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DORSEMENT OR APPROVAL OF THE USE OF SUCH
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FOREWORD

This investigation was authorized by the Chief of Engineers by first
indorsement, dated 14 May 1963, to a letter, dated 10 May 1963, subject:
"Project Plan for Research on Properties of Cementitious Materials--

Investigation of Expanding Cements," and forms a part of item 614 of thé
(ivil Works Engineering Studies program,

The work was done at the U, S. Army Engineer Waterways Experiment
Station (WES) under the direction of Mr. Thomas B. Kennedy, Chief, Concréte
Division, by Mr. Bryant Mather who prepared this report.

Col. Alex G. Sutton, Jr., CE, and Col, John R. Oswalt, Jr., CE,
were directors of the WES during thé investigation and thé preparation
and publication of this report. Mr, J. B. Tiffany was Technical

Director,
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SUMMARY

It has been known for more than a century that the reaction of cal-
cium aluminate with sulfate ion to form caelcium sulfoaluminates (or "cal-
cium aluminum sulfates") is accompanied by an increase in volume. During
most of this period, the reaction has been regarded wholly as a harmful
one, the consequences of which are deteriorative or destructive to con-
crete. This report attempts to review and summarize availableé information
Vit EAPdLiiag ~clenls, as developed both in the United States and elsewhére,
from the standpoint not only of the é¢hemical and physical mechanisms in-
volved, but also of the potential and actual applications that might be
made of these products by the Corps of Engineers.

Beginning with the work of Lossier in the 1940's, continuing with
work in the U.S.S.R. in the 1950's, and the work of Klein and associates
in the United States in 1958, this reaction has been studied with a view
to employing the resultant volume increase to achieve beneficial results.

The general consensus is that much basic knowledge needs to be ob-
tained regarding the numerous potential expansive combinations of materials
to relate their behavior to the specific physical-chemical mechanisms that
are involved.

It also appears to be true that, in spite of major gaps in funda-
mental knowledge, certain specific formulations involving specific mate-
rials have been and are being used successfully in full-scale engineering
applications, In the U.S.S.R. extensive development of a concrete pibpe
menufacturing plant designed to utilize expansive cement has taken place.
The status of the U.S.S.R. work in 1961 was given in these words: "These
results permit us to consider shetcrete casting as the chief method for
manufacture of large diameter pