, displacements

and stresses within the concrete change but with the exception of pre-

stressed concrete and slender columns, the structures made with the con-

crete are usually not weakened by creep. Creep is generally not a problem

for pavements and is not considered in their design and performance. The

magnitude of the creep of concrete can be influenced by the aggregate,

cement, mixture proportions, consolidation of the concrete, age of the

concrete, magnitude of the applied stress, humidity, temperature, size of

members, and combined states of stress. The reader is referred to

reference 58 for an extensive treatment of this phenomena and its in-

fluences.

7.7 PERMEABILITY

Penetration of concrete by materials in solution may adversely affect

the durability of the concrete. This penetration depends on the perme-

ability of the concrete and most portland cement concrete used in pavements
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~can be expe~ted to be permeable to some degree. Permeability is, then,

the means to describe the movement of water through concrete. This move-

ment can be caused by a head of water, osmotic effects, or by a humidity

differential on both sides of the pavement.

The permeability of concrete is not a simple function of its porosity,

but depends on the size, distribution, and continuity of pores. Both the

cement paste and the aggregate contain pores. The concrete itself may

contain voids caused by incomplete compaction or bleeding of the cement

paste. Neville7  reported that these voids may occupy between a fraction

of 1 percent and 10 percent of the volume of concrete. The high value

occurs with a highly honeycombed concrete of very low strength. The aggre-

gate particles in concrete are usually completely encapsulated In paste.

The paste is also the only continuous material in the concrete. Hence,

it is the permeability of the paste which has the greatest effect on the

permeability of the concrete.

Although cement paste contains both gel pores and capillary pores, 4

the capillary pores are generally larger and control the permeability of

the paste. Powers 59 reported permeability values ranging from approximately

zero at a capillary porosity of 10 percent of the cement paste to as high

as 100 x 10 cm/sec at a capillary porosity of 37 percent. Capillary

porosity of cement paste decreases (approximately exponentially) with age

* as more hydration products begin to fill the capillary pores. This is

shown in Table 7.7 for a cement paste with a water-cement ratio of 0.70.

For pastes hydrated to the same degree, the permeability is lower the

lower the water-cement ratio, that is, generally the higher the cemen.

content of the paste. For pastes that had 93 percent of the cement

hydrated, it was reported that a reduction of water-cement ratio from

0.7 to 0.3 lowered the coefficient of permeability to one-thousandth of
60

the value at the water-cement ratio of 0.7. The same reduction occurs

in a paste witb a water-cement ratio of 0.7 betdeen the ages oL 7 days

and 1 year.

The permeability of concrete is also affected by the properties of

the cement used. For the same water-cement ratio, coarse cement leads to
60

a higher porosity than a finer cement due to the rate of hydration of the
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cement. Less hydration products are produced with a coarse cement at

early ages than with a fine cement which has more surface area available

to hydrate. The long-term porosity and permeability are unaffected by

the type of cement used, however.

In general, the higher the strength of a paste, the lower its

permeability because higher strengths are usually associated with higher

cement contents and lower water-cement ratios. An exception to this is

when drying shrinkage is present. This shrinkage may rupture some of

the paste and thus open new passages to the infiltration of water.

Differences in permeability between the paste in a concrete and the

concrete itself have been attributed to the presence of aggregate and

degree of compaction of the concrete.- If the aggregate has a very low

permeability, its presence reduces the effective area over which flow

can take place. Furthermore, since the flow path has to circumvent the

aggregate particles, the effective path becomes considerably longer so

that the effect of aggregate in reducing the permeability of the concrete

may be considerable.

Air entraining would be expected to increase the permeability of

concrete. However, since air entraining reduces segregation and bleeding,

and improves workability, and so permits the use of a lower water-cement
7

ratio.the net effect of air entraining is not necessarily adverse.

7.8 DURABILITY

The American Concrete Institute Committee 201 on Durability of Concrete

defines durability of concrete as its resistance to deteriorating in-

4fluences which may through inadvertence or ignorance reside in the concrete

itself, or are inherent in the environment to which it is exposed. 6 1 The

durability of concrete in various circumstances is determined very largely

by the physical and chemical nature of its component parts. It can be

affected by inferior materials, reactive aggregates, freezing and thawing,

corrosion of imbedded items, chemical attack, biological attack, abrasion,

4. erosion, cavitation, and temperature.

The use of suitable materials is of primary importance in producing

durable concrete pavements. Specifications are available under which
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these materials can be obtained and there is little excuse for including

materials of inferior quality. It is the most advantageous use of these

*materials to produce the finished product that poses the greatest problem

to constructors, however. ACI Committee 201 has defined6 1 a number of

elementary factors which enter into the production of durable concrete.

These are:

Water-cement ratio

Air entrainment

Proportioning concrete mixtures

Measuring, mixing, and placing

Finishing and curing

The water-cement ratio is a property of fresh concrete that has more

to do with the quality of hardened concrete than any other because it is

a measure of the quality of the hardened cement paste binder (See Sec-

tion 7.5.2). Strength, impermeability, and most other sought-after

characteristics in concrete are improved by lowering the water-cement

ratio. The best concrete practice requires proportioning or combining

the aggregate materials in such a manner as to permit the lowest water-

cement ratio consistent with required placeability of the concrete. Air

entrainment is also important as the introduction of a system of finely

divided bubbles into the cement paste is essential for some exposures

and in particular for freeze-thaw resistanice.

Close attention to measuring, mixing, and placing is necessary to

assure uniform quality of the concrete after it has been consolidated in

the forms. Adequate curing is required to assure that the potentialities

of the concrete as mixed may be realized in the completed pavement. Time,

temperature, and moisture are the essentials.
Disintegration of concrete by weathering is caused mainly by the

disruptive action of freezing and thawing and by expansion and contraction,

under restraint, resulting from temperature variations and alternate

wetting and drying. Concrete deterioration can also be attributed in

whole or in part to chemical reactions between alkalies in cement and

mineral constituents of concrete aggregates or to direct contact with

certain chemical agents. The following paragraphs present an overview

look at some of these phenomena.
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7.8.1 Freezing and Thawing. Dry concrete is not damaged by freezing

and thawing. Wet concrete exposed to repeated cycles of freezing and

thawing is sometimes damaged or destroyed. The mechanism by which this

occurs has been adequately described by Powers and others. It is

believed that the principle force responsible for freezing damage in

ordinary concrete under usual winter exposures is the internal hydraulic
64

pressure created by an expanding ice-water system during freezing.
This system of ice-water can occur in both the paste fraction and aggre-

gate fraction of the concrete system.

When water in a saturated capillary pore in hardened cement paste

. freezes, the expansion produced in the ice-water system requires a di-

lation of the cavity of some 9 percent of the volume of frozen water, or

the forcing of that volume of water out of the cavity into the surrounding

paste, or a combination of both. If the cavity cannot accommodate this

dilation or if the magnituce of the hydraulic pressure required to effect

the transfer of the excess volume of water resulting from Drogressive

Sfreezing is too high with respect to the strength of the paste, the paste
will be damaged and the pore size enlarged. Upon thawing and rewetting,

the large pore fills witn water and when freezing occurs again, the pore

is enlarged further. The process continues until the concrete is destroyed.

The most apparent solution to this problem is to provide enough

available space in the concrete to accommodate the additional volume

created by freezing. This is done by providing "air entrainment" to

the concrete. Experience has shown that it is necessary to have some

empty space within about 0.005 in. of every point in the hardened paste

for air entrainment to be effective. Air entrainment is usually pro-

vided by adding to the concrete batch, at the time of mixing, a small

amount (ordinarily less than 0.01 percent by weight of cement) of an air-

entraining agent or admixture. Such agents are surface-active organic

chemicals which have the property of stabilizing foams. These agents

provide a large number of small bubbles rather than a smaller number of

larger ones. Certain cements already have air-entraining agents in them I
and their use does not require the addition, at mixing, of the agent.
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The aggregates in concrete frequently contain pore spaces which are
capable of containing water which can freeze. The total amount of pore

space, the size distribution of pores, a1:d pore continuity are of prime

importance in determining the durability of the aggregate in freezing and

thawing. In general, those rocks which, when used as aggreagte in con-

crete, do not have good freeze and thaw durability are those with moderate

to high porosity, and which can attain and maintain a high degree of

saturation when imbedded in concrete. All aggregates should be examined

for freeze and thaw durability prior to their use in concrete where r

freezing and thawing may be a problem.
61It has been generally concludea that highly frost-resistant concrete

can be produced by adhering to the following requirements:

a. Use of air entrainment.

b. Selection of aggregate with durability adequate for the exposure

6 to be encountered.

c. Use of low water-cement ratio concrete properly handled, placed,

and cured.

d. Design of the pavement to facilitate drainage.

,e. Avoidance of materials or construction practices which may lead

to other disintegrative processes.

7.8.2 Reactive Aggregates. It is generally believed that all aggre-

gates are reactive, to some degree, when used in portland cement concrete.

In must cases, it is not necessary to take into account any possible aggre-

gate reactivity if aggregates of known good service record are used. Three

principal reactions between aggregates have been identified. These are:

a. Alkali-silica reactions.

b. Cement-aggregate reactions.

c. Alkali-carbonate reactions.

In all cases, the reaction produces abnormal expansion with associated

cracking and loss of strength.

Other damaging chemical reactions involving aggregates can also

occur. These include the oxidation or hydration of certain unstable

mineral oxides, sulfates, or sulfides that occur after the aggregate is

incorporated in the concrete. Typical examples are the hydration of
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anhydrous magnesium oxide, calcium oxide, or calcium sulfate, or the

oxidation of pyrite. Metallic iron may also occur in aggregates and be

subsequently oxidized. Aggregates can also be contaminated by coal,

gypsum, glass, and hard-burned lime or dolomite. These are all dele-

teriously reactive substances. Coal often contains sulfur compounds,

commonly iron sulfide, which oxidizes to iron sulfate and causes sulfate

attack. Coal particles near the exposed surface of concrete may cause

ugly brown stains. Gypsum is moderately soluble in water and gives

rise to sulfate attack as described in Section 7.8.4.3. Most artificial

glasses, as well as some natural ones, are expansively reactive with the

alkalies from cement. Hard-burned lime and hard-burned dolomite in-
corporated with aggregate will react with water in the fresh concrete

and carbon dioxide from the air and form hydroxides and carbonates with

attendant swelling which can cause popout,.

7.8.2.1 Alkali-Silica Reactions. Deterioration of concrete in pave-

ments and bridges due to the expansive reaction between constituents of

some aggregates and alkalies from cements has occurred in numerous places

in the U. S. and elsewhere. Typical manifestations of concrete deteriora-

tion from alkali-silica reaction are expansion, cracking, (usually map

or pattern cracking), exudations of gel through pores or cracks which

then forms jelly-like or hard beads on surfaces, reaction rims on affected

aggregate particles within the concrete, and sometimes "popouts." It should

be noted that these manifestations can also occur from other phenomena

too, and that petrographic means must be used to determine the exact causes.

The rock materials which have been identified as potentially dele-

teriously reactive are: 6 5 opal; chalcedony; microcrystalline to crypto-

crystalline quartz; crystalline quartz which is intensely fractured,

strained, latitic, or andesitic glass, or cyptocrystalline devitrifica-

tion products of these glasses. All these materials are highly siliceous.

Some of the principal rocks which may contain the reactive materials men-

tioned are cherts, siliceous limestones and dolomite, rhyolites, dacites,

andesites, siliceous shales, and phyllites. However, these rocks do

not necessarily have to contain any of the reactive minerals.
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The principal factors governing the extent of expansive reactivity

of the aggregates are:

a. Nature, amount, and particle size of the reactive material.

b. The amounts of alkali and water available.

The most practical way to avoid expansion of concrete resulting from4 alkali-silica reaction is to not use reactive aggregates. Sometimes

this is not economically feasible. When reactive aggregates must be

used, it should be done only after thorough tests to determine the degree

of reactivity of the aggregate have been conducted. Once this is known,

appropriate limits on the alkali content of the cement can be established,

or the use of an effective pozzolan can be recommended, or both, in order

to reduce the potential. for reaction.

7.8.2.2 Cement-Aggregate Reactions. Sand-gravel aggregates occur-

ring along some river systems in the states of Kansas, Nebraska, Iowa,

Missouri, and Wyoming have been involved in concrete deterioration that

has been attributed to cement-aggregate reaction.6 6 '67  The aggregates

from the various states are not similarly constituted and have various

expansive tendencies. The principal manifestation of the expansion is

map cracking. The underlying physical chemistry that occurs between the

cement and aggregate to cause this is not fully understood, however. To

avoid the problem, only aggregates with good service records should be

used. Limiting the amount of alkalies in the cement with these aggregates

has not always been a suitable remedial measure. One successful tech-

nique for avoiding the problem is to use 30 percent or more (by weight)

of coarse limestone in combination with potentially deleterious cement- 4

aggregate combinations. The reason this helps in reducing cracking is

i not fully understood, however.

7.8.2.3 Alkali-Carbonate Reactions. Certain dolomitic limestone

aggregates found in a few places in the U. S. and Canada are suspected

of being susceptible to this reaction. Many carbonate rocks are alkali-

reactive but few are expansive. All of the expansively reactive carbon-

ate rocks are generally thought to have the following features:31

a. They are dolomitic and contain appreciable quantities of calcite.

b. They contain clay.
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c. They have an extremely fine-grained matriA.

d. They have a characteristic texture consisting of small isolated
dolomite rhombs disseminated in a matrix of clay and finely
divided calcite.

It is believed that the clay plays a.i important part in the mechanism

of expansion, perhaps by imbibing water and swelling after being ex-

posed in an active form during dedolomitization, or by acting as a semi-

permeable membrane in the development of osmotic pressures, and perhaps

by its presence as an interstiticl material between the dolomite rhombs

weakening the bonds between them.68

At present there are no well-established corrective measures that

can be applied to deleterious carbonate aggregates to make them suitable

for use in concrete. The use of low-alkali cement (0.1 to 0.2 percent

equivalent Na20) has provided some relief but is not necessarily sufficient

to prevent excessive expansion.6 1 Dilution of the expansively reactive

carbonate aggregate with ncnexpansive coarse aggregate is found to reduce

concrete expansion roughly in proportion to the amount of dilution. The

reduction of maximum size of reactive coarse aggregate has also been found

to reduce expansion. Pozzolan additions have not been effective in re-
31ducing expansions but they do decrease the initial rate of expansion.

In general, it is best to avoid the use of expansive carbonate rocks.

7.8.3 Corrosion of Imbedded Items.

7.8.3.1 Steel. Steel is used in concrete principally as reinforce-

ment. Concrete ordinarily provides an almost ideal environment for pro-

tecting steel from corrosion. Its high alkalinity quickly causes the

formation of a thin invisible protective oxide film on the steel. The

low permeability of concrete minimizes penetration by water and air.

Corrosion of reinforcing steel is therefore absent in the great majority

of concrete structures but it can and does occur occasionally.

The iron in steel originally existed in nature in the oxidized

state and, when given the opportunity, will attempt to ret'irn to that

state and in general, become iron oxide or rust. The rust which is formed

occupies more thaa twice the volume of the iron it came from and in the

process of its formation can exert a pressure greatly exceeding the

ability of even the strongest concrete to resist.
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A number of conditions under which concrete may not provide perma-

nent protection to the reinforcing are as follows:

a. Presence of cracks extending from the surface of concrete
to the steel.

b. Carbonation of the cement which in turn produces cracking andj reduces the alkalinity of the concrete.

c. Deterioration of the concrete from causes such as alkali-
aggregate reaction, sulfate attack, or freezing and thawing.

d. Electrolysis caused by the passage of direct electrical
current (external source) through concrete or concrete
reinforcement.

e. Development of corrosion cells caused by a flow of electric
current generated within the concrete itself. This current
flow can occur in various spots in reinforced concrete because
of differences in moisture content, oxygen concentration,
electrolyte concentration, and by contact of dissimilar metals.

The steel usually forms an anode in the system and corrodes.

Serious corrosion of reinforcing steel is usually accompanied by

cracking of the concrete in a direction parallel to that of the steel.

In advanced cases, spalling or raveling to the plane of the reinforcement

has resulted. In less advanced cases, rust stains may be observed in the

pores of the concrete and may appear in small cracks at the surface.

Corrosion of the steel is frequently laminar in structure if the concrete

is cracked and generally dark gray in color adjacent to the steel as

opposed to the reddish color of atmospheric rusting. Corrosion can pro-

duce deep pitting and severe loss of cross section in bars. The nature

of the corrosion products may not, however, be completely indicative of
61

the nature and cause of the corrosion. 6

It is generally believed that the permeability of concrete is one

of the major factors affecting the process of corrosion of reinforcing

steel. Concrete of low permeability contains less wster under a given

exposure and hence is more likely to have low electrical conductivity.

It also resists the absorption of salts and their penetration to the

reinforcing steel as well as providing a barrier against the ingress

of oxygen.

17-4i



!.

Low water-cement ratios (0.45 or less) tend to produce less permeable

concrete. Air entrainment is also recommended as an aid in securing bet-

ter placement and increased resistance to water penetration. Permeability

is also reduced by increased hydration of the cement and therefore adequate

moist curing (14 days at normal temperatures) is essential. Good workman-

ship is also important to provide minimal segregation and adequate con-

solidation. Adequate concrete cover over the reinforcement to the top

surface of a pavement or bridge Aeck is also essential. A minimum of

2 in. is often recommended. 1 Pavements and bridge decks should also

have adequate drainage to prevent accumulations of water and de-icing

salts.

Some steels such as stainless steels, chrome-nickel steels, and

chromium-aluminum-ailicon steels have been reported as having good re-
69sistance to corrosion in concrete.

7.8.3.2 Other Metals. Other metals which are frequently imbedded

in concrete are aluminum, lead, copper and copper alloys, zinc, iron, monel

metal, stellite, silver, and tin. Dry concrete at normal temperatures is

unlikely to promote corrcsion of any of these metals. Concrete is wet,

hoa.ever, whenever freshly mixed and placed and will contain a hig level

of free moisture and humid..ty for some time after hardening. It is possible

for this free moisture to transport soluble chemical substances such as

oxygen, calcium hydroxide, alkalies, and chlorides toward the metal, and

any soluble corrosion products away from the metal. It also increases

the electrical conductivity of the concrete, thus aiding any tendency for

electrochemical corrosion. The moisture condition of concrete required

to support active eleccrochemical corrosion of aluminum and other suscep-
2 31
tible metals is not known with accuracy, but it is believed that it

could proceed, other conditions being favorable, at 90 percent relative

humidity, and probably at 75 percent relative humidity, though at a

lower rate.

Aluminum reacts in fresh concrete principally with alkali hydroxides

from cement. One reaction product is hydrogen gas which can cause prob-

lems in unhardened concrete. Aluminum can also corrode with galvanic

corrosion when it is coupled with steel and usually in the presence of
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calciuvi chloride. Lead is attacked by the calcium hydroxide in the con-

crete and becomes converted to lead oxide or a mixture of lead oxides.

It too can suffer galvanic corrosion. Copper and its alloys are usually

not corroded in concrete although the presence of soluble chlorides,

very small amounts of ammonia, and nitrates have been reported as damaging

or destroying th. copper. The brasses v.nd bronzes have been reported as

having good corrosion resistance in concrete.6 9 Zinc reacts chemicallyi I
~ with alkaline wrterials but normally the reaction in concrete is super-

ficial an' may e,'?en ielp to promote bond between the zinc and the concrete.

Znc ,:red :-i concrete conta'ring calcium chloride has been reported as

exrvriar.ciut .T m. *,icd corrosion.

/,.8.3.3__i tic:; The principal chemicals in cu.rcrete which could

--onceivtbly a:tznk pa.2t " :s ar.. calcium hydroxide, sodium hydroxide,

ar: ',otarsityn ,ydroxide-. i f any, information has been published on

i.-",:r effact-q on concrece or vice versa. Plastic groups having excellent

-itarc,. to al3 three bd' ro-Ldes are polyethylene, styrene copolymer}" [ "70

jilb1er-r,.sin blends, ..yvinv. , and polytetrafluorethylene7

7.8. 3.A Wood Ths . of wood in concrete, either in the form

v) s::wdot, trrip, i )ers, bour6, or timbers generall does not affect the

Sc.'ncrt a An -.' s in freshly-mixed concrete where the us. of un-

± ,ate' sa.w';, woc I ch-ps, or fibers will slow setLi-.g and reduce

strengths because oi Lhate;:ference with normal setting and hardening pro-

cesses bj the. carbohydrates, tannins, and other substances in the wood.

* CccniciLe mad with 4ood aggregate has considerably greater volume change

on wetting and drying, or simplv on change in external humidity, than

concrete made with mineral aggregate. This may lead to cracking and

warping in a pavement. On the other hand, the deterioration of timbers

embedded in csiv -rete . also occurred and has been attributed to the
calcluwi hydroxide ir the concrete which is said to cause dissolution uf

lipins and decomposition of pentosans, lignin, and cellulose.

7.8.3.5 Glass. Glass would not normally be expected to occur in a

4. paving concrete, however, it may be introdued accidentally. The use of

I lss fibers in pavements inlieu of metallic reinforcing has been re-

ported, however (See Chapter 9). Some glasses are expansively reactive
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with cement alkalies. The resulting expansion may cause severe damage

to the glass or the concrete or both. Other glasses are nonexpansive in
concrete. If glass is intentionally introduced into the concrete, only

nonreactive glass should be used.

7.8.4 Chemical Effect9. Lea 2 and Woods7 1 have prepared excellent V

reviews on chemical effects on concrete. Much of the following informa-

tion has come from these reviews.

7.8.4.1 Acids. Concrete is chemically basic, having a pH of about

13 and is therefore attacked by acids, which have pH values less than 7.

Concrete is not resistant to strong solutions of sulfuric, sulfurous,

hydrochloric, nitric, hydrobromic, or hydrofluoric acids, and will be

destroyed by prolonged contact with any of these, though not necessarily

at the same rate. Weaker solutions (less than 1 percent) will attack

more slowly, but sometimes significantly. Woods71 has noted that as a first

approximation only, acidity represented by a pH of 5.5 to 6 may be con-

sidered the practical limit of tolerance of high quality concrete in con-
o " tact with any of the acids named above, although he cautioned that pH

value is not invariably a good criterion of the agressiveness of acids.

2
Organic acids may also exert deleterious effects on concrete. They

: are generally divided into two groups: those having low molecular weights
such as lactic, butyric, oxalic, and tartaric acids; and those having

molecular weights such as oleic, steraric, and palmitic acids.

Lactic acid has a most destructive action on hardened concrete. This

type of acid is common to the dairy and cheese industries. Concrete

immersed in lactic acid solutions has its cement gradually dissolved away

until only the aggregate remains. Butyric acid generally has the same

effect but it is usually associated with sour silage storage.

Acetic acid also attacks hardened cement and concrete. A 5 percent

~solution in venegar will have a marked effect on concrete within a few

months. Citric and malic ocids have a similar action to acetic acid and

in a 1 percent solution, will seriou.2Ii attack portland cement concretes

within a year or so. Tartaric acid is similar in its action on concrete

to lactic and acetic acids. Oxalic acid on the other hand does have some
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slight effect on portland cement concretes, but its effects are not

serious. It has in fact been used to treat concrete surfaces to form

an insoluble film of calcium oxalate which in turn renders the concrete

surface more resistant to other weak organic acids.

Organic acids of high molecular weight such as oleic, steazic, and

palmitic acids togethe- with the general series of unsaturated and saturated

aliphatic acids all have a very definite action on concrete. These fatty

acids of high molecular weight are usually encountered as constituents

of fats and oils and will attack any unprotected concrete. The disinte-

gration produced is usually more pronounced when the concrete is exposed

to air, as in a floor or pavement, than when it is continuously immersed

,,- .N ,beneath a liquld.

7.8.4.2 Bases. For present purposes, bases may be defined as chemi-

cal compounds which yield hydroxyl (OH-) ions in water solution; they

neutralize acids to fcrm salts and have pH values more than 7.0. Common

examples are sodium hydroxide (NaOH: caustic soda) and ammonium hydroxide

(NH 4OH: ammonia wator). Portland cement concrete made with nonalkali-

reactive aggregates is highly resistant to strong solutions of most bases.

It is unaffected by continuous exposure to 10 percent solutions of sodium

or potassium hydroides. However, if circumstances are such that sodium

hydroxide cap. nenetrate concrete and become concentrated at an evaporating

face, phyaical dalaage may result from crystallization of Na2CO3 -7H20 or

Na2CO 31OH20 forned by reaction between the NaOH and carbon dioxide from
2 .l 313

the air. Alternate wetting and drying of concrete by NaOH solution may

bring about the same effect.

Calcium, amnonium, barihm, and strontium hydroxides are harmless.

Penetration by N-zCO+ +-'-ions, wit.h sub4equen" concentration at an Pvapo-

rating face, oy alternate wetting and drying, may result in crystal-
Slizat-ion of sodium carbonates without involving CO 2 from the air. These

effects are mn~nimized by use of concrete of high quality, that is, low

permeability. Solutions of sodium carbonate have no deleterious effect

on weil-cure:, good concrete (except as mentioned above) but the surface

t e fresh concrete may be deteriorated.
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7.8.4.3 Salts. The chlorides and nitrates of ammonium, magnesium,

aluminum, and iron all attack concrete with those of ammonium being most

harmful. Iowever, ammonium carbonate, fluoride, and oxalate are not

harmful, as these form relatively insoluble compounds upon reaction with

hardened cement paste.

Alkali Soils and Waters. Soluble sulfates, principally those of

sodium, calcium, and magnesium, occur naturally in many parts of the U.S.

Soils or waters containing these sulfates are often called "alkali"

soils or waters. All are potentially harmful to concrete. The attack

is usually accompanied by an expansion due to the formation of one or

more solid reaction products having a volume greater than that of the

solids entering into the reaction. Thus sodium sulfate can react with the

hydrated calcium aluminate in hardened portland to produce ettringite

(See Section 8.1) which has a larger volume. Sodium sulfate can also

react with calcium hydroxide to produce gypsum which has a volume more

than double that of the initial solids. Solutions of 0.5 percent of

sodium, potassium, or magnesium sulfates may strongly attack concrete

with the attack of magnesium sulfate being more excensive than that of Z,

the other two.

Local conditions will greatly influence the potential for sulfate

attack on concrete. A soil which is relatively high in sulphates, but

which is dry for long periods of the year, or which is so drained that

the solutions formed by the leaching of the soil are removed from the

vicir.ity of the concrete, will be much less destructive than one in

which the sulphate content is lower, but the physical conditions are
more favorable. Regions in which alternate wetii.g an. drying occur

fairly frequently are likely to be particularly destructive. It is

also often found that the salt content of waters and soils varies widely

between points quite close together; this increases the difficulty of

assessing in advance the conditions to which a concrete will be subjected.

The salt content of the soil is only important insofar as it represents

the reserve supplies available for maintaining, or increasing the salt con-

tent of the waters contained in it, or draining from it. Despite these
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difficulties, an examination in suspected cases of the general ground

conditions affords a guide to the precautions which are required to

ensure the permanency of a concrete.

The U.S. Bureau of Reclamation3 1 has classified sulphate soils in

relation to the degree of sulphate attack as shown in Table 7.8. Lea2

also published some guidance (Table 7.9) for concrete which is used in

or around sulphate soils.

Ice Removal Agents. The use of chemical agents, usually calcium

chloride or common salt, on exposed concrete pavements to keep them free

of ice has given rise to a serious problem of surface scaling commonly

called "salt" scaling. The exact mechanism through which de-icers cause

scaling has not been determined. Powers72 claimed that the salts pro-

duced osmotic 'ressure which causes movement of water towards the top

layer o. -ne s!Rb Ahere freezing and subsequent damage can take place.
73

Verbec, -:d Klieger, in observing that the greatest scaling damage

occurred when the concrete was exposed to relatively low concentrations

of salts ( 2 to 4 percent solution), believed the attack to be primarily

physical and not chemical in nature.

The more severe damage occurs when concrete is subjected to alternating

freezing and thawing with the de-icer solution remaining on top of the

pavement rather than being replaced with fresh water prior to each re-
" 73i freezing. 73If the liquid is removed from the surface of the concrete

F prior to re-freezing, no scaling takes place. Concrete pavements and

bridge decks newly placed are particularly subject to de-icer scaling,

even when properly air entrained, and it is therefore of practical im-

portance to provide adequate curing periods. In general, the application

of ice removal agents should be delayed until the concrete has beer in
61l 6

place for at least 6 weeks at a temperature above 40 F. Other factors
71

that wili help prevent scaling from de-icer chemicals are:

a. Using cement contants not less than 620 lb/cu yd.

b. Limit slump to not more than 3 in.

c. Use good, sound, clean aggregates.
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d. All proporticning, mixing, placing, and finishing are to be

done in accordance with approved standards.

e. Using adequate amounts of entrained air (varying from 5 percent
Lor large aggregate to 7-1/2"percent for small aggregate).

Non-air-entrained concrete, regardless of temperature, curing time, or

type of cement, does not usually exhibit satisfactory resistance to

scaling.

7.8.4.4 Water. The waters draining from mountain regions are often

almost free from salts but are acidic owing to the presence of carbon

dioxide (carbonic acid) and humic acid arising from decaying organic

matter. The amount of humic acid that can be carried by water is small

and though it has some adverse effect on concrete, it is much less serious

than that of very pure or carbon-dioxide containing waters.

Pure water is capable of leaching out lime from hardened cement com-

pounds. When carbon dioxide is present in the water in a free state, it

increases the aggressive action of the water. Waters which contain only

combined carbon dioxide present as carbonates or bicarbonates have no

appreciable solvent action. It is only when the water is either very

pure or contains free carbon lioxide that it attacks hardened concrete.

Waters which are acid owing to the presence of organic acids and

carbon dioxide do not normally produce more than a surface attack on

portland cement concrete, although with prolonged exposure, the depth

of attack may penetrate several inches. Free sulfuric acid can also

occur in water, and if the water is continuously renewed, the attack

may be considerable, especially on le,- zc permeable concrete. The attack

by sulfuric acid is partly due to its acidic nature and partly due to

deleterios reactions involving the sulfate ion.

Soft waters may also have a solvent action on concrete, but the

process is rather complicated and is dependent on a number of interrelated

factors. Lea 2 has suggested that waters with a temporary hardness above

4-5 parts CaCO3/100,000 are not likely to b' very aggressive unless the

free carbon dioxide content is very high, that is, about 5 parts/100,000

or above. As the temporary hardness decreases, so does the concentration

of carbon dioxide required for the water to be aggressive. For a temporary

hardness of 1-2 parts/100,000, a water will not ive a marked solvent

180

. _ --- 4 A



..

action unless the free CO2 is above about 1 part/100,000; for a temporary

hardness of 0.5 part the corresponding CO2 value is about 0.5 part, while 5
waters of very low temporary hardness, below say 0.25 part/lO0,000 can be

aggress4ve even if the free CO2 content is negligible. In general, the

pH value is not a safe guide but waters may be aggressive at pH values

up to 7, or even 7.5, if the temporary hardness is below about 0.25 part/

100,000 and at pH values up to 6.0 to 6.5 for higher values of temporary

hardness.

Concrete pavements within a few miles of the ocean can be subjected

to attack by seawater. The usual modes of deterioration are by corrosion

of reinforcement and attack by salts. The chemical action of seawater

on concrete is mainly due to the presence of magnesium sulphate. As

noted in Section 7.8.4.3 (Alkali Soils and Waters) a solution of 0.5 per-

cent of magnesium sulfate will strongly attack concrete by forming dis-

rupting, swelling reaction products. General expansion of concrete in

seawater is usually not observed, however, and it is believed that the

presence of chlorides in the seawater retardsthe swelling of the concrete.

2
Lea views the chemical action of seawater as one of several reactions

proceeding concurrently. Leaching actions remove lime and calcium sul-

phate while reaction with magnesium sulphate leads to the formation of

ettringite which may cause expansion, rendering the concrete more open

for further attack and leaching. The relative contributions to deteriora-

tion of expansion and leaching will depend on the Pondit-.on5?*, hand.

The rate of chemical attack by seawater is increased by temperature

and both the rate and its effects are influenced by the type of cement.

With high-quality concrete and, particularly for warm or tropical waters,

an appropriate choice of cement, the deterioration from chemical action

can be reduced to a very slow rate. If the cement used contains not

more than 8 percent C A and if the concrete is of high quality and ade-
3

quately consolidated, it should have excellent resistance to seawater. The

aggregates used should be nonexpansive with alkalies, but if this require-

ment cannot be met, the cement should contain not more than 0.60 percent

alkalies (as Na2 0).
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7.8.4.5 Oils. Oils can be classified as either mineral oils or
~vegetable and animal oils. In general, mireral oils do not affect

hardened concrete while vegetable and animal oils do.

Mineral Oils. Mineral oils, such as gasoline, fuel oils, and

petroleum distillates in general do not attack mature hardened concrete

but may affect the hardening of freshly mixed concrete. Creosotes which

contain phenols, cresols, and similar acidic compounds may, however, have

some effect on concretes. Lubricating oils which are entirely of mineral

origin do not attack concrete, but if vegetable oils are present, they
2

have a definite adverse action on the concrete. Lea contends that it

is impossible to make a concrete impermeable to lighter mineral oils
(viscosities below 0.06 poises at 20 C) such as diesel oil, kerosene,

and petrol.

Vegetable and Animal Oils and Fats. Although the concrete contained

in pavements will probably not be exposed to any great degree to vegetable

and animal oils and fats, the reader should be aware that these materials

can also adversely affect concrete.

Vegetable and animal oils and fats are natural products composed

mostly of the glycerides or other esters of the higher members of the

* several series of fatty acids, but they also contain, in some caees,

notable amounts of the corresponding free fatty acids and alcohols.

Glycerine (or glyce.ol) is the chief alcoholic constituent of oils and

fats. Oils of vegetable origin usually contain appreciable quantities

of free fatty acids. Animal fats, when freshly rendered, contain only

small quantities of free acid, but the amount is increased on exposure j
to the atmosphere.

The glycerides and other esters are broken up by hydrolysis into

their constituent alcohol and acid components. ThIs process, termed

saponification, can be produced by the action of acid or alkali solutions.

When oils are brought into contact with concrete the free lime present in

the hardened cement saponifies the material, forming a calcium salt of

the fatty acid and liberating polyhydric alcohol. This alcohol can itself

often react with lime. Using glyceryl oleate (olein) in olive oil as an

example, calcium oleate and glycerol form, and the glycerol then combines A
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further with more lime to form calcium glycerolate. This is typical

of the destructive mechanism of saponifiable oils and fats on concrete.

If free acids are also present, as is often the case, they also attack

the concrete and form their calcium salts.

Glycerine is completely miscible with water in all proportions

and is a solvent for lime. It attacks concrete by slowly combining with,

and dissolving, any free calcium hydroxide present in hardened cement. A

solution of glycerine in water as weak as 2 percent has a destructive

action on fresh portland cement concrete, but has little effect on a

well-carbonated surface of a mature concrete. Stronger solutions of

10 percent and np,4ards have a very destructive effect on hardened concrete.

The extent to which an oil can attack a concrete is dependent on

the ease with which it can penetrate the material. The viscosity of the

oil is thus an important factor and; other things being equal, any action

is likely to be the less serious, the more viscous the oil. Exposed

oils which have accumulated moisture and undergone oxidation become more

active in attack.

Among the more common nonmineral oils are cottonseed oil, palm oil,

rapeseed oil, olive oil, coconut oil, linseed oil, tung oil, lard oil,

and fish oils. It should be assumed that, in general, all such oils are

likely to be harmful to unprotected portland cement concrete, though in

some cases it is possible to render their attack negligible. Some drying

oils such as linseed oil and tung oil, when not supplied in a continuous

or intermittent manner to the concrete, tend to undergo oxidation and

harden when exposed to air, thereby eliminating the probable rancidity

due to decomposition which would in turn develop certain oxidized free

fatty acids. Without this rancidity, they should not harm the concrete

and in fact are used for surface treatments of concrete (See Chapter 11).

7.9 ABRASION RESISTANCE

Abrasion resistance of concrete is described as the ability of a

concrete surface to resist being worn away by rubbing and triction.

This wearing action will definitely occur from vehiculaL traffic on

pavements.
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it has been generally found that the resistance of concrete to

abrasion improves with increasing compressive strength of the concrete.
74 - 7 7

In a study of concrete ranging in strength from 2500 to 10,000 psi, it

was found that the abrasion resistance increased somewhat linearly with -

compressive strength with the higher strength concrete having a five-

fold increase over the lower strength concrete.
74

Another important factor in determining the abrasion resistance

of concrete is the hardness of aggregate used in the concrete.74,78 The

service life of concrete subjected to abrasion can be greatly lengthened

if hard and tough aggregates are used, especially in the coarse aggregate

fraction. In the range of concrete strengths from 3000 to 5000 psi, the

effect of the hardness of coarse aggregate is significant but above

8000 psi, it is minimal. 7 1 The effect of a very hard aggregate, calcined

bauxite, is discussed in Chapter 12.

Other factors affecting surface hardness are curing, construction

practices, and surface treatments. A well-cured concrete can produce a

surface up to twice as wear resistant as a surface cured for only 3 days.79

A minimum of 16 days moist curing has been recommended. 61 The construction

practice of using unvented salamanders or other unvented heaters during

cold weather concretiag operations may produce carbon dioxide gas which
hardess 6 1

will be highly detrimental to the development of surface hardness.

Surface treatments in the form of liquids are described in Chapter 11.

Other liquids such as magnesium or zinc fluresilicate or sodium silicate
61

can also be used to improve surface hardness. The addition of "dry

shakes," in the form of dust or stuall aggregate pieces similar to those

described in Section 12.6, to fresh concrete can also provide improved

surface resistance. Liquid surface treatments are more effective on

moderate or low-strength concretes, concretes which have been over

troweled, troweled or finished too early, or which have not been cured.

Floating and troweling the concrete before it has lost its surface water

sheen or all free water on the surface will adversely affect the develop-

ment of surface hardness. Dust coats (dry shakes) have been highly

effective in improving surface hardness and their use should conform to

manufacturers' recommendations.
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7.10 IMPACT RESISTANCE AND DYNAMIC CONDITIONS

The impact resistance cf concrete has received attention fromI 80
investigators for many years. Abrams, in 1917, ran dynamic tests on

concrete which indicated that the strength of concrete increased as the

rate of applying load increased. Jones and r chart,8  in 1938, found

similar results. Other work, reported that same year by Glanville, 82

concluded from the relation between the rate of loading and the shape

of the stress-strain curve for concrete, that the amount of plastic

strain decreased as the rate of loading increased.
83Watstein, in 1953, using 3- by 6-in. plain concrete cy'linders

-subjected to impact loading found that with increasing loading rates

there was an increase in strength, modulus of elasticity, strain energy
84,85absorbed, and total strain. Lundeen, in 1963 and 1964, found simi-

lar results for the same size specimens.

Extensive tests on impact strength of concrete were also made in

1964 by Green.8 6  In general, Green found that the higher the static

compressive strength of the concrete, the lower the energy absorbed per

impact blow (pendulum hammer loading) bofore cracking. On the other

hand, however, he found that the impa-t streugth increased with compressive

strength (and therefore age) at a progressively increasing rate. His

work also indicated that this relation is different for each coarse aggre-

gate and sturage condition of the concrete. For the same compressive

strength, the impact strength is greater for coarse aggregate of greater

angularity and surface roughness. Corncrete m3de with gravel coarse

aggregate has a low impact strength with failure taking place due to

insufficient bond between mortar and coarse aggregate. When the aggregate

is rough, the concrete is able to develop the full strength ot much of

the aggregate in the region of failure. The use of fine sand usually

leads to a slightly lower impact trength.

Cowell,8 7 in 1966, concluded from the results of impact tests on

concrete that the mechanical properties of con, crete increased as the rate

of loading increased. He noted that the !nergy absorption also increased
88as the rate of loading increased. Atchley and Furr, in 1967, found

similar resulrs but noted that there was evidence that the amount of
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increase becomes a constant value at the higher rates of loading.

They also observed increases in the secant modulus of elasticity and

strain as the rate of loading increased. There was evidence in their

work that a concrete specimen behaved visco-elastically under dynamic

loadi, 3.

In general, increases of 30 to 80 percent in impact strength over

static compressive sttength of concrete have been reported. This increase

in strength partially explains the greater ability of concrete to absorb

strain energy.

7.11 FATIGUE STRENGTH

In practice the failure of concrete takes place over a range of

stress rather than as an instantaneous phenomenon. This is particularly

evident when repeated loading is applied such as is the case with traffic

over pavements and bridges. When concrete fails under a number of re.-

peated loads, each smaller than the static compressive strength, failure

in fatigue is said to have taken place.

The fatigue strength of concrete is lower than the. static ntrength

of concrete. This behavior is generally attributed to the formation and
89-92

progressive devLlopment of cracks. This cracking is extensive and
33

the observed strain at failure is much larger than in static failure.

The -onelastic strain increases with the number of cycles and has been

reported to be as high as 4000 x 10 after 13 million cycles at 200 cycles

per minute. Cyclic loading also affects lateral strains, with the Poisson's
89Ratio progressively decreasing with increasing number of cycles.

The fatigue strength of many engineering materials is described

by a fatigue limit, that is, a strength where the material will be able

to withstand an infinite number of load cycles. Concrete does not generally

have a fatigue limit but instead has fatigue strength specified for a

large nu',,ber of cycles, such as 10 million or more. A fatigue strength

for 10 million -.ycles of flexural-tension loading such as is common to

pavement loading is generally assumed to be 55 percent of the static
33

strength of the concrete. Slightly higher fatigue strengths have been

reported for cycliL compression loading. Most investigators believe the
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failure mechanism is the same in both tension and compression. TheI:" number of repetitions that concrete can resist decreases rapidly as

the maximum stress increases to higher and higher percentages of the static
91

strength of the concrete. Murdock noted that fatigue failure occurs at

fthe seme fraction of ultimate strength, and is thus independent of the

magnitude of this strength and the age of the concrete. He attributed the

failure to a single parameter. chat is, the deterioration of bond between

the cement paste and aggregate with repeated loadings. For a stress

equal to 70 percent of the static strength, approximately 5000 repetitions

have been reported as causing failure.9 3 Murdock9 1 also suggested that
fatigue failure occurs at a constant strain, independenL of the applied

stress level or the number of cycles necessary to produce failure.
s Air-entrainLed concrete and lightweight concrete have the same

fatigue behavior as concrete made with ordinary aggregate.
94

4

2r
.4~

;;

4..

i i

187



REFERENCES

CHAPTER 7

PORTLAND CEMENT CONCRETE

1. ACI Committee 116, "Cement and Concrete Terminology," Special
Publication SP-19, American Concrete Institute, Detrceit, Mich, 1967.

2. Lea, F. M., The Chemistry of Cement and ConcreLe, Third Edition,
Chemical Publishing Company, Inc., New York, 1971.

3. ASTM Standard C 150, "Standard Specification for Portland Cement,"
American Society for Testing and Materials, Philadelphia, Pa., 1976.

4. ACI Committee 212, "Guide for Use of Admixtures in Concrete," Title
No. 68-56, ACI Manual of Concrete Practice, Part 1, American Concrete

Institute, Detroit, Mich., 1973.

5. ACI Committee 212, "Admixtures for Concrete," Proceedings, American
Concrete Institute Journal, Vol 60, No. 11, Nov 1963.

6. Admixtures in Concrete, Special Report 119, Highway Research Board,
Washington, DC 1971.

7. Neville, A. M., Properties of Concrete, John Wiley and Sons, Inc.,
New York, 1963.

8. Kaplan, M. F., "Strains and Stresses of Concrete at Initiation of
Cracking and Near Failure," Proceedings, American Concrete Institute,
Journal, Vol 60, July 1963, pp 853-880.

9. Philleo, R. E., "The Origin of Strength of Concrete," S-ructure of
Portland Cement Paste and Concrere, HRB Special Report 90, 1966,
pp 175-185.

10. Cottrell, A. H., The Mechanical Properties of Matter, John Wiley
and Sons, New York, 1964.

11. Griffith, A. A., "The Phenomen. of Rupture and Flow in Solids,"
Philosophical Transactions, Rc.'al Society of London, Vol A-221, 1921.

12. Kaplan, M. F., "Crack Propagation and the Fracture of Concrete."
Proceedings, American Concret Institute, Journal, Vol 58, No. 28,

1961, pp 591-610.

13. Romualdi, J. P., and Batson, G. B.,'"Mechanics of Crack Arrest in
Concrete," Proceedings, American Society of Civil Engineers, Vol 89,
EM 3, Jui. 1963, pp 147-168.

14 . Glucklich, J., "Fracture of Plain Concrete," Proceedings, American

Society of Civil Engineers, Vol 89, EM 6, Dec 1963, pp 127-138.

15. Glucklich, J., "On the Compression Failure of Plain Concrete," TAM
Report No. 215, Dept. of Theoretical and Applied Mechanics, University
of Illinois, Mar 1962.

188

1v,

iv--.i



16. Lott, J., and Kesler, C. E., "Crack Propagation in Plain Concrete,"
Structure of Portland Cement Paste and Concrete, HRB Special Report
90, Highway Research Board, Washington, DC, 1966, pp 204-218.

17. Freyssinet, E., "The Deformation of Concrete," Magazine of Concrete
-Research, Vol 3, No. 8, Dec 1951, pp 49-56.

18. Bletzacker, R. W., "The Concepts of Reheology Applied to Portland-
Cement Concrete," Proceedings, American Society for Testing and
Materials, Vol 62, 1962, pp 996-1007.

19. Reinius, E., "A Theory of the Deformation and the Failure of Concrete,"
C & CA Library Translation No. 63, Cement and Concrete Association,
London, (Originally published Betong, 1955, No. 1).

20. Todd, J. D., "The Determination of Tensile Stress - Strain Curves
* for ConcretE." Proceedings, Institution of Civil Engineering, Vol 4,

No. 2, Part 1, Mar 1955, pp 201-211.

21. ACI Committee 316, "Recommended Practice for Construction of Concrete
Pavements and Concrete Bases (ACI 316-74) (Revised 1975), ACI
Standard 316-74, American Concrete Institute, Detroit, Mich, 1975.

22. Mather, B., "High-Compressive-Strength Concrete, A Review of the
State of the Art," Report No. AFSWC-TDR-62-56, Air Force Special
Weapons Center, Kirtland Air Force Base, NM, Aug 1962.

23. Saucier, K. L., Tynes, W. 0., and Smith, E. F., "High-Compressive-
Strength Concrete, Development of Concrete Mixtures," Rpt.
No. TDR-63-3114, Air Force Weapons Laboratory, Kirtland AF Base,
NM, Feb 1964.

24. Saucier, K. L., Tynes, W. 0., and Smith, E. F., "High-Compressive-
Strength Concrete," Rpt. No. AFWL-TR-65-16, Air Force Weapons
Laboratory, Kirtland AF Base, NM, Sep 1965.

25. Saucier, K. L., "Determination of Practical Ultimate Strength of
Concrete," Miscellaneous Paper C-72-16, US Army Engineer Waterways

Experiment Station, Vicksburg, MS, Jun 1972.

26. Hoff, G. C., "Evaluation of a Ring Test for Determining the Tensile
Strength of Mortars and Concrete," Miscellaneous Paper C-69-5, US
Army Engineer Waterways Experiment Station, Vicksburg, MS, May 1969.

27. Troxell, G. E. and Davis, H. E., Composition and Properties of
Concrete, McGraw-Hill Book Company, Inc., New York, 1956.

28. Gonnerman, H. F., and Shuman, E. C., "Compression, Flexure, and
Tension Tests of Plain Concrete," Proceedings, American Society
for Testing and Materials, Vol 28, Part IT, 1928, pp 527-573.

29. Brunauer, S., Skalny, J., and Yudenfreund, M., "Hardened Cement
Pastes of Low Porosity: Dimensional Changes," Research Report 69-8,
Engr. Res. and Dev. Bureau, New York State Dept. of Transportation,
Albany, New York, Nov 1969.

189



30. Brunauer, S., Mikhail, R. S., and Yudenfreund, M., "Hardened Cement
Pastes of Low Porosity: Exploratory Studies," Research Report
68-9, Engr. Res. and Dev. Bureau, New York State Dept. of Trans-
portation, Albany, New York, Jun 1968.

31. Concrete Manual, Bureau of Reclamation, US Dept. of the Interior,
' Washington, DC, Eighth Edition, 1975.

32. Jones, R., and Kaplan, M. F., "The Effects of Coarse Aggregate on
the Mode of Failure of Concrete in Compression and Flexure,"
Magazine of Concrete Research, Vol 9, No. 26, Aug 1957, pp 89-94.

33. Neville, A. M., "Hardened Concrete: Physical and Mechanical Aspects,"
Monograph No. 6, American Concrete Institute, Detroit, Mich., 1971.

34. Kaplan, M. F., "Flexural and Comp5 essive Strength of Concrete as

Affected by the Properties of Coarse Aggregates," Proceedings,
American Concrete Institute, Vol 55, May 1959, pp 1193-1208.

35. Polivka, M., Kelly, J. W., and Best, C. H., "A Physical Method for
Determining the Composition of Hardened Concrete," STP-205, American
Society for Testing and Materials, Philadelphia, PA.

36. Hoff, G. C., "Porosity-Strength Considerations for Cellular Concrete,"
- Cement and Concrete Research, Vol 2, No. 1, 1972, pp 91-100.

37. Mustard, J. N., "Winter Curing of .uLicrete as Related to the New
Canadian Standard," Special Publication SP 39-4, Behavior of Concrete
Under Temperature Extremes, American Concrete Institute, Detroit,
Mich., 1972.

38. Bauer, E. E., Plain Concrete, McGraw-Hill Book Company, New York, 1949.

39. Withey, M. 0., "Fifty-Year Compression Test of Concrete," Proceedings,
American Concrete Institute, Journal, Vol 58, No. 6, Dec 1961, pp 695-712.

40. Washa, G. W., and Wendt, K. F., "Fifty-Year Properties of Concrete,"
Proceedings, American Concrete Institute, Journal, Vol 72, No. 1,
Jan 1975, pp 20, 28.

41. Code of Practice for the Structural Use of Concrete, British Standard
Institution, 1971.

42. Plowman, J. M., "Maturity and the St:ength of Concrete," Magazine
of Concrete Research, Vol 8, No. 22, Mar 1956, pp 13-22.

43. Neville, A. M., "A General Relation for Strengths of Concrete
Specimens of Different Shapes and Sizes," Proceedings, American
Concrete Institute, Journal, Vol 63, No. 10, Oct 1966, pp 1095-1109.

44. ASTM Standard C 42, "Standard Method of Obtaining and Testing Drilled
Cores and Sawed Beams of Concrete," American Society for Testing and
Materials, Philadelphia, PA, 1977.

45. McHenry, D., and Shideler, J. J., "Review of Dana on Effect of Speed
in Mechanical Testing of Concrete," Symposium on Speed of Testing of
Nonmetallic Materials, STP-185, American Society for Testing and

Materials, Philadelphia, PA, 1956, pp 72-82.

190

-ih 4. ~



V .... 4 X .. 3 % 4I -- -. .- '.- .I

46. Evans, R. 11., "Effect of Rate of Loading Some Mechanical Properties f
of Concrete," Mech: 4 cal Properties of Non-Metallic Brittle Materials, A

Butterworth Sc.0entific Publications, London, 158, pp 175-190.

47. Jones, P. G., and Richart, F. E., "The Effect of T sting Speed on
Strength and Elastic Properties of Concrete," Proceedings, American
Society for Testing and Materials, Vol 36, Pt II, 1936, pp 380-391.

48. L'Hermite, R., "Volume Changes of Concrete," Proceedings, F&urth
International Symposium on the Chemistry of Cement, Washington, DC,
1960, pp 659-694 (National Bureau of Standards, Monograph 43, Sep 1962).

49. Pickett, G., "Effect of Aggregate cA. Shrinkage of C.ncrete and
Hygothesls Concerning Shrirkage," Proce.dingsL unerican Concrete

~Institute, Journal, Vol 52, Jo. 5, Jan 1956, pp 581-590.

50. Powers, T. C., "Aspects Fondamentaux nue Rerrait due Beton," Revue
des Materiaux de Construction (Paris), No. 545, Feb 1961, pp 79-85.

51. Troxell, G. E., Raphael, J. M., and Davis, R. E., "Long-T.ae Creep

and Shrinkage Tests of Plain and Reinforced Concrete," Pr- eedings,
American Society for Testing and Materials, Vol 58, 1958, pp 1101-1120.

52. Keene, P. W., "The Effect of Air-Entrainment on the Shrinkage of
Concrete Stored in Laboratory Air," Cement and Concrete Association
Technical Report TRA/331, London, Jan 1960.

53. Shideler, J. J., "Calcium Chloride in Concrete," Proceedings,
American Concrete institute, Vol 48, Mar 1952, pp 537-559.

54. Walker, S., Bloem, 1). L., and ullen, V. G., "Effect; of Temperature
Changes on Concrete as Influenced by Aggregates," Proceedings,
American Concrete Institute, Journal, Vol 48, No. 8, Apr 1942,
pp 661-679.

55. Meyers, S. L., "Thermal Coefficient of Expansion of Portland Cement:
Long-Time Tests," Industrial and Engineering Chemistry, Vol 32, No. 8.
1940, pp 1107-1114.

56. Bonnell, D. G. R., and Harper, F. C., "The Thermal Expansion of
Concrete," Technical Pper No. 7, 'ational Building Studies, H.M.S.O.,
London, 1931. j

57. Powers, T. C., and Brownyard, T. L., "Studies of the Physical Properties
of Hardeiei Portland Cement Paste," (Nine parts), Proceedings, American
Concrete Institute Journal, Vol 43 (Oct 1946 to Apr 1.947).

58. Neville, A. M., Creep of Concrete: Plain, Reinforced, and Prestressed,
North Holland Publishing Co., Amsterdam, L970.

59. Powers, T. C., "Structure and Physical Properries of Hardened Port-
land Cement Paste," Journal o" the American Ceramic Society, Vol 41,

No. 1, Jan 1958, pp 38-48.

60. Powers, T. C., Copeland, C. E., Hayes, J. C., and Mann, H.M.,
"Permeability of Portland Cement Paste," Proceedings, American

Concrete Institute_, Journa, Vol 51, No. 3, Nov 1953, pp 285-298.

191

!:I



61. ACI Committee 201, "Durability of Concrete in Service," ACI Manual
of Concrete Practice, 1973, Part 1, Materials and Properties of
Concrete, American Concrete Institute, Detroit, Mich., 1973.

62. Powers, T. C., "A Working Hypothesis for Further Studies of Frost
Resistance of Concrete," Proceedings, American Concrete Institute,
Journal, Vol 41, No. 4, Feb 1945, pp 245-272, plus pages 272-1
through 272-20 for discussion.

63. Powers, T. C., "The Air Requirement of Frost-Resistant Concrete,"

Proceedings, Highway Research Board, Vol 29, 1949, pp 184-202.

64. Powers, T. C., "Resistance of Concrete to Frost at Early Ages,"
Proceedings, RILEM Symposium on Winter Concreting, Session C,
1956, pp 1-47.

65. Mielenz, R. C., "Petrographic Examination of Concrete Aggregate
To Determine Potential Alkali Reactivity," Research Report No. 18-C,
Highway Research Board, Washington, DC, 1958, pp 29-33.

66. Gibson, W. E., "A Study of Map Cracking in Sand-Gravel Pavements,"

Proceedings, Highway Research Board, Vol 18, Part 1, 1938, pp 227-237.

67. Lerch, W., "A Cement-Aggregate Reaction that Occurs with Certain
Sand-Gravel Aggregates," Journal, PCA Research and Development
Laboratories, Skokie, Illinois, Vol 1, No. 3, Sep 1959, pp 42-50.

68. Hadley, D. W., "Alkali Reactivity of Dolomitic Carbonate Rocks,"
Highway Research Record, No. 45, Highway Research Board, 1964, pp 1-19.

69. Rabald, E., Corrosion Guide, Elsevier Publishing Company, Inc.,
New York, 1951.

70. Seymour, R. B., and Steiner, R. H., Plastics for Corrosion-Resistant
Applications, Reinhold Publishing Corp., New York, 1955. I

71. Woods, H., Durability of Concrete Construction, Monographi No. 4,
American Concrete Institute, Detroit, 1969.

72. Powers, T. C., "Resistance to Weathering--Freezing and Thawing,"
Special Technical Publication No. 169, American Society for
Testing and Materials, Philadelphia, PA, 1956, pp 182-187. I

73. Verbeck, G. J. and Klieger, P., "Studies of 'Salt' Scaling of
Concrete," Highway Research Board Bulletin No. 150, righwa. Research
Board, Washington, DC, 1957, pp 1-13.

74. Smith, F. L., "The Effect of Aggregate Quality on Resistance of
Concrete to Abrasion," Cement and Cqncrete, STP 205, American
Society for TestinE and Materials, Philadelphia, PA, 1958, pp 91-105.

75. Scripture, F. W., Benedict, S. W., and Bryant, D. E., "Floor
Aggregates," Proceedings, American Concrete In3titute, Journal,
Vol 50, No. 4, Der 1953, pp 305-316.

192

U •

XIAA ,W



76. Sawyer, J. L., "Wear Tests on Concrete Using the German Standard
Method of Test and Machine," Proceedings, American Society for
Testing and Materials, Vol 57, pp 1143-1153.

77. Witte, L. P., and Backstrom, J. E., "Some Properties Affecting the
Abrasion Resi. tance of Air-Entrained Concrete," Proceedings, American

* Society for 'testing and Materials, Vol 51, 1951, pp 1141-1153.

78. Covell, C. E., "Heavy-Duty Concrete Floors," Proceedings, American
Concrete Institute, Journal, Vol 24, 1928, pp 454-465.

79. Kennedy, H. L., and Prior, M. E., "Abrasion Resistance," Significance3jof Tests and Properties of Concrete and Concrete Aggregates,

Special Technical Publication No. 169, American Society for Testing
and Materials, Philadelphia, PA, 1956, pp 163-174.

80. Abrams, D. A., "Effect of Rate of Application of Lcad on the Com-
pressive Strength of Concrete," Proceedings, American Society for
Testing and Materials, Vol 17, Part II, 1917, p 364.

81. Jones, P. G., and Richart, F. E., "The Effect of Testing Speed on
Strength and Elastic Properties of Concrete," Proceedings, American
Society for Testing and Materials, Vol 36, Part II, 1936, pp 380-391.

82. Glanville, W. H., "An Investigation of the Stress in Reinforced
Concrete Piles During Driving," BuiIding Research Technical Paper 20,
H.M.S.O., London, 1938.83. Watsten, D., "Effect of Straining Rate on the Compressive Strength,

and Elastic Properties of Concrete," Proceedings, American Concrete

Institute, Journal, Vol 49, No. 8, Apr 1953, pp 729-744.

84. Lundeen, R. L., "Dynamic and Static Tests of Plain Concrete Specimens,
Miscellaneous Paper No. 6-609, US Army Engineer Waterways Experment

4Station, Vicksburg, MS, Nov 1963.

85. Lundeen, R. L., "Dynamic and Static Tests of Plain Concrete Specimens,
Report 2, Flexure and Triaxial Compression," Miscellaneous Paper
No. 6-609, US Army Engineer Waterways Experiment Station, Vicksburg,
MS, Nov 1964.

86. Green, H., "Impact Strength of Concrete," Proceedings, The Institution
of Civil Engineers (London), Vol 28, Jul 1964, pp 383-396.

87. Cowell, W. L., "Dynamic Properties of Plain Portland Cement Concrete,"
Technical Report R-447, US Department of the Navy, Naval Civil
Engineering Laboratory, Port Hueneme, Calif.

Capabllities of Plain Concrete Under Dynamic and Static Loadings,"

Proceedings, American Concrete Institute, Journal, Vol 64, No. 11,
Nov 1967, pp 745-756.

89. Nordby, G. M., "Fatigue of Concrete - A Review of Research,"
Proceedings, American Concrete institute, Journal, Vol 55, No. 2,
Aug 1958, pp 191-220.

* 193



90. Bennett, E. W., and Raju, N. K., "Cumulative Fatigue Damage of Plain
Concrete in Compression," Proceedings, Conference on Structures,
Solid Mechanics and Engineering Design, Southhampton, 1969,
Paper No. 94, 14 pp.

91. M. 'k, J. W., The Mechanism of Fatigue Failure in Concrete,
Ph.D. Thesis, University of Illinois, Urbpna, 1960.

92. Neal, J. A., and Kesler, C. E., "The Fatigue of Plain Concrete,"
The Structure of Concrete, Cement and Concrete Association, London,
1968, pp 226-237.

93. Price, Witt, "Factors Influencing Conctete Strength," Proceedings,
American Concrete Institute, Feb 1951, pp 417-432.

94. Gray, W. H., McLaughlin, J. F., and Antrim, J. D., "Fatigue Properties

of Lightweight Aggregate Concrete," ACI Journal, Proceedings, Vol 58,
N,. 2, Aug 1961, pp 149-162.

%3

194

.IwJ



.r. TABLE 7. 1
Ceet3 1

Compound Composition of Fortland Cements

Compound Composition, Percentage

Type of Free Ignition

Cement 3 C2 C3A C4AF CaSO 4 CaO M_ _ Loss I
Type I 49 25 12 8 2.9 0.8 2.4 1.2

Type II 46 29 6 12 2.8 0.6 3.0 1.0

Type III 56 15 12 8 3.9 1.3 2.6 1.9

Type IV 30 46 5 13 2.9 0.3 2.7 1.0

Type V 43 36 4 12 2.7 0.4 1.6 1.0

TABLE 7.2

Comparison of the Rates of Gaining Strenth
38

of Concrete Cured at Various Temperatures

Age, Compressive Strength, psi

Days 5F 40F 70F 1OOF 200F

,1 --- --.... 1005 ---....

3 1555 1740 2530 3280 3730

5 1545 2335 3410 4260 4470

7 1395 2730 3940 4650 4670

14 1415 3600 4520 5440 3650

28 1460 4140 5440 6200 3370

49 ............ 3430

-- 1 95
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TABLE 7.3

Effect of Size on Compression Specimen
on Concrete 3 1.
on Indicated Strength of

Size of Relative Compressive Size of Relative Compressive
Cylinder, in. Strength, % Cylinder, in. Strength, %

2 x 4 108 12 x 24 91

3 x 6 106 18 x 36 86

6 x 12 100 24 x 48 84

8 x 16 97 36 x 72 82

*w
Adopted from Figure 227, Reference 31.

TABLE 7.4

Effect of Height-Diameter Ratio of Compression

Specimen on the Indicated Strength of Concrete
44

Ratio of height to diameter

of cylinder or core Strength Correction Factor

2.00 1.00

1.75 0.99

1.50 0.97

1.25 0.94

1.00 0.91
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TABLE 7.5

Influence of Aggregate Content on the

Coefficient of Thermal Expansion5 5

Linear coefficient of thermal
Cement-aggregate expansion at the age of 2 years,

Ratio 10-6 per degree F

Neat Cement 10.3
1:1 7.5

1:3 6.2
1:6 5.6

TABLE 7.6

Coefficient of Thermal Expansion of 1:6

Concretes Made With Different Aggregates
5 6

Linear coefficignt of thermal expansion

10 per deg F
Air-.cured

Air-cured Water-cured and wetted
Type of Aggregate Concrete Concrete Concrete

Gravel 7.3 6.8 6.5

Granite 5.3 4.8 4.3

Quartzite 7.1 6.8 6.5

Dolerite 5.3 4.7 4.4

Sandstone 6.5 5.6 4.8

Limestone 4.11 3.4 3.3

Portland Stone 4.1 3.4 3.6

Blast Furnance Slag 5.9 5.1 4.9

Foamed Slag 6.7 5.1 4.7
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TABLE 7.7

Reduction in Permeability of Cement Paste

with the Progress of Hydration6 0

Age, Permeability
Days cm/sec

-4

Fresh 2 x 10

5 4 x -8

6 1 x 10- 8

8 4 x 109

13 5 x 10-10

24 1 x 10-10

Ultimate 6 x 10-11 (calculated)

Note: Water-cement ratio = 0.7

N
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CHAPTER 8

L EXPANSIVE CEMENT CONCRETE

INTRODUCTION

8.1 BACKGROUND

The origin of expansive cements is usually associated with the

discovery of ettringite by Candlot5 1 in 1890. This compound is described

chemically as 3CaO . Al203 . 3CaSO 4 . 321120 and is formed during the

hydration of expansive cements. It is generally believed to be the

source of the expansive force in the cement and is comparable to the

natural mineral of the same name. In older literature, it is often
254

called the "cement bacillus." In 1892, Michaelis suggested that

ettringite was responsible for the destructive expansion of portland

cement concretes in the presence of sulfate and sea waters. Attempts

were made in the 1920's in France to control the expansive energy of
147 210

ettringite formation but were unsuccessrul. Lossier began experi-

mentation with expansive cements in 1936 with the objective of chemically

prestressing concrete. He is generally credited with the discovery
166

of expansive cements. Klein, at the University of California, Berkeley,

pursued the development of an anhydrous calcium sulfoaluminate as a way

to control ettringite-formarion reactions and patented it as an invention

on 18 October 1961. Another patent was granted to Klein, 162 in 1966 as a

continuation-in-part of the first. Expansive cements made under the

Klein patents are the principal expansive cements in use in the United

* States today. A more detailed development of expansive cements can be
15 147 189 228found in reports by Aroni, et al., Kalousek, 1 , Li, Mather,

North,291 and ACI Committee 223 report.2

Concrete, when placed in an environment where it begins to dry out

- and lose moisture, will begin to shrink. The amount of drying shrinkage

which occurs in concrete depends on the characteristics of the cement,

aggregates and admixtures, mix proportions, mixing times, placement
methods, time between adding water and placing, temperature and humidity,
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member size and configuration, slump, and curing. When a pavement or

structural member is restrained during drying shrinkage by the sub-

grade friction, reinforcement or other portions of the structure, tinsile

stresses develop. Often the drying shrinkage is sufficiently large to

induce stresses which exceed the tensile strength of the concrete causing

cracks. The frequency and size of the cracks depend on the amount of

shrinkage and restraint.

Expansive cements, however, when properly used in concrete that

receives adequate curing, will cause that concrete to increase in volume

after hardening. When properly restrained by reinforcement or other

means, compressive stresses are induced in the corcrete. If the expansive

potential of tlz concrete is small, only small compressive stresses are

developed. Subsequent drying shrinkage will relieve these compressive

stresses instead of creating tension, hence cracking will be minimized.

If the expansive porential of the concrete is great, the initial com-

pressive stresses will be large and after subsequent drying shrinkage,

a significant amount of stress will still remain, thus effectively pro-

ducing chemically prestressed concrete.

This section of the report is concerned with the characteristics

and applications :f expansive cement concretes as they pertain to pave-

ments. The bibliography on expansive cements and expansive cement

concretes contained in this chapter was developed from numerous sources

and many of the items cited were not actually reviewed. It is the most

comprehensive bibliography developed to date on this subfect, however, and

is presented for use by individuals desiring to examine this subject in

more detail.

8.2 DESCRIPTION OF MATERIALS

8.2.1 Expansive Cements. Expansive cements are cements which,

when mixed with water, form a paste that, after hardening, tends to in-

crease in volume to a significantly greater degree than portland cement

paste.4 They can be used to compensate for volume decrease due to

shrinkage or to induce tensile stress in reinforcement (post-tensioning).

These types of expanisve cement have been produced in the United State3
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and have been referred to as Tye KMorS Currently (1976) only

Type K cement is being manufactured in the United States.

Type K expansive cement is a mixture of portland cement, anhydrous

cetracalcium trialuminate sulfate (C4A3S),* calcium sulfate (CaSO4 ), a'd

lime (CaO). The C AS is a constituent of a separately burned clinker

that is interground with portland cement or alternately, it may be formed

simultaneously with the portland cement clinker compounds during the
4

burning process.

Type M expansive cement consists if interground or blended mixtures

of portland cement, calcium aluminate cement, and calcium suitably pro-

portioned. The Type M expansive cement that was produced in the United

tates is not the same as the stressing cement (SC), often called Type M,

-d'- cd in the Soviet Union, also from portland cement, calcium aluminate

cement and gypsum. The SC product is proportioned in such a manner that

* quick setting, fast hardening, and high early strength are obtained and,

therefore, it is generally not used in conventional concrete.4

Type S expansive cement is a type of portland cement containing

a large computed tricalcium aluminate (C3A) content and interground with

an amount of calcium sulfate above the usual amount found in portland
4

cement. 

All expansive cements consist predominately of portland cements

(about 70 to 94 percent). The chemical compositions are sirnilar to

those of portland cement except for higher sulfate contents (4.5 to

6.5 percent S), generally higher alumina contents (5 to 9 percent A),

and generally lower silica contents. 147  The lower the amount of the

expansive agent the greater is the similarity in compositions. Table 8.1

shows some typical chemical analyses of these ccments.

8.2.2 Expansive Compounds. Several products of a calci m sulfo-

& aluminate (CSA) composition have been produced and marketed in Japan

for the purpose of adding them to concrete to cause expansions. These

where C CaO, A Al2 3 and S= SO3 S =SiO 2
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expansive components are similar to lhe component used in Type K cement

and cause the concrete to expand throtgh formation of ettringite.

Table 8.2 shous a typical chemical analysis of two Japanese expansive
170

components. Table 8.3 shows the analyses of the mixtures of the
170

expansive components and Type I portland cement. The rationale

behind the use of the components is "... to make possible importation of

desired expansion quancities to concretes at the required times by varying

the dosages of components according to the quality of cement, mix

proportion of concrete, dimensions of concrete members, ambient tempera-
,170ture, exposure conditions of concrete, and other conditions.' A

similar approach is used in the United States with a United States-produced

self-stressing cement in tunnel construction.
13 1

3.2.3 Expansive Cement Concrete. The concrete made with any of

the expansive cements and the concrete made with additions of the CSA

will. be called expansive cement concrete for the purposes of this report

and should not be confused with such materials as "nonshrink" concrete

which contain materials which produce a gas during the unhardened state

of the concrete, thus causing it to swell before hardening. The expansion

in expansive cement concrete takes place after hardening.

Concretes made with expansive cements have been classified as
'2 N

k shrinkage-compensating concrete and self-stressing concrete. Shrinkage

compensating concrete is an expansive cement concrete which when properly

restrained by reinforcement or other means will expand an amount equal

to or slightly greater than the anticipated drying sarinkage of the

concrete. Because of the restraint, compressive stresses will be in-

duced in the concrete during expansion. Subsequent drying shrinkage

will reduce these stresses but ideally, a residual compression will remain

in the concrete thereby eliminating shrinkage cracking. Self-stressing

concrete is an expansive cement concrete in which the expansion, if

restrained, will induce a compressive stress of high enough magnitude

to result in a significant residual compression in the concrete after

drying shrinkage has occurred.2 Concretes made with the expansive com-

ponent, CSA, can be classified as either shrinkage-compensating or

self-stressing depending on the amount of CSA used and the performance
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of the concrete after hardening. Figure 8.1 shows the simplified ex-

pansion behavior of both shrinkage-compensating and self-stressing

cements and indicates the effect of the amount of expansive component of

high enough magnitude to result in a significant residual compression
289

in the concrete after drying shrinkage has occurred. Concretes made

with the expansive component, CSA, can be classified as either shriL±kage-

compensating or self-stressing depending nn the amount of compressive

stress developed in the concrete, which in turn is related to the amount

of expansive component (and hence expansion) and restraint of the concrete.

Figure 8.2 shows the calculated relation between expansion, percent

reinforcement, and concrete compressive prestress. Figure 8.3 shows the

effect of the amount of expansive component on expansion with time.

Kalousek 14 7 and many others have reported that the compressive stresses

induced by shrinkage-compensating cements in concrete are from 25 to

100 psi, while self-stressing c2merts may produce stresses from 100 to

1000 psi.

MECHANICAL PROPERTIES

In general, the physical properties of expansive cement concretes

are related to the amount and rate of expansion and the amount and di-

rection of restraint. Other factors such as type of curirg and mixture

ingredients also influence this behavior. For the shrinkage-compensating

cement presently produced in the United States, the physical properties

of shrinkage-compensating concretes are comparable to those of portland

cement concretes of similar mixture proportions. t
Some degree of prestress can usually be achieved through the use

of expansive cements. The magnitude of that prestress, as shown in

Figure 8.2, is related to the amount of expansion. For United States-

produced expansive cements, the cement producer controls the expansive

potential of the cement by adjusting the chemical composition and fine-

ness of the cement. When the expansive component is used, the supplier

or user can control the expansive potential by varying the amount of
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component added. Once the expansive potential of the cement is de-

termined, however, other factors will then influence the rate and amount
of expansion the expansive cement achieves. These factors include

cement content, type of aggregate and admixture used, mixing time, type

of curing, temperature during mixing or curing or both, and degree of

restraint provided by steel reinforcement or other means.

The data discussed in the following sections tends to relate mostly

to Type K cements but this is not intentional. Type K cement has had

much broader use and promotio that Types M and S, and substantially

more information on its behavior is available. Where no statement is

made regarding a specific property for Types M or S or for the CSA com-

ponent, it is due to a lack of data.

8.3 FACTORS AFFECTING EXPANSION

8.3.1 Cemernt Content. The selection of the cem-at content is

usually governed by the strength requirements of the project and is

determined by tests of the expansive cement concrete made with the actual

materials to be employed on the job. The procedures used for selecting

the mixture proportions of the expansive cement concrete are similar

to those used with normal portland cement concrete. In addition to the

strength requirement, there will also be an expansion requirement.

When using expansive cements with a built-in expansive potential, the

higher the cement content of the mixture, the larger the expansion for

a given degree of restraint. This can be seen in Figure 8.4 for ze o

percent reinforcement. The use of the expansive component, CSA, allows

the cement content to remain constant while the expansions increase due

to higher concentrations of the CSA in the mixture. Figure 8.3 shows

this effect for a cement content of 670 lb per cu yd when the CSA con-

centration is increased from 11 to 17 percent.

8.3.2 Aggregate Type. The normal concrete aggregates used for

portland cement concretes can also be used in expansive cement concretes.

This is true for lightweight and heavyweight aggregntes, also. The type

of aggregate used will, however, affect the shrinkage characteristics

of the corcrete (as it also does in normal concrete) and the expansive
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behavior. Figure 8.5 shows the effect of structural lightweight

aggregate concrete expansions compared to an equally proportioned and

sized normal weight concrete. Figures 8.6 and 8.7 show the effects

of three aggregate types used with a Type K self-stressing cement on the

longitudinal expansion of some triaxially restrained concrete. The

observed differences have been attributed to the availability of water

contained within the lightweight aggregates which caused the early-age

expansion to be higher than for two normal weight aggregates. Unpublished

WES data on mortars made with both concrete sand and saturated lightweight

sand confirm this finding. In Figure 8.6 the concrete with the light-

weight aggregate continued to expand during the early stages thus re-

sulting in significantly lower drying shrinkage and subsequent loss of

compressive prestress due to the drying shrinkage. Lower drying shrinkage

was also observed 'Figure 8.7) when the specimens were moist cured to
81full expansion for 33 days. Data of Epps and Polivka (Table 8.4) showed

that after a 1-year drying period, shrinkage-compensating concrete

containing river gravel had a residual compression (0.028 percent of

expansion) whereas the use of sandstone resulted in a slight tension

(0.019 percent of shrinkage).

Aggregates containing gypsum or other sulfates may increase ex-

pansions and cause delayed expansion and/or later disruption of the

concrete. Significant amounts of chlorides in aggregates, such as found

in beach sands, tend to decrease expansion and increase drying shrinkage.

For these reasons, it is recommended that job aggregates be used in labora-

tory trial mixture tests to see if this problem exists.4

2It has also been suggested that aggregate size may affect expansions

but that this variable may he clouded by the proportioning changes

associated with changing aggregate sizes.

8.3.3 Admixtures. Most of the admixtures commonly used in portland

cement concrete have been used in expansive cement concrete. The effects

of air-.entraining agents, water-reducing ageats, retarding agents, and

accelerator admixtures on the expansion of a specific type or brand of

shrinkage-compensating cement may be either beneficial or detrimental.
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Before use on the job, all admixtures should be tested in trial mixtures

with job materials and proportions under simulated ambient conditions.
In general, however,4

a. Air-entraining admixtures are as effective with shrinkage- Z

compensating concretes as with portland cement concretes in improving

freeze-thaw and deicer salt durability.

b. Water-reducing admixtures may be incompatible with shrinkage-

compensating concretes due to acceleration of the ettringite reaction

which usually has the effect of decreasing expansion.

c. Calcium chloride when used as an accelerator usually reduces

expansion and increases shrinkage.

d. Fly ash and other pozzolans may affect expansions and also

influence strength development. They should be used with caution, par-

ticti.arly at low temperatures.

e. Set-retarding water-reducing admixtures may react similar to

water-reducing admixtures (see b above).

Since the methods of mixing and placing can influence admixture

performance, laboratory results alone may not always correlate with job

results.

8.3.4 Mixing Time. The formation of ettringite begins as soon as

water is added to the cement during mixing. The amount of ettringite

that can be formed is predetermined by the proportioning of the constituents

of the cement. Because actual expansions of the concrete will not begin

until the concrete has reached a final set, it is wholly possible, through

extended mixing and agitation, to cause the rate of ettringite formation

to be accelerated to the point when most of the ettringite will form

in the unhardened mixture and thus greatly reduce the expansive potential

of the mixture. Figure 8.8 shows the effect of mixing time on the un-

restrained expansion of a Type K shrinkage-compensating concrete.

Polivka3 0 9 recommended that during hot weather construction, the concrete

be mixed and placed within 45 minutes. A longer time can be tolerated

at normal or lower temperatures.
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8.3.5 Curinj. In expansive cement concrete, curing is of even

more importance since it has a great influence on its expansion charac-

teristics. Water is needed to aid in both the formation of the strength-

giving calcium silicate hydrates and the formation of the expansion pro-

ducing ettringite. Larger expansions will be obtained when the concrete

is water cured rather than sealed with curing compounds or covered by a

moisture-proof cover such as polyethylene sheeting (Figure 8.9). Although

membrane curing is considered adequate, water curing is preferred.

8.3.6 Temperature. Temperature affects the rate of ettringite

formation and hence will affect both the rate and magnitude of expansion.
Concretes mixed at higher temperatures will have their ultimate expansions

reduced because of the high rate of ettringite formed during mixing and

the rapid increase in strength gain of the concrete which then contributes

to restraining the expansion. Concretes mixed at lower temperatures

will have their ultimate expansion reduced because of the lower rate of

, ettringite formation and higher creep deformation at early ages. This

behavior is shown in Figure 8.10.

8.3.7 Restraint. Restraint of expansion can be applied by either
external or internal means. The degree of restraint has a significant

influence on the measured expansion. Unrestrained expansions may be as

great as an order of magnitude over restrained expansions. To fully

utilize the steel reinforcement, the concrete should be permitted to

expand in order to develop tension in the steel and hence compression

in the concrete. Restraint by subgrade friction or adjacent structures

also develops compressive stress in the concrete but very little, if any,
es sr it se 309

rgtensile stress in the steel. Such restraint may help to reduce the

cracking tendency of the concrete but it is not as efficient or reliable

in minimizing cracking as in the case where the concrete is permitted

to expand. A typical relationship between the amount of restraint

(percent steel) restrained expansion of the concrete and compressive

stress developed is sho,n in Figure 8.11 for a Type K self-stressing
309

concrete.
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8.4 COMPRESSIVE, FLEXURAL, AND TENSILE STRENGTH

8.4.1 Shrinkage-Compensating Concrete. Shrinkage-compensating

concretes develop compressive, tensile, and flexural strengths equivalent

in rate and magnitude to Type I or II portland cement concretes. Un-

published WES data frcm samples from all cement mills in the United States

producing Type K shrinkage-compensating cement indicate that compressive

strengths at 28-days age of Type K shrinkage-compensating cement concrete

are from 5 to 10 percent greater than Type II portland cement concrete

madewith exact3y the same proportions. No information was avilable as

to whether this behavior was the same for flexural and tensile strengths.

8.4.2 Self-Stressing Cements. It has been generally established

that the compressive strength of self-stressing concretes is inversely

related to the cement of expansion and that the amount of expansion is° 2

inversely related to the amount of restraint. Figure 8.12 shows the

effect of degree of restraint on expansion of *oncrete uade with Type KI:. 29
cement. Figure 8.13 shows the effect of restraint on compressive29

strength of Type K self-stressing cement concrete. High strength

self-stressing concrete can readily be made when proper consideration

is given to the many variables associated with the use of this cement.

8.4.3 Expansive Components. The strength of portland cements

modified with the addition of CSA will depend, among other things, on

both the amount of component and the degree of restraint as mentioned in

Section 8.4.2. Figure 8.14 shows the relationship between expansiou and

compressive strength ratio in unrestrained expansion specimens for varying

amounts of two CSA products.170  Of course, once reinforcing steel is introduced

into the concrete, some chemical prestress can then occur. Figure 8.15

shows the relationship between induced chemical prestress and compressive
strength for concretes of varying CSA content. Figure 8.16 shows the

Data from Denki Kagaku Kogyo Kabushiki Kaisha, Tokyo, entitled "Basic
Properties of Mortar and Concrete Made with DENKA CSA," Jan 1973, and
"Mechanical Characteristics of Chemically Prestressed and Steam-Cured
Elements Made with DENKA CSA," Sep 1972.
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amount of increase in flexural stress at the time of cracking with

increasing chemical prestress in CSA modified concretes. The strength

behavior of CSA modified portland cement concretes can be expected to be

similar to that of the United States produced Type K cement concretes

of either the shrinkage-compensating or self-stressing type depending

on the amount of CSA used.

8.5 DIMENSIONAL CHANGES

The expansion behavior of expansive cement concretes has already

been discussed in the previous sections. The drying shrinkage of these

concretes is not a function of expansion and depends on the usual

parameters such as richness of mixture, water/cement ratio, aggregate type

used, etc. In general, the drying shrinkage charactecistics of a shrinkage- t
compensating concrete are similar to those of a Type I portland cement

concrete.

The loss of prestress force due to shrinkage and creep must be taken

into consideration as in mechanically prestressed applications. The

magnitude of stress losses in steel and concrete due to drying shrinkage

and creep have been observed to be approximately equal to or less than
25those observed for conventional prestressed concrete. Klein and

Brr1 6 3

Bertero reported on a "precreep" mechanism at work in Types K and M

self-stressing concrete. This mechanism reduces the ultimate creep strain to values

considerably less than those of conventional concrete subjected to the

same ratio of sustained stress to ultimate stress at the same ages of

loading. They postulated that this resulted from the application of

load to the concrete at early age through the self-stress.ng mechanism

when its ultimate strength is low.

Data available on the creep characteristics of expansive cement

concretes indicate that their creep coefficients are within the same
range as those of portland cement concretes of comparable quality.

The coefficient of thermal expansion of expansive cement concretes is

consistent with that of corresponding portland cement concretes made

with the same materials.
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8.6 DURABILITY

When properly designed and adequately cured, expansive cement

concretes made with Type K, S, or M are comparably resistant to freezing

and thawing and deicer scaling as portland cement concretes. The effect

of air and aggregates are essentially the same.

The type and particularly the composition of the portland cement

portion of a shrinkage-compensating, sel2-stressing, or CSA modified

cement can have a significant effect on the durability of the concrete

to sulfate exposure. Expansive cements made with a Type I or III port-

land cement may be under-sulfated with respect to the aluminate available

and therefore susceptible to further expansion and possible disruption

after hardening when exposed to an external source of additional sulfates.

This problem becomes even more acute with CSA modified cements when the

(SA additions are large. On the other hand, the expansive cements made

with Type II or Type V portland cement clinker and adequately sulfated,

produce concretes having sulfate resistance equal to or greater than

portland cement made of the same type.

8.7 ABRASION RESISTANCE

The abrasion resistance of expansive cement cncrete is not sig-

nificantly different than that of a comparable portland cement concrete

made with similar proportions and ingredients.

8.8 TOUGHNESS

The toughness of unreinforced kon.'-te should not be significantly

changed by the use of expansive cerm,-',: in liu of normal portland cement.

In reinforced elements with levels of i x..nsion such that the concrete

develops a prestress force, the toughno ,- ill be improved over similarly

reinforced portland cement concrete eIL:,.m. as additional loading and

deformations will be necessary to over, prestress force.

8.9 FATIGUE STRENGTH AND DYNAIMIC CONDITWNS

The dynamic response of expansive cement ,oicrte should not be

significantly different from comparable portlia"' coment concretes. It has
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been speculated that the fatigue behavior of expansive cement concretes

should be improved over that of portland cement concrete on the basis

that initial no-load cracking of the material will be less and a small

compressiva prestress may exist even in unreinforced concrete. No data

have been found to substantiate this, however.

8.10 PERMEABILITY

The restrained expansion of expansive cement concretes produces

a more dense matrix which serves to reduce the permeability and absorption.

The absence or reduction of cracking will greatly reduce the ingress of

fluids into the concrete.

USE OF EXPANSIVE CEMENT CONCRETE

Several uses of expansive cement concrete in pavements have been

reported. The author is aware of pavements which have been built in

California, Connecticut, Minnesota, Ohio, and Wisconsin. Information on

most of them involves construction, and performance data are scarce.

8.11 UNREINFORCED PAVEMENT

Two experimental sections of concrete pavement near Palmdale and

Lodi, California, were installed in 1963 using shrinkage-compensating2,188,350

concrete without steel reinforcement.2 0' The expansive cement

used was of the shrinkage-compensating type with only 15 percent expansive

*, component. The only restraint provided was by the subgrade friction and

end anchors. This experiment was not successful. The cracking in the

expansive cement concrete was not less than that of the control sections

made of normal portLand cement concrete. Aroni, et al.1 5 concluded that

for successful shrinkage compensation of highway pavements, a larger

percentage of expansive component and some reinforcement would be re-

quired. It is now recommended that, as a minimum, cement contents of

References 20, 68, 80, 111, 115, 116, 188, 199, 226, 283, 284, 316,

324, 338, 339, 342, 350, 351, 352, 359, 361, and 369.
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515 lb of shrinkage-compensating cement per cubic yard of concrete and
4

0.15 percent reinforcement be used.

8.12 WIRE FABRIC REINFORCED PAVEMENT

A one-fourth-mile section of pavement made with Type K shrinkage-20,116, 342
compensating cement was placed outside of Columbus, Ohio, in 1964. 

2 6

Contraction joints were begun at the normal spacing of 60 ft and then

gradually increased to 68, 70: 77, 90, 94, 119, and 120 ft. The contraction

joints were sawed and dowel basket construction incorporated. Usual

construction techniques were used including membrane curing. The cement

content was 611 lb cement per cubic yard of concrete. The pavement used

6 x 4-00/4 wire fabric reinforcement. In the winter when temperatures

fell, the sawed joints opened and fine hairline cracking developed

directly below the sawed joint. The joints were placed in the center

line of the dowel baskets, and due to the lack of restraint from rein-

forcing at these points, continuous restraint was lost in the slab at

that point. Crack widths were substantially less than would be expected

in conventional potland cement. After four years of service, no visible

intermeadiate cracking had occurred.

From 1969 to 1972 several sections of taxiway at Love Field, Dallas,

Texas, were replaced using Type K shrinkage-compensating concrete.306

The first section complete was 5200 ft long, 75 ft wide, and 14 in. thick.

Reinforcement was welded wire fabric with longitudinal steel #000 gauge

on 6-in. centers and transverse sheet #3 gauge on 12-in. centers. The

steel was placed four inches down from the top of the slab. Dowels were

1-1/2-in, diameter smooth bars 24 in. long. Transverse joints were spaced

at 125 ft. If Type I cement had ben used, the joints would have been

spaced 50 ft apart. The remaining sections of taxiways Lonstructed were

*similar in dimensions to the first, except the thickness was increased to

16 in. and the transverse M-d- zyacing reduced to 75 ft. The joint

spacing was reduced because of observed hairline cracks ,:Iiich occurred

*midway between contraction joints on the section having a 125-ft joint

I', spacing. The general response of many individuals who have viewed these
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sections over a 4- to 6-year period are that they are performing much

better than would have been expected if they had been made with Type I

or II portland cement.

8.13 CONTINUOUSLY REINFORCED PAVEMENT

8.13.1 Shrinkage Compensating Concrete. Another expansive cement

concrete pavement was placed in Ohio in August 1965. 20 ,116,342 This was a

1350-ft length of continously reinforced pavement without joints near

Mansfield, Ohio. This pavement contained the same amount of Type K

cement (611 lb per cu fd) as the Columhus pavement but used 0.68 percont

reinforcement. A Type I portland cement concrete pavement was placed

the same day for comparisons sake. After the first 200 ft of shrinkage-

compensating concrete had been placed, work was temporarily halted due

to rain. Inspection of the pavement one year later revealed no visible

cracks in the first 200-ft section, but the remaining 1150 ft had 54 cracks

compared to 181 cracks in a 1167-ft section of Type I portland cement

concrete. The widths of the shrinkage-compensating concrete cracks

were less than one-half the width of those which occurred in the portland

cement section. A further inspection one year later (two years after

placement) showed that the cracks had increased to 9-ft intervals in

the expansive cement section and to 5-ft intervals in the control pavement.

The 9-ft interval cracks had also become wider than the 5-ft interval

cracks. It was speculated that the compressive prestress force in the

steel had diminished thus allowing the cracks to widen or end movement

of the total section had occurred ani the pavement behaved much like a
Type I portland cement concrete or both.2  Since 200 ft had been placed

without cracks, it was concluded that the length cf pavement was a governing

factor due to thermal contraction and subgrace friction.

8.13.2 Self-Stressing Concrete. A prototype pavement slab 185 ft

long, 13 ft 4 in. wide, and 6 in. thick without joints was constructed

at the prestressed concrete plant of C. W. Blakeslee and Sons, Inc., in

Hampden, Connecticut in 1963.15,189,359 A self-stressing cement was used

at a cement content of 940 lb per cu yd. The longitudinal reinforcement

was twelve 1/2-in. diameter, and six 3/8-in. diameter, 7-wire, high-tensile
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strands with end anchorage. This iapresented a longitudinal steel

-s percentage of 0.23 percent. The transverse steel was 1/2-in, diameter

deformed bars on 8-in. centers for 0.53 percent steel. Water curing

wav applied for seven days. Overall expansion at 3 days was 0.27 percent.

No change was observe] between 5 and 14 days. This expansion corresponded

to a chemical prestress in the concrete of 150 psi. Concrete and steel

expansions were in close agreement indicating no apparent slippage.

Although never subjected to traffic, the slab was used as a casting bed

at the plant. At an age of 23 months, it was reportea to be crack-free

with a good surface appearance and no wear or deterioration had been

observed.2 0

The Blakeslee slab served as a pilot for three experimental sec-

tions constructed on Connecticut St.1te Route No. 2 near Glastoburg in

1963. Each section was approximately 500 ft long, 24 f: wide, and

6 in. thick. The concrete was placed on a base of 2-in. screenings and

1-in. bituminous concrete Between the bicuminous concrete and the ex-

panding concrete there were two layers of polyethylene sheeting to

minimize subgrade friction. The cement was Type K and was used at a

*cement content of 800 lb per cubic yard. The amouint of expansive com-

ponent in the cement was 35 percent. The longi-udinal reinforcement

consisted of twenty-one 1/2-in. diameter, 7-wire, high tensile strands

with end anchorages for a longitudinal steel percentage of 0.175 percent.

The transverse steel consisted of 7/8-in. diameter bars on 24-in. centers

* and hooked at each end for a steel percentage of 0.42. Each cable

. was initially tensioned with an approximate 1000-lb draw between

18 WF 55 steel beams imbedded at 500-ft intervals in a 20-ft by 24-ft

by 9-in. sleeper slab. Severe contruction difficulties were encountered

due to a very rapid loss of workability of the concrete. The difficulties

were magnified by a lack of adequate consolidation equipment during

placement. The first slab placed experienced a possible compressive

failure at approximately the midpoint of the slab. This failure became

evident shortly after finishing. It was theorized that the retarders

which had been added to the mirture to resolve the workability loss

problem had kept the strength gaining characteristics of the expansive
i
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cement lagging behind the stres5 build-up due to expansion and that

failure occurred during early stages. Strain measurements were made

on the steel, and dimension changes in both directions were noted. The

average longitudinal and transverse expansions of the concrete were

0.10 and 0.05 percent, respcctively. This translated to concrete stresses W3

of 25 to 100 psi longitudinally and 140 psi transversely. The low lon4;i-

Ludinal expansion was attributed to subgrade friction and to larger

early age expansion in concrete made with more water. inspection at

one year foind a reasonably large number of cracks. Most of them ran

across the entire width of the pavement and were prevalent in the center X

area of each slab. In the middle third of the slab, cracks were found

as close as 10 to 20 ft apart. At the slab ends few cracks were noticed.

The cracking pattern and measured expansions indicated that the prestress

was less effective in the center section of the slabs than at the ends.

It was assumed that the cracking resulted from an inadequate development

of full prestressing which in turn resulted from lack of ultimate ex-
2

pansions. Although this project experienced many problems, much was

learned from it. Most significant was that the optimum length for

chemical prestressing probably lies between 185 ft (Blakesiee slab) and

500 ft.
284

Nagacaki and Yoneyama reported on the construction of a 300-ft-long

13-ft, 4-in. wide and 8-in.-thick continously reinforced pavement at

Niigata, Japan, in 1968 which used a CSA expansive component in portland

cement. A similar control slab was also constructed. Each pavement

used 548 lb of cement per cubic yard with the expansive cement concrete

pavement also using a 15 percent addition of CSA. The longitudinal

reinforcement percentage was 0.68. Curing was provided for 14 days.>H
Both slabs were instrumented with imbedded strain measuring devices.

The response from these instruments over: a period of 600 days indicated

that the unit length changes and displace-went of the expansile concrete

pavement were completely different from that of norma± concrete. It

was apparent that the expansion of concrete due to the use of expansive

admixture compensated for the contraction of the pavement due to texuperature

drop and to drying shrinkage. Calculating the compressive stresses in
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' 284
in the pavement from the observed strains. Nagataki and Yoneyama

found that "self-stresses" varied from 370 psi in sections of no-displacement

where both subgrade and reinforced contribute to restraint to maximum

values of 200 psi permanent "self-stress" where only the reinforcement

contributed to restraint and time losses had occurred. After four years,

no cracks had been found in the expansive concrete pavement while the

conventional concrete pavement was observed to have cracking after

56-days age.

8.14 FIELD PERFORMANCE SUMMARY

The initial applications of expansive cement to pavements have met

with varied success. As with any new material or concept, this is to !

be expected until more experience and expertise is developed. A large

number of structural slabs and slabs-on-grade have been constructed

S using the shrinkage-compensating cement, and most have been very suc-

cessful at eliminating all drying shrinkage cracks. Since sawed joints,

construction joints, and shrinkage cracks are all detrimental to long-

term performance, no fixed limits have been placed on size of placements.

Slabs with areas greater than 20,000 sq ft have been successfully placed,
4but it is recommended that placements of 7000 to 12,000 sq ft be used

out-of oors where temperature changes are large.

Slabs with a I to I ratio of length to width have been ovserved to
give the best performance,2 bu
gbobut rat.oc of 2 to I or 3 to 1 are more

common aud have been successfully used. Cont,-action joint spacings of
4

100 ft in exposed areas arc recommended.

The need for internal restraint by reinforcing steel was highlighted by

the unsuncessful unreintorced California highways. The use of self-stressing

cement in continuously reinforced paverents appears to have ecellent

pocential as is evidenced by the fact that joint spacings of 300 ft have

been obtainei. 284

8.15 EASE OF CONSTRUCTION

The unhardened characteristics of expansive cement concrete are

sufficiently similar to concretes made with Types I or II portland cement
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so that no special techniques or equipment are required for satisfactory

placement. Successful placements have been made by wheelbarrow, ready-mix

truck, bucket, conveyor, paving train, and shotcrete.

The same placing recommendations as for portland cement concretes

are equally important for expanisve cement concretes. ACI Committee 2234

recommends that some additional precautinos also be followed to ensure

adequate expansions and satisfactory results. These include measures to

prevent subgrade and forms from taking moisture from the freshly placed

concrete, proper positioning of reinforcement, avoiding of delays during

fl placing, careful use of vapor barriers, and keeping concrete temperatures
and mixing times within acceptable limits. These precautions were sug-

gested for shrinkage-componsating concrete and are even more important

when self-stressing concrete is being used.

IIn general, expansive cement concretes have more cohesiveness than

portland cement concretes and lass tendency to segregate. This cohesive-

ness or "fat" provides excellent finishing qualitites. Its behavior is

similar to air-entrained concrete including the same stickiness, but

this usually presents no problems. Similarly, there is little or no

bleeding even though a relatively high slump may be used. Due to lack of

bleed water, however, Lhere is a tendency for finishers to start too soon.

On the other hand, in warm weather, shrinkage-compensating concrete will

typically set taster than Type I or Type II portland cement concretes,

and finishing may start somewhat sooner than normal. For these reasons,

finishing may require greater manpower for a shorter period of time than

would be typical for the usual concrete finishkng operations under similar

conditions.

Adequate curing is essential for all expansive cement concretes.

Shrinkage-compensating concrete requires continuous curing at moderate

temperatures for several days after finai finishing operations to prey at

early drying shrinkage and to develop strength, durability, and other

desired properLies. Any deficiencie6 in the method of curing may also

reduce the amount of initial expansion which is needed to offset later

drying shrinkage. The usually accepted metnuds of curing are satisfactory

for shrinkage-compensating concrete; however, those that provide additional
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moisture to the concrete such as ponding, continuous sprinking, and

wet coverings are preferred to ensure adequate water for ettringite

formation and expansion. For self-stressing cements, those systems which

provide additional moisture are essential to ensure that the desired

expansions occur. Curing of shrinkage-compensating concrete should be

continued for a minimum of seven days. The minimum period of curing for

self-stressing concrete may have to be a few days longer because of the

greater quantities of ettringite which will form. Unpublished data at

WES indicate that the expansions of self-stressed mortar are approxi-

mately 95 percent complete in 9 to 10 days.

Curing of concrete pavements should commence immediately after final

finishing. It may be necessary to fog spray or cover the surface of

the concrete temporarily if other methods of curing are delayed, especially

in hot, dry, or windy weather. If a liquid curing membrane is used, it~4
is recommended that it be applied in two directions, at a coverage rate

suggested by the manufacturer, immediately following the final finishing

as it progresses. To accomplish this, power spray equipment capable of

covering large areas more rapidly should be used rather than small,

portable spray tanks. Expansive cement concretes should also be pro-

tected during the initial curing period against extremes of temperatures

during either cold or hot weather periods. Again, this is more critical

for self-stressing concretes than for shrinkage-compensating concretes.

8.16 EASE OF MAINTENANCE

The use of expansive cements in pavements should result in a rela-

tively more maintenance free pavement than conventional concrete pavements.

Cracking should be significantly reduced in botih amount and crack width.

The pavements, whether made with shrinkage-compesating concrete or self-

stressing concrete, will probably not b . crack free, however. Joint

spacings will be significantly incrpased thus resulting in fewer joints

and a fewer number of problems associated with joint maintenance.
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Damage to pavements made with expansive cement concretes will be

more detrimental than similar damage to conventional pavements due to

the loss of compressive forces or chemical prestress in the pavement.

As these pavements will probably have been constructed with greater joint

spacings or thinner sections, the loss of these forces will precipitate

further damage in the pavement under formerly acceptable levels of load

or temperature variations. More elaborate repair systems and techniques

than presently used on conventional pavements will be needed but are

all within the scope of present knowledge on repair.

8.17 ENVIRONMENTAL COMPATIBILITY

The environmental compatibility of expansive cement concrete pave-
pents soud cnctbe avdfement tahto ovntoa oceeo

inents should not be any different than that of conventional concrete or~prestressed concrete pavements.

~8. !8 AVAILABILITY AND COST

As noted in Section 8.2.1, Type K expansive cement is the only

expansive cement in production in the United States, although Types S

and M have been produced and marketed as recently as a few years ago.

At the writing of this report (summer 1976), there are 17 United States

cement mills producing Type K shrinkage-comepnsating cement and one mill

producing self-stressing cement. The Japanese produced CSA expansive

component for cement is also available through Japanese outlets in the

United States and can be used to make either shrinkage-compensating or

self-stressing concrete.

There should be no additional equinment costs involved in the use

of expansive cement concrete for pavements as existing equipment for use

with conv2ntional concrete is very suitable for its batching, mixing,

placing, finishing, curing, and texturing. The basic cost of the cement

may be slightly greater than for Type I or II portland cement, depending

on the volumes involved. The magnitude of difference diminishes with

increasing volumes. Any idditional cost in cementing materials will

probably be compensated tor in savings in construction costs or in reduced

sections. Increased joint spacings imean less jointing materials and
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joint preparation. Chemically prestressed pavements may result in thinner

* cross sections for the same levels of anticipated loading. The economic

justification for using expansive cement concrete must be developed by

costing the entire concretizg operation and not just the materials cost.

222Mt



1HEY'FRENCES

CHAPTER 8

EXPANSIVE CEMENT CONCRETE

1. "A Performance Test for the Potential Sulfate Resistance of Portland 3

Cement," American Society for Testing and Materials, Bulletin

No. 212, Feb 1956, pp 37-44.

2. American Concrete Institute Committee 223, "Expansive Cement Con-
cretes - Present State of Knowledge," Proceedings, American
Concrete Institute, Journal, Vol 67, No. 8, Aug 1970, pp 583-610.

3. , Discussions of "Expansive Cement Concrete - Present
State of Knowledge," Proceedings, American Concrete Institute,
Journal, Vol 68, No. -, Apr 1971, pp 29hL296.

4. , "Proposed ACI Standards: Recommended Practice for the

Use of Shrinkage-Compensating Concrete," Proceedings, American

Concrete Institute, Journal, Vol 73, No. 6, Jun 1976, pp 319-339.

5. Ahrends, I., "Laboratory and Pilot-Plant Investigation of Expansive

and Non-Shrinking Cements," Supplement to Cement-Wapno-Gips,

(Warsaw) No. 3, 1953, pp 1-5.

6. Ahrends, I. and Dybowska, B., "Pilot Plant Testing of Expansive

Cements," Cement-Wapno-Gips (Warsaw, Poland), Vol 11, No. 20,
1955, pp 82-86 (Abstract in Mineral Processing, Vol 6, No. 1,
Jan 1965).

7. Aleksenko, N. V., "Investigation of the Strength of Solutions and

Concretes Prepared from Expanding Cement," Dopovidi Akademii Nauk

Ukrains'koe RSR (Kiev)- No. 8, 1963, pp 1073-1075.

8. , "Physiochemical Fundaments for the Production of Expand-
ing Portland Cement with Addition of Unslaked Lime" (in Russian),

Tr. Kievsk. Politekhn. Inst., Vol 36, 1962, pp 62-71 (Chemical
Abstracts, Vol 60, 1964, p 11731).

9. Anastas, B. Y., "Rheological Response of Expansive Concrete in

Creep," SESM Graduate Student Research Report, No. 133, 1964, De-

partment of Civil Engineering, University of California, Berkeley.

10., "Applications of Lossier Expanding Cement," 1962 (Range

948-1962), Hydro Electric Power Commission of Ontario, Canada.

11. Armstrong, T. C., Jr., and Whitehurst, B. M. (assignors to Socony

Mobil Oil Co., Inc.), "Sulfoaluminate Cement," U. S. Patent No.

3,147,129, 1 Sep 1964.

I2223 :



12. Aroni, S., Influence of Aggregate Types on Expanding Concrete
Properties, M.S. Thesis, University of California, Berkeley, 1965.

13. Aroni, S., Bertero, V. V., and Polivka, M., "Chemically Prestressed

Concrete," Journal, Prestressed Concrete Institute, Vol 13, No. 5,
Oct 1968, pp 22-35.

l. Aroni, S. and Polivka, M., "Effect of Expanded Shale Aggregate on

Properties of Expansive-Cement Concrete," Proceedings, RILEM

Symposium on Lightweight Aggregate Concretes, Budapest, Hungary,

Mar 1967, pp 475-502.

15. Aroni, S., Polivka, M., and Bresler, B., "Expansive Cements and

Expanding Concrete," SESM Report, No. 66-7, Jul 1966, Department
of Civil Engineering, University of California, Berkeley.

16. Artamonov, V. S., "Protective Characteristics of Cements," Tsement

(Leningrad, USSR), Vol 21, No. 2, 1955, pp 9-13.

17. Barksdale, R. D. and Vergnolle, R. R., "Expansive Cement Stabi-
lization of Bases," 1968, Committee on Soil-Portland Cement Stabi-
lization, 47th Annual Meeting, Highway Research Board, Washington,

D. C.

18. Beirute, R. and Tragesser, A., "Expansive and Shrinkage Charac-

teristics of Cements Under Actual Well Conditions," Journal of

Petroleum Technology, Aug 1973, pp 905-909. Also Paper No. SPE

4091, 47th Annual Fall Meeting of Society of Petroleum Engineers of

AIME, San Antonio, Tex, Oct 1972.

19. Bell, J. N., "Expansive Cemeint: Concrete's Bright New Star?,"

Concrete Products, Jun 1964, pp 28-33.
20._, "A Second Look at Expansive Cement," Concrete Products,

Jun 1965, pp 31-35.

21. Benuska, K. L., Bertero, V. V., and Polivka, M., "Self-Stressed

Concrete for Precast Building Units," Journal, Prestressed Concrete

Tnstitute, Vol 16, No. 2, Mar-Apr 1971, pp 72-84.

22. Berdicevskij, G. I., "The Production of Self-Stressed Concrete,"

Research Institute of Concrete and Reinforced Concrete, Gosstroy,
USSR.

23. Bertero, V. V., "Curing Effects on Exparsion and Mechanical Be-

havior of Expansive Cement Concrete," Proceedings, American

Concrete Institute, Journal, Vol 64, No. 2, Feb 1967, pp 84-96.

214. , "Effects of Size of Cross Section upon the Expansion

History and Mechanical Behavior of Expard:tng Concrete," SESM

Report, No. 66-25, Dec 1966, Department of Civil Engineering,

University of California, Berkeley.

224

-t-- --.- , . ~ - -



. ..

25. Bertero, V. V., "Effects of Type of Restraint upon History of Ex-
pansive Cement Concrete," Report No. 66-26, Dec 1966, Department of 1

Civil Engineering, University of California.

26. Bertero, V. V. and Bresler, B., "Behavior of Expanding Concrete
Under Load," Proceedings, International Conference on the Structure
of Concrete, London 1965, published by the Cement and Concrete

27. Association, London, 1968, pp 439-458.

27. Bertero, V. V. and Choi, J., "Chemically Prestressed Concrete
Hyperbolic Paraboloid Shell Model," Proceedings, World Conference
on Shell Structures, International Association for Shell Structures,
San Francisco, Calif., Oct 1962, published 1964, pp 145-158.

28. Bertero, V. V. and Iragorry-Montero, G. J., "Precast Chemically
Prestressed Concrete Frame," SESM Report, No. 63-4, Oct 1964,
Department of Civil Engineering, University of California, Berkeley.

29. Bertero, V. V. and Polivka, M., "Effect of Degree of Restraint on
Mechanical Behavior of Expansive Concrete," Proceedings, American
Society for Testing and Materials, Vol 64, 1964, pp 797-815.

30. Bickenbach, H., "Expanding Cements," Plan. u. Bau. (Berlin),
Vol 2, 1948, pp 351-352 (Building Science Abstracts, Vol 23,
Abstract No. 14, 1950). 4

31. Boddorft, H., "Expansive Cement," Johns-Manville Concrete Spec. al-
ties Research Note, No. 20, Sep 1964.

32. Borrowman, P. E., Seeber, K. E., Kesler, C. E., "Interim Report--
Phapc 2 Behavior of Shrinkage-Compensating Concretes Suitable forIlse in Bridge Decks," Report No. 392, Jul 1974, Department of
Theoretical and Applied Mechanics, University of Illinois.

33. "Expansive Cements," British Patent No. 474,917, Nov 1937, p 4

(Assigned to Establissements Poliet et Chausson).

34. Brito, J. and Bertero, V. V., "Behavior of Expansive Cement
Concrete-l'illed Steel Tube Columns," Report No. 66-10, Sep 1966,
College of Engineering, University of California.

35. Brown, C. B. and Szabo, Z. S., "A Study of Bond Between Steel and

Restrained Expanding Concrete," Magazine of Concrete Research
(London), Vol 20, Nc, 62, Mar 1968.

36. Brown, L. S., Discussion of: "Stressing Cement and the Mechanism
of Self-Stressing Concrete Regulation," by V. V. Mikhaijov,
Proceedings, Fourth International Symposium on the Chemistry of
Cement, Washington, D. C , Vol 2, 1960, pp 954-955; U. S. Dept. of I
Commerce, NBS Monograph 43, 1962.

37. Budnikov, P. P., "Expanding Cement," Russian Licence N 69600,

30 Nov 1947.

225

_7 - ---4- - --- _____ ____ VS

.4v CAD4



38. Budnikov, P. P. and Ch'en, Tsu-Ling, "Swelling Alumina Cements
Based on Chinese Bauxite" (in Russian), Tr. Mosk. Khim-Tekhnol.
Inst., No. 36, 1961, pp 135-1h3 (Chemical Abstracts, Vol 58,
1963, p 3192.

39. Budnikov, P. P., and Kosyreva, Z. S., "Expanding Portland Cement
Without Formation of Calcium Aluminate Sulfate," Tsseldovaniya
po Prikladnoi Khimi, Akademiya Nauk S.S.S.R., Otdelenie
Khimicheskikh Nauk (Moscow), 1955, pp 249-258 (Abstract in Mineral
Processing, Vol 6, No. 1, Jan 1965).

ho. , "Research Works on Expanding Cement," Transactions,
Chemical Technological Institute of Mendeleyev, 15th Edition,
Moscow, 19h9, p 36; also Building Materia]s, No. I, 1949, p 36.

41. , "Sulfoaluminates as a Considerable Factor in the Pro-
duction o, Expanding Cement," Report of the Academy of Sciences
of the USSR, Moscow, Vol 61, 1948, pp 681-684.

h2. . _ , "Expansive Cement Containing Dolomite," Tsement
(Leningrad, USSR), Vol 18, No. L, 1952, pp 11-15. Translated in
Silikattechnik, Vol 4, No. 3, Mar 1953, pp 128-130 (Abstract in
Mineral Processing, Vol 6, No. 1, Jan 1965).

43. Budnikov, P. P. and Kravchenko, I. V., "Alumina and Expanding
Cements" (in Russian), Novoe v. Khimmii i Tekhnologii rsemen~a
(Proceedings, Conference of the Chemistry and Technology of
Cements), 1962, Moscow, Gosstroisdat, 1962 (Building Science
Abstracts, Vol j6, Abstract No. 655, 1Mar 1963, pp 112-144).

44. , "Expansion and Loss in Strength in the Hardening ofCements" (in Russian), Zhurnal Prix!:adnoi Khimii (Moscow), Vol 33,

1960, pp 2389-2399 (Chemical Abstracts, Vol q5, 1961, p 9828).

)15. ,"Expansive Cements," Proeeings ifth International
Symposium on the Chemistry of Cement, Toky, Japan, Vol IV, 1968,

pp 319-335.

46. Budnikov, P. P., Kravchenko, I. V., and Skramtayev, B. G., "Gypsum-
Alumina Containing Expansive Cement," USSR Patent No. 92,027,
13 Feb 1951; "Recent Russian Research on Cement and Concrete,"
Patent Bibliography, P. 6A, p 213, 1964, Highway Research Board,
Washington, D. C.

147. BNdnikov, P. P. and Skramtayev. B. G., "Method of Getting Expanding
Cement," Authors Licence N 87303 with a priority of 10 Nov 1949.

48. , "Method of Getting Expanding Cement," Authors Licence
N 80482 with a priority of 12 Feb 1949.

49. Burchuladze, Sh., "Expanding Cement in Concrete for Hydrotechnical
installations," Stroitel'nye Materialy (Moscow, USSR), Vol 2,
No. 12, 1956, pp 29-30 (Chemical Abstracts, Vol. 9, 20 May 1957,
p 6973).

226



50. Bureau of Reclamation, Department of Interior, Concrete Manual,
7th ed., Denver, Colo., p 19.

51. Candlot, C., "Bulletin," Societe d' Encouregement pour L'Industrie I
M Nationale Vol 5, 1890, p 68?. A

52. Carlson, R. W. and Pirtz, D., "Expansive Cement for- Mass Concrete," -

Conference on Expansive Cement Concrete, Univers5ty of California,
Berkeley, Jun 1972.

53. Carter, L. G., Waggoner, H. F., and George, C., "Expanding Cements
for Primary Cementing," Oct 1965, Preserted at the 40th Annual Fall 4
Meeting of the Society of Petroleum Engineers of AIME, Denver, Colo.

54. Castiglia, C. (CNR Lab., Turin, Italy), "Force-Deformation Bonds I
of Fxpansive Cement, Application to Hyperstatic Solids," Ricerca
Sci., Vol 19, 1949, pp 1154-1159.

55. Catanio, M. and Cocchi, G. M., "Sul Probleme Della Movimentozione
Dei Manufatti In E.C.A.P. Prefabbricati," Dilacon Anic (Expansivo
Per Cemento), La Prefabbricazione, Milan, Italy, No. 11, ANIC,
Nov 1975, pp 1-11.

56. Chatterji, S. and Juffery, J. W., "A New Hypothesis on Sulfate Ex-
pansion," Magazine of Concrete Research, Vol 15, No. 44, 1963,I. pp 83-86.

57. , "Studies of Early Stages of Paste Hydration of Dif-
ferent Types of Portland Cements," Journal,_American Ceramic Society,
Vol 46, 1963, pp 268-273.

58. Chopra, S. K. and Rai, M., "The Preparation and Chemistry of
Expanding Cements," Cement and Lime Manufacture, Vol 35, No. 2,1962, PP 17-22.

59. Clore, R. H., "Spotlight on ?e'nt Applications, Type 'M' Cement
Co3ncrete," Conference on Expansive Cement Concrete,_ University of

California, Berkeley, Jun 1972.

60. Collepardi, M., Turriziani, R., and Marcialis, A., "Paste Hydration
of hCaO.3Ai203 in Presence of Calcium Sulfate, 3CaO.Si02 and
2CaO.Si02," Cement and Concrete Research, Vol 2, 1972, pp 213-223.

61. Collina, V., "Tubi Per Condutto A Pressione," Dilacon Anic
(Expansivo Per Cemento), La Prefabbricazione, Milan, Italy, No. 11,
ANIC, Nov 1974, pp 413-4!8.

62. Cooke, A. M., "A Laboratory Investigation of Admixtures for Ex-
Pansive Grouts," Technical Memorandum No. TM-77, May 1973, Cement
and Concrete Association of Australia.

63. , "Comparison of Bond Strength of Plain and Expansive
Grcut Mixtures," Technical Memorandum No. TM-89, May 1973, Cement
and Concrete Association of Australia.

227



64. Copeland, L. E. et al., "Reactions of Tobermorite Gel with Alumi-
nates, Ferrites, and Sulfates," Journal, Portland Cement Associa-
tion, Research and Development Laboratories, Vol 9, No. 1, 1967,
pp 61-74.

65. Cowan, H. J., Discussion of "Expansive Cements," by H. Lafuma,
Proceedings, Third International Symposium on the Chemistry of
Cement (London), 1952, pp 593-594.

66. D'Ans, J. and Eick, H., 'The System CaO-A12 0 -CaSOhHO at 20C,"
Zement.Kalk-Gips, Vol 6, 1953, pp 302-311.

67. Deets, J. L. and Jugovic, Z. T., "Expansive Cement," U. S. Patent
Application 172,691, 18 Aug 1971.

68. Denki-Kagaku Co., Ltd., "Concrete Pavemert Made with Expansive
Cement Concrete" (in Japanese), Technical Note 1967.

69. Denki Kagaku Kogyo Kabushiki and Kaisha, "Centrifugal Reinforced
Concrete Pile," Internal Paper, Part 111-6, Mar 1972, Tokyo, Japan.

70. , "Centrifugal Reinforced Concrete Pipe (External
Pressure Pipe)," Internal Paper, Part 111-3, Mar 1972, Tokyo, Japan.

71. , "Centrifugal Reinforced Concrete Pipe (Internal
Pressure Pipe)," Internal Paper, Part 111-4, Mar 1972, Tokyo, Japan.

72. ._ , "Composite Steel Pipe," Internal Paper, Part 111-2,

Mar 1972, Tokyo, Japan.

73. , "Precast Plates for Bui.dings," Internal Paper,
Part 111-8, Mar 1972, Tokyo, Japan.

74. , "Precautions to be Taken when Using DENKA CSA,"

Internal Paper, Mar 1972, Tokyo, Japan.

75. , "Sheet Pile," Internal Paper, Part 111-5, Mar 1972,
Tokyo, Japan.

76. Dewar, J. D., "Some Properties of Concrete Made with an Expansi-e
Cement," Cement and Concrete Association (London), Materials De-

partment, Departmental Note, Oct 1963, p 21.

77. Dolezsai, K., "Expanding Concrete," Transactions, Hungarian Insti-
tute of Building and Materials Research, Nc. 2, 1963, pp 422-448
(Building Science Abstracts, Vo] 37, Abstract No. 628, No. 4,
Apr 1964 (in French with English [ummary)).

78. Dolzhenko, A. A., "Shrinkage of Concrete in Tubular Casing" (in
Russian), Beton i Zhelezobegon (Moscow), Vol 6, No. 8, Aug 1960,
pp 353-358 (Abstract in Engineering Index, 1961).

79. Donovan, J. P., "Shrinkage-Convensated Cement Produces Crack-
Resistanu Slabs," Plant Engineering, Jun 1967.

60. Dougan, C. E., "An Experinental Self-Stressing Concrete Pavement II,
Four Year Pavement Evaluatj "ns," Highway Research Fecord, No. 291,
1969, pp 4-31.

228



81. Epps, J. A. and Polivka, M., "Effect of Aggregate Type on the
Properties of Shrinkage-Compensating Concrete," Highway Research
Record, No. 316, 1970, pp 82-90.

82. Establissements Poliet et Chausson, "Expansi-e Cements," British
Patent No. 647,156, 3 pp, 6 Dec 1950 (Abstract in Mineral Pro-
cessing, Vol 6, No. 1, Jan 1965).

83. "Expanding Cement Prestresses Concrete," Engineerijg News-Record,
Vol 171, No. 13, 26 Sep 1963, pp 41-42.

84. "Expanding Cement Prevents Roof Cracks," Engineering News-Record,
Vol 172, No. 3, 16 Jan 1964, p 32.

85. "Expanding Cements" (Range 1944-1950), Ch. 15, 4 pp, Sep 1950, V,
Cement and Concrete Association, Great Britain, Library Record.

86. "Expansive Cement," S03 Abstracts and Newsletter, Vol 12, No. 2,
Oct 1975.

87. "Expansive Cement: Answer to Cracking," Contractor News, Aug 1964,
pp 20-21.

' j 88. "Expansive Cement for Self-Stressing Concrete," Journal, Portland
Cement Association, Research and Development Laboratories. Brief
review in Yearly Report, Jun 1959, p 9.

89. "Expansive Cement Opens Era of New Concretes," Chemical and
Engineering News, Vol 42, No. 32, 10 Aug 1964, pp 38-39.

90. "Expansive Cement Used for Concrete Arch Keys," Engineering News-
Record, Vol 140, No. 12, Mar 1948, p 105.

91. "Expansive Cements," Concrete Products, Jun 1963, pp 42-45.

92. "Expansive Cements: Here's Why Everybody's Excited," Concrete
Products, Vol 66, No. 6, Jun 1963, pp 42-46.

93. "Expansive Cements - Some Questions and Answers," Concrete
Construction, Vol 7, No. 4, Apr 1962, pp 105-106.

94. Ferrari, F., "Moderately Expansive Cements," Il Cemento (Milan),
Vol 46, Nos. 5 and 6, 1949, pp 68-71; Department of Science and
Industrial Research, Buildir, Research Station, Great Britain,
Library Communication No. 4cL, 1950 (Abstract in Mineral Pro-
cessing, Vol 6, No. 1, Jan 1965).

95. Forsen, L., "The Chemistry of Cement," H. F. W. Taylor, ed.,
Vol 1, Academic Press, 1964, pp 317-318.

96. Fukuda, N., "Effects of Adding Calcium Sulfate to Portland Cement
Raw Mix on Properties of the Resulting Cement" (in Japanese with
English Summary), Semento Gijutsu Nenpo (Tokyo, Japan), Vol 16,
1962, pp 78-82 (Ceramic Abstracts, Jul 1963, p 180).

97. Fukuda, N., "Sulfoaluminous Cements," Bulletin, Chemical Society of
Japan, Vol 34, 1961, p 138.

229



17_11 1t. W I -IN---t

98. Gabadadze, T. and Kutateladze, K. S., "Cement Expansion" (in
Russian), Soobshcheniya Akademii Nauk Gruzinskoi SSR, Vol 33, No. 1, 4
1964, pp 109-116 (Chemical Abstracts, Vol 60, Jun 1964, p 15575).

99. Gabadadze, T., Dzhincharadz, N. G., and Kutateladze, K. S.,
"Impermeable (to Water) Expanding; Portland Cement" (ini Russian),
Tsement (1.-ningrad), No. 3, 1963, pp 13-15.

100. Gatti, G., "Ingresso Di Un Nuovo Stabilmento A Piovene Rocchette,"

Dilacon Anic (Espansivo Der Cemer.to), ANIC, Mi2an, Italy.

101. Gaynor, R. D., "Shrinkage Compensated Cement and the Ready-Mixed
Concrete Producer," 16 Jan 1973, NRMCA Convention, Bal Harbour,
Fla.

102. Gehler, W., "Expansive Cement Advantages," Die Technik (Berlin),~Vol 1, 1947, pp 87-89.

103. Gilbert, J. H., "Developments "n the Field of Expansive Cements,"
Modern Concrete, May 1963, pp 42-46.

104. Gil~e, F., Discussion of: "Expansive Cements," by H. Lafuma,

Proceedings, Third International Symposium on the Chemistry of
Cement (London), 1952, p 594 (published 1954).

105. Ginzburg, T. G. and Kuntsevich, 0. V., "Investigation of Expanding
Cements and Their Various Conditions of Setting," Izvest. Vsesoyuzn.
Nauchno. Issledovatel. Inst. Gidrotekhn., No. 51, 1954, pp 198-208
(Referat. Zhur. Khim., No. 100?1, 1955).

106. Goodson, H. C., "Expanding Grout and Concrete," American Military

Engineer, Mar-Apr 1969.

107. Gonnerman, H. G., Lerch, W., end Whiteside, T. M., "Investigation
of Hydration Expansion Characteristics of Portland Cements,"
Portland Cement Association, Research and Development Laboratories,
Bulletin No. T5,TJun 1953, 163 pp.

108. Goria, C., "The Warm-Water Velume-Stability Test for Cement,"
il Cemento, Vol 45, No. 1, pp 2-5 (Building Science Abstracts,
Vol 22, Abstract No. 152, 1949).

109. Goria, C. and Appiano, M., "k New Mixed Cement: Sulfo-Aluminous
Cement with Pouzzolana," Ii Lemento, No. 3, Var 1949, pp 34-37
(Abstract in Rev. Mat. Constr. No. 412, l-D, 1950).

110. , New Blended Cement; Pozzolanic Sulfo-Aluminou,
Cement," Ii Cemento, No. 7, 1950, pp 112-116 (Abstract in Rev.
Mat. Constr. No. 424, 2-D, 1951).

11i. __ _, "Perspective on the Use of Expanding Cements in Road
and AirDort ConsLruction," Industr. Ital. Cemento, Nos. 1 and 2,
Jan-Feb 1951 (Abstract in Rev. Mat. Constr. No. 430, 27-DI

* 1951).

112. Graf, 0., "Expansive Cement," Zeitschrift des Vereines Deutscher
Ingenieure (Dusseldorf), Vol 90, 1948, p 270 (Mineral Processing
Abstracts, Vol 6, No. 1, Ja.i 1965).

23')

NA'5
- ____ ___ -

i,.. ~h~e



113. Gust ferro, A. H., Greening, H., ant: Klieger, P., "Expansive
Crncrete-Laboratory Tests of Freeze-Thaw and Surface Sealing
Resistance," Journal, Portland Cement Association Research and
Development Laboratories, Portland Cement Association Research
Department Bulletin No. 190, Vol 8, No. 1, Jan 1966, pp 10-36.

114. Gutmann, P. W., "Add Expansive Cement: Shrinkage Problems Shrink,"
Rock Products, May 1966.

115. _. _, "Behavior of Shrinkage-Compensating Concrete in Struc-
tures and Pavements," Sep 1968, Presented at Fall Meeting :f the
General Technical Committee, Portland Cement Association, Vancouver,
.3C.

116. , "Expansive Cements in the United States - A Three
Year Review," Civil Engineering, American Society of Civil Engi-
neers, Nov 1967, pp 42-45.

127. , "Gypsum-Alumina Expanding Cement" (in Russian). 1951,
Ministry of the Structural Materials Industry, USSR.

118. Hakanson, P., Discussion of: "Expansive Cements," by H. Lafuma,
Proceedins, Third nternationalSyosium on the Chemistry of

Cement (London), 1952, p 592 (published 1954).

119. Halstead, P. E., "Expanding and Stressing Cements," H. F. W.
Taylor, ed., The Chemi:tr of Cements, Vol 2, Academic Press, Inc.
(London), 1964, pp 87-99.

120. Halstead, P. E. and Moore, A. E., "Composition and Crystallography
of an Anhydrous Calcium Aluminosulphate Occurring in Expanding
Cement," Journal of Applied Chemistry, Vol 12, No. 9, 1962,
pp 413-417 (Building Science Abstracts, Vol 36, Abstract No. 173,
Feb 1963).

121. Hanson, J. A., Elstner, R. C., and Clore, R. H., "The Role of
Shrinkage-Compensating Cement in Reduction of Cracking in Concrete,"
Klein Symposium on Expansive Cement Concretes__ American Concrete
Institute, Detroit, SP-38, 1973, pp 251.-271.

122. Hansen, W. C., "Solid-Liquid React .ns in Portland Cement Pastes,"
Materials Research and Standarjs, Vol 2, Jun 1962, pp 490-498.

123. Harada, T. et a)., "On the Inflaence of Expansive Cement on
Properties of Concrete," CAJ Review of 19th General Meeting,
Tokyo, 1.965.

124. Hitotsuya, K. et al., "Shrinkage-Compensating Concrete Using
Gypsum" (in Japanese), Arc-hitectural Technical Report, No. i84),
1966-11, Tokyo, Japan.

125. Hoff, G. C., "Coen6tos Expansivos y Su Uso" (in Spanish),
2nd Simrosio Modeena. Technologia Del Concrete, Asociacion
Venezelana de Productores dp Cementos, Caracas, Venezela,
Nov 1975.

231

7-1



q~w. mw, w5 -

126. Hoff, G. C., "Expansive Cements and Their Use," Miscellaneous
Paper C-72-22, Oct 1972, U. S. Army Engineer Waterways Experi-
ment 6tation, CE, Vicksburg, Miss.

127. i, "nvestigation cf Expanding Grout and Concrete,
Report 1, Summary of Field Mixture Test Results, July 1969 through
June 1970," Miscellaneous Paper C-71-5, Jun 1971, U. S. Army Engi-
neer Waterways Experiment Station, CE, Vicksburg, Miss.

128. , "Investigation of Expanding Grout and Concrete,
Report 2, Sumniary of Field Mixture Test Results, July 1970 through
June 1971," Miscellaneous Paper C-','I-5, Jan 1973, U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

129. , "Investigation of the Behavior of Large Sections of
Expansive Concrete, Jonesville Lock," Unnumbered Report, Jun 1972,
U. S. Army Engineer Waterways Experiment Station, Vicksburg,
Miss.

130. "Los Cementos Expansivos y Su Uso" (in Spanish),
Seminario Internacional Sobre Technologia del Concrete, Insti-
tute de Ingenieria Civil de la Universidad Autononia de Nuevo
Leon, Monterrey, N. L., Mexico, Dec 1972, pp 83-107.

131. .... , "The Use of Expansive Cements in Large Sections of
Grout and Mortar," Klein Symposium on Expansive Cement Concretes,
American Concrete Institute, Detroit, SP-38, 1973, pp 299-340.

132. , "Use of Self-Stressing Expansive Cements in Large
Sections of Grout, Mortar, and Concrete, Report 1, Pumpable

Mortar Series," Technica] Report C-74-6, Aug 1974, U. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

133. Houston, B. J., "Effects of Axial Postraint on Length Change of
Expanding Mortar Bars," Technical P port C-69-8, Jul 1969,
U. S. Army Engineer Waterways Exper ment Station, CE. Vicksburg,
Miss.

134. __ _ , "Investigation of Expanding Grout and Concrete, Re-

port I., Preliminary Studies," Technical Report C-70-2, May 1970,
/ U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg,

Miss.

135. Hummel, A. and Charisius, K., "Low-Shrinkage Cement and Expanding
Cement" (in German), Zement-Kalk-Gips, Vol 2, No. 7, 1949,
Pp 127-132. Dept. of Scientific and Industrial Research, Build-
ing Research Station, Great Br tain, Library Communication No. 495.

136. lida, H. and Monji, T., "Study on the Optimum Restraint of Self-
Stressed Concrete Pipe," Klein Symposium on Expansive Cement
Concretes, American Concrete Institute, Detroit, SP-38, 1973,
pp 69-88.

232

*A

. ~ 4A



r

137. Ish-Shalom, M. and Bentur, A., "Properties of Type K Expansive

Cement of Pure Components, I, Hydration of Unrestrained Paste of
Expansive Components - Results," Cement and Concrete Research,-

! Vol 4, No. 4, 1974, pp 519-532.

138. , "Properties of Type K Expansive Cement of Pure Com-
ponents, II, Proposed Mechanism of Ettringite Formation andL Expansion in Unrestrained Paste of Pure Expansive Component,"
Cement and Concrete Research, Vol 4, No. 5, Sep 197h, pp 709-721.

1.39. ,, "Properties of Type K Expansive Cement of Pure
Components, III, Hydration of Pure Components Under Varying Re-
straining Conditions," Cement and Concrete Research, Vol 5, 1975,
pp 139-152.

140. Ivanov, F. M. and Royak, G. S., "The Effect of the Setting Ter-
perature on the Expansion of Portland Cement Pastes with Dif-
ferent Additions of Gypsum" (in Russian), Nauchn. Soobahch. Vses.
Nauchn.-Issled. Inst. Tsementn. Prom., No. 12, _961, pp 30-35
(Chemical Abstracts, Vol 56, 1962, p 12546). Translation available
from SLA Translation Center, John Crerar Library, Chicago, Ill.

141. Iwazu, J., Mise, T., and Suzuki, T., "Soil Cement Stabilizatio)n
Using Red Mud" (in Japanese), Journal, Japan Society of Civil
Engineers, Vol 48, No. 6, Jun 1963, pp 25-30 (Abstract in EnI
neering Index, 1963). English Translation: Mem. Fac. Engrg.,
Osaku City University, Vol 4, 1962, pp 147-155.

142. Izrailovich, N. E., "New Types of Cement," Staatsverlag fur

Literatur uber Bauwesen und Architektur (Moscow), 1952 (in
Russian); Abridged Translation in Silikattech., Vol 5, No. 3,
1954 (in German) (Ceramic Abstracts, Vol 37, No. 8, 1954, p 139).

143. Jones, F. E., "The Quarternary System CaO.Al203.CaSO4.H 20 at 25C,"
Journal of Physical Chemistry, Vol 48, 194, pp 311-356.

144. Kalousek, 0. L., "Abnormal Set of Portland Cement--Causes and
Correctives," Report REC-OCE-69-2, Nov 1969, U. S. Bureau of
Reclamation, Denver, Colo.

145. , Admixtures for Expansive Cements," Conference on

Ex2ansive Cement Concrete, University of California, Berkeley,
1972.

146. , "Analyzing SO,-Bearing Phases in Hydrating Cements,"
Materials Research and Standards, Vol 5, No. 6, Jun 1965,
pp 296-304.

147. , "Development of Expansive Cements," Conference on
Expansive Cement Concrete_- University of California, Berkeley,
1972. Also, Klein Symposium on Expansivo Cement Concretes,
American Concrete Institute, Detroit, SP-38, 1073.

____8. ' :Investigation of Shrinkage Compensating Cements,"
Report REC-OCE-70-43, Oct 1970, U. S. Bureau of Reclamation,
Denver, Colo.

233 )



149. Kalousek, G. L., Sulfoaluminates of Calcium as Stable and Meta-
stable Phases and Study of Portion of the Five-Component System
CaO-SO 3 -Al0 3-Na20-H 2O at 25C. Ph. D. Dissertation, University
of Maryland, Jun 1941.

150. Kamiyama, S. and Suzuki, H., "Property of Cement Paste and Con-
crete Using Expansive Agent," Technical Review, 24th General
Meeting, Cement Association of Japan, May 1970, pp 110-114.

151. Kawada, N. and Nemota, A., "Calcium Silicates in Early Stage of
Hydration," Zement-Kalk-Gips, No. 2, Feb 1967, pp 65-71.

152. Kawert, K., "Concluding Assessment of the Field Tests with
Shrinkage-Compensating Concrete" (in German), Zement-Kalk-Gips,
Dec 1971, pp 581-585.

1.53. __, "Development of a Shrinkage-Compensating Cement"
(in German), Zement-Kalk-Gips, Oct 1969, pp 457-461.

154. , "Field Test with Shrinkage-Compensating Concrete,"
Tin German), Zement-Kalk-Gips, May 1971, pp 223-227.

155. Kazimir, J., "Nonshrinking Swelling Portland Cement," Epitoanyag
(Budapest), Vol 12, 1960, pp 148-151. (Chemical Abstracts, Vol 56,
1962, p 9716).

156. Keeton, J. R., "Expansive Cement Concretes for Naval Construction-
First Report," Technical Note N-126h, Mar 1973, Naval Civil Engj-
neering Laboratory, Port Hueneme, Calif.

1.57. , "Thin Shell Expansive Cement Concretes," Klein
Sym Dosium on Expansive Cement Concretes, American Concrete Insti-
tute, Detroit, SP-38, 1973, pp 21-55.

158. Keil, F. und Gille, F., "Gipsdehnung und Gipstreiben von Zementen
mit Hochofenschlacke," Zement-Kalk-Gips, 1949, pp 148-152.

159. Kemi, T. et al., "Some Properties and Construction Report of Heavy
Weight Concrete Using CSA," Technical Review, 24th Ueneral Meeting,
Cement Association of Japan, May 1970, pp 114-117.

160. Kirillova-Georgieva, D., "Expanding Cement with High Alumina Clay
Base" (in Rus'ian), Tsement (Moscow), Vol 27, No. 1, Jan-Feb 1961,
pp 9-13. Translation available from SLA Translation Center, John
Crerar Library, Chicago, Ill.

161. Klein A., "Expansive Cements," Belgium Patent No. 623-791, 18 Apr
1963, Canadian Patent No. 691,336, 28 Jul 1964, French Patent

No. 1,336,048, U. S. Patent No. 3,155,526, 3 Nov 1964, 4 pp
(Abstract in Mineral Processing, Vol 6, No. 1, Jan 1965).

162. ., "Expansive and Shrinkage-Compensating Cements," U. S.

Patent No. 3,251,701 (17 May 1966).

163. Klein, A. and Ber --ro, V. V., "Effects of Curing Temperature and

Creep Characteris1i-s ;f Expansive Concretes," Proceedings,
American Sociy for Testing and Materials, Vol 63, 1963,
pp 1008-1025.

234

*_ez 5



164. Klein, A. and Bresler, B., "A Review of Research on Expansive
Cement Concretes - introduction," Proceedings, InternaLional
Conference on the Structure of Concrete, 1965, Cement and Concrete
Association, London, 1968, pp h67-472.

165. Klein, A., Karby, T., and ?olivka, 14., "Properties of an Expansive
Cement fcr Chemical Prestressing," Proceedings, Americar Concrete
Institute, Journal, Vol 58, No. 1, Jul 1961, pp 59-82.

166. Klein, A. and Troxell, G. E., "Studies of Calcium Sulfoaluninate
Admixtures for Expansive Cements," Proceedings, American SccietL
for Testing and Materials, Vol 58, 1958, pp 986-10o8.

167. Klirger, P., "Shrinkage-Compensated Concrete: A Review of Current
Technology," Publication No. 134, Mar 1971, National Ready Mixed
Concrete Association, Silver Springs, Md.

168. Klirger, P. and Greening N. R., "Properties of Expansive Cement 3
Concretes," Proceedings, Fifth International Symposium on the
Chemistry of Cement, Tokyo, Vol IV, 1968, pp 439-456.

169. , "Utility of Expansive Cement," Proceedings, Fifth
International Symposium on the Chemistry of Cement, Tokyo,
Paper No. IV-132, 1968.

170. Kokubu, M., "Use of Expansive Components for Concrete in Japan,"
Klein Symposium on Expansive Cement Concretes, American Concrete
Institute, Detroit, SP-38, 1973, pp 353-378.

171. Kokubu, M. et al., "A Proposal Relating to Standard Test Methods
for Chemically Prestressed Concrete" (in Japanese), Collected
Abstracts, Symposium on Expansive Concrete, Japan Society of Civil
Engineers, Tokyo, Aug 1972, pp 33-40.

172. Kondo, R., "Nonshrinking Masonry Cement," Japanese Patent
No. 16,025, 27 Aug 1963 (Chemical Abstracts, Vol 59, Dec 1963,
pp 33-4o).

173. Konishi, H. and Sugiyama, H., "Factors Affecting the Length Change
of Cement Paste and Mortar Containing Sulfate Aluminate Clinker"
(in Japanese with English Summary), Semento Gijutsu Nempo,
Vol 17, 1963, pp 179-184 (Chemical Abstracts, Vol 61, Aug 1964,
p 5348).

1714. Kozielski, W., "High-Expansion Cements in the US3R," Cement-Wapno-
ip (Warsaw), Vol 9, No. 18, 1953, pp 95-96 (Abstract in Mineral

Processing, Vol 6, No. 1, Jan 1965).

175. Kravchenko, I. V., "Expanding, Rapid-Setting Cement," Russian
Patent No. 104,167, 25 Feb 1957 (Chemical Abstracts, Vol 51,
No. 13, 10 Jul 1957, p 10028).

176. , "Expansive Cements" (in Russian), Gosstroiizdat
(Moscow), 1962 (Building Science Abstracts, Vol 36, Abstract
No. 179, Feb 1963).

2.5



177. Kreijger, P. C., "Developments in the Field of Expanding Cements
(Zwelcementen)," Cement (Amsterdam), Vol 11, No. 3, 1959,
pp 293-29h.

178. Kuhl, H., "Expansive Cement" (in German), Silikattechnik (Berlfn),
Vol 6, No. 11, Nov 1955, pp 476-477. Translation available from
SLA Translation Center, John Cferar Library, Chicago, Ill.

179. Kutateladze, K. S. and Alasaniya, M. Ya., "Expansive Cement Based
on a Portland Cement with Addition of Gazha," Tsement (Leningrad),
Vol 19, No. 3, 1953, pp 18-20 (Building Science Abstracts, Vol 26,
Abstract No. 715, Jun 1953).

180,. Lafuma, H., "Expansive Cements," Proceedings, Third International
Symposium on the Chemistry of Cement (London), 1952, Cement and
Concrete Association, London, 1954, pp 581-597.

181. , Closure to Discussion of: "Expansive Cements, by
H. Lafuma," Proceedings, Third International Sysmposium on the
Chemistry of Cement (London), 1952 _ Cement and Concrete Associa-
tion, London, 1954, pp 596-597.

182. Larionova, Z., "The Influence of Calcium Hydrosulphoaluminate on
the Concrete Durability," RILEM Internas1-isa. Symposium on the
Durability of Concrete (Prague), Vol 2, n,. Report, 1961,
pp 595-600.

183. Lehman, H. and Mields, A., "The Ettringite-Like Phase in Some
Cements on Addition of High Proportion of Calcium Sulfate" (in
German), Tonindustrie Zeitung, Vol 87, No. 4, 1963, pp 73-81.

184. Lerch, W., "The Influence of Gypsum on the Hydration and Proper-
ties of Portland Cement Pastes," Proceedings, American Societyfor Testing and Materials, Portland Cement Research Department,
Vol 46, Bulletin 12, 1946, pp 1251-1292.

185. Levy, J. P., "Expanding Cement," Batir, No. 26, 1952, pp 15-20
(Building Science Abstracts, Vol 26, No. 1, Abstract 19,
Jan 1953).

186. Leyrikh, V. E., "Expanding Cement" (in Russian), Russian Patent
No. 67,697, 31 Dec 1946 (Chemical Abstracts, Vol 43, 1949).

187. ., "Expanding Cement GASH," Handbook, Building Experi-
ence in Ural, Sverdlovsk, Sverdlgis, 1947, p 62.

188. Li, Shu-t'ien, "Expansive Cement Concrete, A New Idea with
Exciting Possibilities," Concrete Construction. Vol 10, No. 6,
Jun 1965, pp 207-209.

189. _ ._ "Expansive Cement Concretes - A review," ProceedinLs,
American Concrete Institute, ,journ&i, Vol 62, No. 6, Jun 1965,
pp 689-706.

190. _, Expansive Cements and Concretes," Area Bulletin,
Voi 66, No. 588, Nov 1964, pp 177-182.

236



191. Li, Shu-t'ien, "Improvement of Structural Lightweight Aggregate
Concrete by Synthesis of Gap-Grading with Shrinkage-Compensating
Matrix," Proceedings, Eighth Congress, International Association
for Bridge and Structural Engineering (IABSE), New York, 9-14
Sep 1968, pp 1049-105 .

192. .._ , "Proposed Synthesis of Gap-Graded Shrinkage-
Compensating Concrete," Proceedings, American Concrete Institute,
Journal, Vol 64, No. 10, Oct 1967, pp 654-661.

193. Li, Shu-t'ien and Ramakrishnan, V., "Gap-Graded Versus
Continuously-Graded Shrinkage-Compensating Concrete," Klein
Symposium on Expansive Cement Concretes, American Concrete In-
stitute, Detroit, SP-38, 1973, pp 107-129.

194. Lieber, W., "Ettringite Formation at Elevated Temperature" (in
German), Zement-Kalk-Gips, Vol 16, No. 9, 1963, pp 364-365.

195. Liljestrom, W. P., "Placing, Curing, and Finishing Concrete of
Expansive Cement," Daily Pacific Builder, 29 Jul 1974.

196. , "Research Helping to Beat Concrete Cracking Problems,"
Daily Pacific Builder, 31 Jul 1974.

197. , "Spotlight on Recent Applications - Type 'K' Cement 4
Concrete," Conference on Expansive Cement Concrete, University of
California, Berkeley, Jun 1972.

198. Liljestrom, W. P. and Polivka, M., "A Five-Year Study of the
Dimensional Stability of Shrinkage-Compensating Lightweight
Concrete Used in Posttensioned Slabs," Klein Symposium on Expan-
sive Cement Concretes, American Concrete Institute, Detroit,
SP-38, 1973, pp 273-288.

199. Lin, T. Y., "Cherical Prestressing of Co.ncrete with Expansive
Cement," Todern Concrete, Vol 25, Oct 1901, pp 26, 30.

200. Lin, T. Y. and ..ie'., A., "Chemical Prestressing of Concrete
Elements Using Expanding Cements," Proceedings, American Concrete
Institute, Journal, Vol 60, No. 9, 1963, pp 1187-1218.

201. Lindh, G., "Experimental Comparison Between Lossier Cement and
Swedish Standard Cement in Cement Mortar" (in Swedish), Swedish
Cement and Concrete Research Institute at the Royal Institute of
Technology, Stockholm, Bulletin No. 31, 1954 (Abstract in Pro-
ceedings, American Concrete Institute, Journal, Vol 51, No. 6,
Feb 1955, P 583).

202. Lisin, B. S. and Aleksenko, N. V., "Physical-Mechanical Properties
of Portland Cement Which Expands While Hrdening" (printed in
Ukrain, with Russian and English Summary", Depovidi Akademii Nauk
Ukrains'koe RSR (Kev), No. 8, 1960, pp 1098-1102 (Chemical Ab-
stracts, Vol 60, 1964, p 155714).

237

f~-I)



203. bossier, H., "Cements ,!th Controlled Expansions and Their Appli-
cation to Prestressed Concrete," Structural Engineer (London),
Vol 24, No. 10, Oct 1946, pp 505-534. Discussion, Vol 25, Nos. 3
and 4, 1947, pp 142-.151.

2o4. , "Expandable Cements," Le Genie :'ivil (Paris), Vol 120,

No. 8, 1943, pp 94-95.

205. , "Expanding Cement," Cement (Amsterdam), Vol 4,
No. 15/16, Mar 1952, p 269.

206. "Expanding Cements - New Applications" (in French),
Techniques et Architecture, Vols 1 and 2, 1948, pp 76-79. Pro-
ceedings, Third Congress on Large Dams, Stockholm, Jun 1948,
Vol 3, R. 25, (Pub !949) (Abstract in Rev. Mat. Constr., go. 400,
Jan 1949, p 23).

207.., "Expansive Cements," Rev. Mat. Constr.,. No. 400, 1949,
pp 19-20 (Abstract in Rev. Constr., No. 412, 2-D, 1950).

208. , "Expansive Cement- and Automatic Stressing of Con-
crete," Schweizerische Bauzeitung (Zurich)., Vol 65, 1947,
pp 279-283, 285-290; Bull. Tech. de la Suisse Romande, Vol 73,
Nos. 16 and 17, 1947, pp 221-230 and 233-237 (Building Science
Abstracts, Vol 20, Abstract No. 1541, 1947; Abstract in Mineral
Processing, Vol 6, No. 1, Jan 1965).

209. , "Integral Prestressing and Expansive Cements" (in
French with English Summary), Precontrainte-Prestressing, Vol 1,
No. 1, 1951, pp 22-38 (Road Abstracts, Vol 20, No. 5, Abstract
No. h42, May 1953).

210. , "Non-Shrinking Cements," Le Genie Civil (Paris),
Vol 109, 1936, pp 285-287.

211. , "Non-Shrinking Cements," Revue Universelle des Mines

(Liege), Vol 13, 1937, pp 166-169.

212. , "Present State of Expansive Cements" (in French),
bilicates Industriels (Brussels), Vol 25, 1960, pp 358-360 (Them-
ical Abstracts, Vol 54, 1960, p 25679).

213. , "Self Shrinking of Concrete by Expansive Cements,"
Memoires, Societe des Ingeniuers Civil de France. Paris, Vol 101,
1948, pp 189-225.

214. _, "Self-Stressing or Concrete by Expanding Cements," 3

iHormigon Elastico No. 2, Feb 1951, pp 14-17, No. 3, Mar 1951,
pp 5-10, No. h, Apr 1951, pp 4-8 (Abstract in Rev. Mat. Constr.,
No. 437, 6-D, Feb 1952).

215. _, "Shrinkage and Non-s"hrinking Cements," Annales Ponts ,

et Chaussees (Paris), Vol 107, No. 1, 1937, p 15.

216. , "Some Examples of RelInri0r-ed Concrete Bridges Having
Akdjvstable Prestressed Reinforcement," Le Genie Civil (Paris),
Vol 119, No. 21, 1942, pp 253-257.

238



217. Lossier, H., "The Uses of Expanding Cement Concretes," Concrete
and Constructional Engineering, Vol 42, No. 1, Jan 1947, p 16
(Abstract in Proceedings, American Concrete Institute, Journal,
Vol 43, May 1947, p 1074).

218. , "Use of Expansive Cements," Le Genie Civil (Paris),
Vol 131, No. 3381, 1954, pp 341-346 (Building Science Abstracts,
Vol 28, Abstract No. 32, Jan 1955).

219. Lossier, H. and Caguot, A., "Expanding Cements and their
Application - Self-Stressed Concrete" (in French), Le Genie Civil
(Paris), Vol 121, Nos. 8 and 9, 1944, pp 61-65 and 69-71.

220. Lossier, H. and Levi, R., "The Utilization of Expanding Cements
for the Repair and Reconstruction of Damaged Structures," Le Genie
Civil (Paris), Vol 122, Nos. 20 and 21, 1948, pp 153-155 and
16-166.

221. Lossier, H. and Perre, R., "Cements Without Shrinkage and Expan-
sion. I. Preliminary Announcement. II. Cements with Expansion"
(in Franch), Travaux (Paris), Vol 27, 1943, pp 203-208.

222. Lubimov, T. Y., "On Thermal Resistance of Calcium Hydrosulfoalumi-

nate," Report of the Academy of Sciences of the USSR, Moscow,
Vol 94, No. 6, 1954, p ll01.

223. Lyon, E. V. and Butzine, J., "Expansive Cements," Special Bibli-
ography No. 157, Jul 1965, Portland Cement Association Pesearch
and Development Division Library.

224. Magura, D. D., "Review of Research Regarding Expanding Cements,"
Aug 1962, Portland Cement Association Research and Development
Laboratories, Skokie, Ill.

225. Manzhurnet, V. V. et al., "Use of Fused Gypsum-Lime Mixtures in
Expansive Cements," Dopovidi Akademii Nauk Ukrains'koe RSR (Kiev,
USSR), 1962, pp 628-630 (Abstract in Mineral Processing, Vol 6,
No. 1, Jan 1965).

226. Masuko, M. et al., 'Design and Construction of Continuous Concrete
Pavement Slab Using Expansive Admixture" (in Japanese), Concrete
Jourral (Tokyo), Vol 6, No. 8, Aug 1968.

227. Mather, B., "Expansive Cements," Miscellaneous Paper C-70-21,
Oct 1970, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

228. , "Investigation of Expanding Cement, Report No. 1,
Summary of Information Available as of I Jul 1963," Technical
Report No. 6-691, Sep 1965, U. S. Army Corps of Engineers Water-
ways Experiment Station, CE, Vicksburg, Miss.

229. , "Sorie Reflections on Expatnsive Cement Concrete,"
Conference on Expansive Cement Concrete, University of California,
Berkeley, Jun 1972.

239

_ _ _ _ _ _ _ _7A

naS



230. Mather, B., "Sulfate Soundness, Sulfate Attack, and Expansive
Cement in Concrete," MP-C-69-8, Jun 1969, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

231. Matousek, M., "Expansive Cement," Caech Patent No. 93,881, 15 Feb
1960 (Abstract in Mineral Processing, Vol 6, No. 1, Jan 1965).

232. "Meta-Kaolin-Based Swelling Cement," Epitoanyag
(Budapest), Vol 12, 1960, pp 144-l 7 (Chemical Abstracts, Vol 56,
1962, p 6908).

2233. , "Swelling Unshrinkable Cement" (in Czech), Czechoslo-
vakian Patent No. 98,603, 15 Feb 1961 (Chemical Abstracts, Vol 57,
1962, p 8206).

234. Mchedlov-Petrosyan, 0. P. and Filatov, L. G., "New Expansive
Cements for Hydraulic Structures," Gidrotekhnicheskoe Stroitel'stv
(Moscow), Vol 32, No. 5, 1962, pp 30-32, 3h (Building Science Ab-
stracts, Vol 36, Abstract No. 341, Mar 1963). Translation avail-
able from ETC, TT-63-27827.

235. , "Principles of Compensating for Expansion as a Basis
for Controlled Strengthening of Cements" (in Russian), Zhurnal
Prikladnoi Khimii (Moscow), Vol 37, No. 9, 1964, pp 1909-1915
(Chemical Abstracts, Vol 61, Dec 196h, p 14336).236.

236. , "Studies in the Field of New Expanding Mortars" (in
Russian), Trudy Khar'kovsk. Inst. Inzhener. Zheleznodorozhn. 

I

Transporta, No. 54, 1962, pp 73-78, 114 (Chemical Abstracts,
Vol 60, 1964, p 15575).

237. , "The Theoretical Principles of the Production of New
Expansive Waterproof Compositions Based on Portland Cement" (in
Russian), Doklady Akad. (Nauk SSR), Vol 143, 1962, pp 380-383
(Chemical Abstracts, Vol 56, 1962, p 13814).

238. McKee, D. C., The Proierties of an Expansive Cement Concrete
Reinforced with Steel Wire Fibers, Ph. D. Thesis, University of
Illinois, Urbana, Ill., 1968.

239. Mehta, P. K., "A Review of Development and Chemistry of Expansive
Cements," Pit and Quarry, Nov 1965, pp 113.-120.

240. "Chemistry and Microstructure of Expansive Cements,"
Conference on Expansive Cement Concrete, University of California,
Berkeley, Jun 1972.

241. , "Durability of ;xpansive Cement Concrete," Conference
on Expansive Cement Concrete, University of California, Berkeley,
Jun 1972.

242. , "Effect of Lime on Hydration of Pastes Containing
Gypsum and Calcium Aluminates or Calcium Sulfoaluminate," Journal,
American Chemical Society, Vol 56, No. 6, 1973, pp 315-319.

24240



243. Mehta, P. K., "Expansion Characteristics of Calcium Sulfoaluminate
.- Hydrates," Journal, Anerican Ceramics Society, Vol 50, No. 4,, 1967, pp 204-.208.i

244. "Mechanism of Expansion Associated with Ettringite
Formation," Journal, Cement and Concrete Research, Vol 3, No. 1,
1973, pp 1-6.

245. , "Morphology of Calcium Sulfoaluminate Hydrates,"
JournaL, Amerircan Cerainics Society, Vol 52, No. 9, 1969,

pp 521-522.

V 246. , "Stability of Ettringite on Heating," Journal,
American Ceramics Society, Vol 55, No. 1, 1972, pp 55-56.

247. , "Studies on Slump Loss in Expansive Cement Concretes,"
Klein SYmposium on Expansive Cement Concretes, American Concrete
institute, Detroit, SP-38, 1973, pp 57-68.

248. Mehta, P. K. and Klein, A., "Formation of Ettringite by Hydration
of a System Containing an Anhydrous Calcium Sulfoaluminate,"
Journal, American Ceramics Society, Vol 48, No. 8, 1965,
pp 435-436.

N 2h9. , "Investigation on the Hydration Products in the System
hCaO.3AI 203.SO3-CaO-H2 0," Symposium on Structure of Portland A

Cement Paste and Concrete, Highway Resear'ch Board, Washington,
Special Report 90, Publication 1389, 1966, pp 328-352.

250. Mehta, P. K. and Lesnikoff, G., "Hydration Characteristics and
Properties of Shrinkage-Compensating Cements," Klein Symposium on
E:xpansive Cement Concretes, American Concrete Institute, Detroit,
SP-38, 1973, pp 89-105.

251. Mehta, P. K. and Pritz, D., "Review of Research on Expanding
Concretes, Part II: Expansive Component," Proceedings, Inter-
national Conference on the Structure of Concrete, London, 1965 ,
Cement and Concrete Association, London, 1968, pp 473-478.

252. Mehta, P. K. and Polivka, M., "Expansive Cements," Proceedings,
Sixth International Congress on Chemistry of Cement, Moscow,
Sep 1943, pp 1-45.

253. , "Sulfate Resistance of Expansive Cement Concretes,"
Durabillty of ConcreteL American Concrete Institute, Detroit,
SP-47, 1975, pp 367-379.

254. Michaelis, W., Tonindustrie-Zeitung (Goslar), Vol 16, 1892, p 105.

255. Midgley, H. G. and Pettifer, K., "The Microstructure of HydratedSuper-Sulfated Cement," Cement and Concretle Research, Vol 1, No. 1,

1971, pp 101-104.

256. Mikhailov, V. V., "Manufacturing Method of Cement (Expanding),"
Russian Licence No. 68445, Aug 1942.

241

. , ti



257. Mikhailov, V. V., "New Deve.1- .s in Self-Stressed Concrete,"
Proceedings, Wo-ld Confertence on Prestressed Concrete, San
Francisco, Calif., Jul 1957, pp 25-1 to 25-12. Summary in Cement

2 and Lime Manufactura, Vol 31, No. 4, Jul 1958, pp 51-54.

tn258. o Regeneration of Concrete Structures with the Applica-
tion of Expanding Cement, TSNIPS, 5th ed., Stroyizdat, 1945.

259., "Self-Stressed Concrete," Federation Internationale

de la Precontrainte, Sixth Congress, Prague, Czechoslovakia,
Jun 1970.

260. , "Self-Stressed Reinforced Concrete," III Self-Stressed
Concrete. Translation from Central Scientific Researci Institute
of the Building Industry (TSNIPS), Moscow (PCA Foreign Library
Stud:- 130); 1955, pp 20-33.

261. ._ , "Stressing Cement and the Mechanism of Self-Stressing
Concrete Regulation," Proceedings, Fourth International Symposiumn
on the Chemistry of Cement, Washington, D. C., Vol II, 1960,
pp 927-955 ( ational Bureau of Standards, Monograph 43, Aug 1962).

262. , "Stressing Cement and Self-Stressed Structures in the
USSR," Klein Symposium on Expansive Cement Concretes, American
Concrete institute, Detroit, SP-38, 3973, pp 435-482.

263. Mikhailov, V. V. and Litver, S. L., "Expansive and Stressing
Cements and Self-Stressed Reinforced Concrete Elements of Construc-
tion," Translation No. SAND76-6010, 1975, Sandia Laboratories,
Albuquerque, N. Mex. (originally published in 1974).

264. Mikhailov, V. V. et al., "Stressing-Cement Concretes in Cast-in-
Place and Precast Construction," 'Translation No. SAND76-6011,
1975, Sandia Laboratories, Albuquerque, N. Mex. (originally pub-
lished 1975).

265. Mikhailov, V. V., Skraxntaev, B. G., and Youdovitch, E. Z., "Ex-

panding Cement and Its Use in the Building Industry," Cement
(USSR), No. 6, 1949.

266. Minkevich, B. I., "Production of an Expansive Mortar on the Basic
of Portland Cement Using a Hardening Accelerator" (in Russian),
Trudy Sredneaz. Nauchno.-Issledovatel. Inst. Irrigatsii, No. 309,
1960, pp 95-100 (Chemical Abstracts, Vol 56, 1962, p 8305).

267. Mlonka, A., "Waterproof Expansion Cement," Cement-WaDno-Gips
(Warsaw), Vol 9, No. 19, 1953, pp 225-230.

268. Monfore, G. E., "Properties of Expansive Cement Made with Portland
Cement, Gypsum, and 'alcium Aluminate Cement," Journal, Portland
Cement Association Research and Development Laboratories, Portland
Cement Association Research Department Bulletin 170, Vol 6, No. 2,
May 1964, pp 2-9.

242



269. Monji, T. and Inoue, I., "On the Mechanical Properties of Rein-

forced Concrete Bear Using Expansive Cement," CAJ Review of the
26th General Meeting, Tokyo. The Cement Association of Japan,
May 1972, pp 105-108.

270. , "Relation Between Restraining and Self-Stressing of
Expansive Cement Concrete," CAJ Review of the 25th General Meet-
ing, Tokyo, The Cement Association of Japan, 1971, pp 185-190.

271. Monji, T., Inoue, I., and Yoshikawa, I., "The Study on the Mix
Design of Concrete Using Expansive Cement Component," CAJ Review
of the 25th General Meeting, Tokyo , The Cement Association of

27.Japan, 1971, pp 115-119.

272. Monji, T., Inoue. I., and Sawano, T., "Effects of Expansive Ad-
ditive on the Concretes Using Various Types of Cement," CAJ Review
of the 26th General Meeting, Tokyo, The Cement Association of
Japan, May 1972, pp 103-105.

273. Moore, A. E., "Expansive Cement," Departmental Note 129, Dec 1965,
Cement and Concrete Association (London).

27h. Moore, A. E. and Taylor, H. F. W., "Crystal Structure of Et-
tringite," Acta Cryst., B26, 1970, pp 386-393.

275. "Moscow, USS?,-Expansive and Stressing Cements," Rock Products,
Vol 77, No. 7, Jul 197".

276. Moustafa, S. E. M., "Strel Tubes and Expansive Cenent Concrete
Composite Coltuns," Report No. 68-8, Jul 1968, Structural Engi-Fneering Laboratory, University of California, Berkeley, Calif.
Figures and Appendixes, pp 163-304.

277. Mozielski, W., "High Expansion Cements in the USSR," Cement-Wapno-
Gips (Warsaw), Vol 9, No. 19, 1953, pp 95-96.

278. Mugurima, H., "On the Expansion-Shrinkage Characteristics of Ex-
pansive Cement," Proceedings, Eleventh Japan Congress on Materials
Research (Tokyo), 1968, pp 153-156.

279. Muguruma, H. and Okamoto, S., "Basic Characteristics of Expansive
Cement Concrete," Proceedings, Twelfth Japan Congress on Materials
Research (Tokyo), 1960; pp 201206.

260. Nagataki, S. et al., "Basic Stady on Use of Shrinkage Compensating
Concrete--Part I" (in Japanese). Technical Report No. 4,, Depart-

ment of Civil Engineering, Tckyo Institute of Technology, Tokyo.

281. , "Basic Rescirch on Chemical Prestressing," CAJ Review
of 22nd General Meeting, Tokyo, 1968.

282. , "Basic Study on 'he Behavior of Restrained Expansive
Cement Concrete," CAJ Review of 21th General Meeting, Tokyo, 1970.

283. , "Experimental Studies on P. C. and C. R. C. Pavements
Made with Expansive Cement Concrete," CAJ Review of 24th General
Meeting, Tokyo, 1970.

243 a



284. Nagataki, S. and Yoneyama, K., "Studies on Continuously Reinforced
* Concrete and Prestressed Concrete Pavements Made with Expansive

Cement Concrete," Klein Symposium on Expansive Cement Concrete,
American Concrete Institute, Detroit, SP-38, 1973, pp 131-163.

285. Nakahara, Y. et al., "Fundauental Study on Expansive Cement
Concrete - Application of Expansive Cement Concrete to Control
Cracking Due to Heat of Hydration" (Abstracts, Annual Report of
Kajima Institute of Construction Technology, Dec 1973).

286. , "Fundamental Study on Expansive Cement Concrete -

Effect of Expansive Cement Concrete on Control of rTherml Cracking
in the Retaining Wall of Dry Dock" (Abstracts, Annual Report of
Kajima Institute of Construction Technology, Sep 1974, pp 9-10).

287. Nakamura, T., Sudoh, G., and Akiwa, S., "Mineralogical Composition
of Expansive Cement Clinker Rich in Si0 2 and Its Expansibility,"
Proceedings, Fifth International Symposium on the Chemistry of
Cement, Tokyo, The Cement Association of Japan, Vol 4, 1968,
pp 351-365.

288. Nishi, T., "Expansive Cement" (in Japanese), Cement and Concrete,
The Cement Association of Japan, No. 253, 1968.

289. Nishi, T., Harada, T., and Koh, Y., "General Behavior of Mortars
and Concretes Made with Calcium Sulfoaluminate Cement Clinker,"
Proceedings, Fifth International Symposium, Chemistry of Cement,

I Part 4, Tokyo, 1968, Pp 389-418.

290. "Nonshrinking and Low-Expanding Cement," Indian Patent No. 70,479;
Indian Ceram., Vol 8, No. 12, 1962, pp 282-283 (Ceramics Abstracts,
Sep 1963, p 238).

291. North, 0. S., "Expansive aements, Properties-Manufacture-Research-
Development-Formulas," Mineral Processing, Jan 1965, pp 19-23.

292. Ohno, K., Nakamura, S., and Saji, T., "Prevention of Drying
Shrinkage Crack by Use of che Expansive Cement with Calcium Sulpho-
aluminous Cement Clinker," Prceeolings, Fifth international Sym-
posium on the Chemistry of Cemen , (Tokyo, 1968), The Cement
Association of Japan, Tokyo, ., Part IV, 1969, po 366-388.i~~~~~99 293. "Ol6e6-Cmet3Cme8.

293. "Oil Well Cement," Cement Te:... Vol 3, No. 3, May-Jun 1972.

294. Okada, K. et al., "Self-Stressing of Expansive Cement Concrete,"

Semento Gijutsi Nempo (Japan), "No. ", 1971, pp 152-157.

295. Okushima, M. et al., "Developmew, "xpansive Cement with Calcium
Sulphoaluminous Cement Clinker," rr .e'ings, 5th nt-ernationel
Symposium on the Chemistry of Come:.- . .:o 1968), The Cement
Association of Japan, Tokyc, ".:ol :%", :--- iV, 1969, pp LI9-438.

296. Olszak, W., "Expansive Cements," Jour:. '.ment (now Cement-Wauno-
2ios) (Warsaw), Vol 3, 1947, pp 11-!'t.

244

A',



~, I i

297. Parker, P. N. and Wahl, W. W., "Expanding Cement - A New Develop-

ment in Well Cementing," Presented at SPE Eastern Regional Meeting,

Charleston, W. Va., Nov 1965.

298. Peck, R. L., "ChemComp--New Shrinkage Compensating Cement for
Crack Resistant Concrete," Modern Concrete, Oct 1964, pp 54-56.

299. , "Expansive-Cement," Concrete Products, Vol 04, No. 6,
1964, pp 28-32, 54.

300. , "Medusa's ChemComp Cement," Modern Concrete, Oct 1965,
p 44-.48.

301. Perre, M. E., "Ciments Sans Retraint; Cement Expansifs," Cement
and Lime Manufacture, Jul 1947. Conference du Centre de
Perfectionnement - Technique, Vol 2, Apr 1944.

302. Pfeifer, D. W., '"Progress Report on Expansive Cement Concrete -

Polyethylene Curing and Internal Restraint by Wire Mesh," Apr 1964,
Portland Cement As3ociation Research and Development Laborator4es,
Skokie, Ill.

303. , "Shrinkage-Compensating Concre te in Walls," Klein
Symposium on Expansive Cement Concrete, American Concrete Insti-
tute, Detroit, SP-38, 1973, pp 165-191.

304. Pfeifer, D. W. and Perenchio, W. F., "Reinforced Concrete Pipe
Made with Expansive Cements," Klein Symposium on Expansive Cement
Concrete, American Concrete institute, Detroit, SP-38, 1973,
pp 379-414.

305. Picha, F., "Expanding Buildng Materials," Sb. Geol. Ved. Technol.
Geochemie, No. 1, 1962, pp 31-73 (Chemical Anstracts, Vol 59,
163, p 305).

306. Pinkerton, J. W and Williams, J. V., Jr., "Expansive Cement
Concrete Paving - Taxiwajz," K- Symposiur. on Expansive Cement
Concrete, American Concrete Tns.itute, Detroit, SP-38, 1973,

p? 290-297.

307. Pirtz, !., "Creep Characteristics of Expansive Cement Concrete,"
Proceeding,, Conference on Expensive Cement Concrete, University
of California, Berkeley, Jun 1072.

308. Polivka, M., "Expansive Cement - Material Properties," Engineering
Conference - New Materials .-i Concrete Constriction, University
of Illinois, Chicago, 1971.

309. -____ , "Factors Influencing Expansion of Expansive Cement
Concretes," Klein Symposium on Expansive Cement Concrete,
American Concrete Institute, Detroit, SP-38, 1973, pp 239-250.

310. , "Resistance of Self-Stress-d Concrete to Freezirg and
'h-wing," 1971, Report to Stress Structures, Inc.

,_____ "Self-Stressing Concrete," Klein Symposium on Expansive
Cement Concretes,_ Americani Concrete Institute, Detroit, SP-38,
1973, Dp )483-487.

245



312. Polivka, M. and Bertero, V. V., "Factors Affecting Properties of
Expansive Cement Concretes," Proceedings, International Coihference
on the Structure of Concrete, London, 1965. Published by the
Cement and Concrete Association, London, 1968, pp 479-492.

313. Polivka, M. and Klein, A., "Bond Strength Characteristics of
Grouts Containing an Expansive Component," RILEM Bulletin (Paris),
No. 33, Dec 1961, pp 24-28.

314. Polivka, M., Mehta, P. K., and Baker, J. A., Jr., "Freeze-Thaw
Durability of Shrinkage-Compensating Cement Concretes," Durability
of Concrete, American Concrete Institute, Detroit, SP-47, 1975,

pp 79-87.

315. Polivka, M. and Willson, C., "Properties of Shrinkage-Compensating
Concreces," Klein Sympos:am on Expansive Cement Concretes, Paerican
Concrete Institute, Detroit, SP-38, 1973, pp 2?'-237.

316. Price, R. E., "Expansive Cement - Applications and Field Problems,"
Engineering Conference - New Materials in Concrete Construction,
University of Illinois, Chicago, 1971.

317. , "Expansive Cement Concrete - Field Practice - Mixing,
Placing, Finishing, and Caring," Conference on Expansive Cement
Concrete, University of California, Berkeley, Jun 1972.

318. Rabot, R. and Mangan, R., "Les Ciments Expansifs," Annalc's, De
l'Institut Technique Du Batiment et Des Travaux Publics, Sommaire
No. 295-296, Jul-Aug 1972, pp 57-65.

319. Ragozine, T. A. and Akhmedov, M. A., "The Phase Composition of
Alumintu Ferrates (III) Formed in the Presence of Calcium Sulfate"
(in Russian), Uzbeksk. Khim. Zhurn., Vol 6, No. 4, 1962, pp 30-37
(Chemical Abstracts, Vol 58, 1963, p 7419).

320. Rai, M. and Chopra, S. K., "An Investigation on Expanding Cements,"-
Proceedings, 48th Session of Indian Science Congress, 1961.

321. _, "Non-Shrinkage and Low-Expanding Cement," Journal,
Scientific and Industrial Research, Vol 21D, No. 7, Jul 1962,
pp 235-238 (Abstract in Engineering Index, 1962).

322. Research Group for CSA in Taisei General Construction Co. and
Denki-Kagaku Co., "Research on Expansive Cement Concrete Mixed
with Calcium Sulfoaluminate" (in Japanese), Cement and Concrete
(Japan), The Cement Association of Japan, No. 215-216, Jan-Feb
1965.

323. Rice, E. K., "Means and Method of Testing Fxansive Concrete,"
U. S. Patent No. 3,779,085, Dec 18, 1973.

324. , "Expansive LCement Concrete - Structtn'., Design Con-
sideration," Conference on Expansive Cement Conc:#?te, University
of California, Berkeley, Jun 1972.

246

g ,



325. Richards, C. W. and Helmuth, R. A., "Expansive Cement Concrete -

Microchemical Models for Free and Restrained Expansion," Technical
Report No. 191, Jan 1975, Department of Civil Engineering. Stan-
ford University.

326. Rinaldi, G., "Observations Derived from Testing an Actual Arch
Model Built of Expansive Cement Concrete," Giornale del Genio
Civile (Pome), Vol 88, No 1, Jan 1950, pp 12-22 (Abstract in
Proceedings, American Concrete Institute, Journal, Vol 47,
Jan 1951, p 406).

327. , Test on an Expansive Concrete Beam," Giornale del
Genio Civile (Rome), Vol 8,, No. 3, Mar 2949, p 109; Nos. 7 and
8, Jul-Aug 1949, pp 385-389 (Abstract in Proceedings, American
Concrete Institute, Journal, Vol 46, Feb 1950, p 481).

328. Robson, T. D., High-Alumina Cements and Concretes, Wiley, New

York, 1962.

329. Rockwood, N. C., "Rocky's Notes: A Nonshrinking or Expcznive
Portland Cement Concrete," Rock Products, Vol 66, No. 12,
Dec 1963, pp 16, 21.

330. Rosen, J., "Expansive Cement," Progressive Architecture, May 1969.

331. Rubin, E. H., "A Testing Agency's Experience with Expansive
Cements," Klein Symposium on Expansive Cement Concretes, American
Concrete Institute, Detroit, SP-38, 1973, pp 341-351.

332. Russell, H. G., "Design of Shrinkage-Compensating Concrete Slabs,"
Klein Symposium on Expansive Cement Concretes. American Concrete
Institute, Detroit, SP-38, 1973, pp 193-226.

333. Samarri, M. A., "Development of an Expansive Cement," Memoria
No. 345, 1969, Laboratorio Nacional De Engenhario Civil.

334. Schenker, F. A. and Shann, T. A. (Kaspar Winkler and Co.),
"Method of Obtaining a Lasting Volume Expansion for Hydrated
Portland Cement, Mortar, Concrete, and Other Hydraulic Bonds,"
Swedish Patent No. 121,163, 13 Dec 1946 (Ceramic Abstracts, 1 Nov
1948, p 239).

335. Schuricht, W., "Prevention of Swelling of Nonaged Cement" (in
German), German (East) Patent No. 20,622, 10 Jan 1961 (Chemical
Abstracts, Vol 55, 1961, p 26401).

336. Schwiete, H. E., Ludwig, U., and Jager, P., "Investigation on the
Hydration Products in the System 4CaO.3A1203.SO3-.CaSO4-CaO-H20,"
Proceedings, Symposium on Structure of Portland Cement Pas4.e and
Concrete, Highway Research Board, Washington, D. C., SR-90, Publi-
cation 1389, 1966, pp 353-367.

337. Seeber, K. E., Bartlett, D. L., Kesler, C. E., "Interim Report--
Phase I, Behavior of Shrinkage-Coipensating Concretes Suitable for
Use in Bridge Decks," T&AM Report No. 372, Jul 1973, University of
Illinois.

247



, [138. "Self-Stressing Concrete Pavement Under Study," Roads and Streets,[I Vol 106, No. 11, Nov 1963, p 64.
339. "Self-Stressing Concrete Road Tested in Connecticut," Engineering

News-Record, Vol 170, No. 12, 21 Mar 1963, p 171.

340. Sheikin, A. E. and Yakub, T. Y., "Non-Contraction Portland Cement"
(in Russian), Gosstroiizdat (Moscow), 1966.

3141. Simms, J. F., "Concrete Design with Expansive Cement," JTournal,
American Institute of Architect.2- Oct 1966, pp 81-82.

342. , "Expansive Cements for Crack-Resistant Concrete,"

Civil Engineering, American Society of Civil Engineers, Jun 1966,
pp 46-147.

343. Simonetti, R. S., "A Contractor Evaluates Expansive Cement Con-
crete," Concrete Construction, Vol 12, No. 5, May 1967, pp j67-166.

344. Siramtayev, B. G. and Moskvin, V. M., "Formation and Effect Con-
ditions of Calciumsulfoaluminate (Cement Bacillus)," Bulletin,

Academy of Sciences of the USSR, Technical Division, 1937.

345. Slatanov, V. and Dyabarov, N., "Self-Stressing of Concrete Pro-
duced by MgO Periclase Hydration" (in French with English Summary),
Revue Des Materiaux (Paris), No. 544, Jan 1961, pp 30-33.

3);6. Slate, F. 0. and Matheus, R. E., "Volume Changes on Setting and
Curing of Cement Paste and Concrete from Zero to Seven Days,"
Proceedings, American Concrete Institute, Journal, Vol 64, No. 1,

7Jan 1967, pp 34-39.

3147. Smith, E. C. et al., "Cements with Controlled Expansion and Their
Applications to Prestressed Concrete," Structural. Engineer
(London), Vol 25, No. 3/4, 1947, pp 142-151 (Building Science Ab-
stracts, Vol 20, Abstract No. 1542, 1947; Discus,-ion of the origi-
nal paper by Lossier, Building Science Abstracts, Vol 19, Abstract
No. 305, 1946).

348. "Societe d'Encouragement pour L'Industrie Nationale," Bulletin-
1890, p 682.

31'9. Sorgato, S. and Pereswiet-Soltan, S., "Calcestruzzi A Ritiro

Compensato E Calcestruzzi Espansivi Per Getto Di Vasche E
Serbatoi," Dilacon Anic (Espansivo Per Cemento), La Prefab-
bricazione, Milan, No. h, ANIC, Apr 1975, pp 131-146.

350. Spellman, D. L., "Living Pavements," California Iiighways and
Public Works, Sep-Oct 1963, pp 51-5.4.

351. Spellman, D. L., Amnes, W. If., and Stoker, J. R., "Shrinkage Com- "Z

pensated Cement in Highway Concrete," Research Report N(-. 635140,
Jun 1968, Materials and Research Department, Division o Highways,
State of California.

!t 248

-' 1

la



352. Spellman, D. L., Woodstrom, J. H., and Bailey, S. N., "Evaluation
of Shrinkage Compensated Cement," Research Report No. CA-HY-MR-
5216-1-73-15, Jun 1973, Materials and Research Department, Divi-

V' sion of Highways, State of California.

353. Tanaka, T. and Watanabe, Y. (Assignors to Onoda Cement Co.), "Ex-
kk pansive Cement," Japanese Patent No. 78h3, 8 Sep 1956 (Abstracts

in Mineral Processing, Vol 6, No. 1, Jan 1965).
354. , "Expansive Cements" (in Japanese), Semento Gijutsu

Nenpo (Tokyo), Vol 8, 1954, pp 192-202 (Ceramic Abstracts, Oct
1958, p 260).

355. , "Laboratory Preparation of Expansive Cements" (in
Japanese), Semento GiJutsu Nenpo (Tokyo), Vol 9, 1955, pp 108-117

(Abstract in Mineral Processing, Vol 6, No. 1, Jan 1965).

356. __ .. , "Studies on the Expansive Cement, (1)" (in English),

Journal of Research of the Onoda Cement Co., Tokyo, Japan, Vol 5.

No. 18, 1953, pp 233-.241.

357. Teague, J. E., Curing Temperature Effects on Type-S Shrinkage

Compensated Lightweight Concrete, M.S. Thesis, U. S. Air Force
Institute of Technology, Wright-Patterson Air Force Base, Ohio,

Jun 1972.

358. "The Uses of Expanding Cement," Cement and Lime Manufacture,
Vol 24, No. 3, May 1951, p h5.

359. Tinms, A. G., "Self-Stressing Concrete. Blakeslee Puts in Pave-

ment Test Slab at Hamden, Conn.," Modern Concrete, Vol 27, No. 5,
Sep 1963, pp 5-456, 58, 64.

360. Tso, S., "Testing and Analysis of Self-Stressed Concrete Elements,"
SESM Graduate Student Research Report No. 23, 1961, Department of

Civil Engineering, University of California, Berkeley.

361. Tsukinari, M. et al., "Observation of Continuous Reinforced Con-

crete Pavements" (in Japanese), Technical Report of Civil Engi-
neering_Tokyo, Vol 9, No. 2, 2967.

362. Turriziani, R., "I Leganti Ed I Calcestruzzt Espansivi," Dilacon
Anic (Espansivo Per Cemento), La Prefabbricazione, Milan, No. 9,ANIC, Sep 1974, pp 301-312.

3,63. Vecchi, M., "Serbatoio Pensile In C.A.P. Realizzata In 28 Giorni
Laboratiui," Dilacon Anic (Espansivo Per Cemento), Milan, ANIC,
1974, pp 10-12.

364. Verbeck, G. J., "Mechanics of Shrinkage and Shrinkage-Compensating
Cements," Sep 1968, Presented at Fall Meeting of the General Tech-
nical Committee, Portland Cement Association, Vancouver, B. C.

365. Velkov, V. V. et al., "Rapid Hardening and Expansive Cements Ob-
tained on the Basis of Aluiite Quartzites," Comptes Rendus de
l'Academic Bulgare des Sciences, Nos. 4 and 9, 1973.

249

7j7.4

.~~ ~ ~W ~.



366. Wesche, K., "Basic Conditions for the Use of Expanding Cement"
(in German with English Summary), Zement-Kalk-Gips, (Wiesbaden),
Vol 8, No. 4, Apr 1955, pp 11.8-128.

367. Winkler, K. and Schenker, F., "Producing Hydrated Portland Cement,
Mortar, Concrete, and other Hydraulic Binding Materials with a
Permanert Increase of their Volume," British Patent No. 625,738,
13 Jul :9h9 (Ceramic Abstracts, 1 Sep 1950, p 176).

368. Yamazaki, Y., Monji, T., and Sugiura, K., 'Early Age Expanding
Behavior of Mortars and Concretes Using Expanding Additives of
"CaO.CaSO4.A4CaO.3A1203 .SO3 Systems," Report 15, 1975, Research
Laboratory of Nihon Cement Co., Ltd., Tokyo. Also presented at
VI International Congress on the Chemistry of Cement, Moscow,
Sep 197 h .

369. Yanke, K. et al., "Investigative Research on the Design Method

of Prestress-° Concrete Pavement" (in Japanese), Technical Note
No. 51, 1968, Port and Harbour Research Institute, Ministry of

Transport, Tokyo.

370. Yano, N. and Hurui, S., "Construction of Concrete Tank Using CSA"

(in Japanese), Concrete Journal (Tokyo), Vol .0, No. 7, Jul 1972,
pp 16-23.

371. Zorzi, S., "Expansive Cements," Il Cemento Armato (Milan), Vol 43,
1946, pp 131-132 (Abstract in Mineral Processing, Vol 6, No. 1,
Jan 1965).

372. Zuk, W., "Prefabricated Sandwich Panel for Bridge Decks," TRB
Special Report No. 148, Transnortation Research Board, Washington,

D. C., 19714.

IX 25

250



Table 8.1

Typical Chemical Analyses for United States

Produced Shrinkage-Compensating Cements

Chemical
Analysis Type K Type M Type S

% A B A B

SiO 2  18.4 19.0 19.1 18.2 17.2

l 2A2 03  6.6 5.8 8.5 7.4 9.1

Fe 23 2.0 1.9 2.1 2.0 1.8

CaO 60.0 61.5 61.1 62.9 63.9

MgO 3.1 4.1 1.9 0.8 1.2

so3 6.3 6.3 4.4 5.4 5.6

Ignition loss 2.8 1.5 2.2 1.9 0.8

Total

* Unpublished data from WES participation in ASTM Cooperative

Test Program on Shrinkage-Compensated Cement, 1970.

Table 8.2

Test Results of CSA Expansive 
Components

Chemical Analysis, % Component
A B

SiO2 4.0 1.3

Al 203 10.0 7.2

Fe 0 1.2 0.4
2 3

CaO 52.5 59.7

MgO 0.6 0.6

SO3  28.3 30.2

Ignition loss 1.0 0.6

Total 99.0 100.0

2
Specific surfacL cm /g 2280 2250

Specific gravity 2.93 3.04
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Table 8.3
Chemical Compositions of Mixtures of Expansive

170
Components and Type I Portland Cement

Chemical Type I 8% Cement 7% Cement
Analysis Portland Replacement Replacement

% Cement with Component with Component

A B

SO 22.8 20.8 20.8

Al 0 4.4 4.9 4.6

Fe2 3 3.1 3.0 3.0

CaO 64.5 63.5 64.2

MgO 1.6 1.5 1.5

so3  1.9 4.0 3.9

Ignition loss 0.5 0.5 0.5

Total 98.9 98.9 99.1

Table 8.4

Effect of Aggregate Type on Length Change of

Shrinkage-Compensating Concrete
30 9

14-Day 1-Year Residual
Aggregate Expansion, Contraction, Length Change,

Type percent, percent percent

River Gravel 0.080 0.052 +0.028

Sandstone 0.065 0.084 -0.0!9
Aggregate

2S2
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expansion and compressive stress of
type K self-stressing concrete309
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Figure 8.12. Effect of degree of re-
straint on expansion of concrete made

with type K cemet at 18 days
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Figure 8.13. Effect of degree of
Ii... restraint on compressive strength

of self-stressing concrete made
with type K cement at 18 days2
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Figure 8.1h. Relations between expansion and compressive strength
ratio in unrestrained expansion specimensl7 0
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Figure 8.15. Relation between induced chemical prestress
and compressive strength for CSA concrete*

*See page 210 for reference.
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Figure 8.16. Relation between chemical prestress and amount offlexural stress increase at the time of occurence of cracks*

*See page 210 for reference.
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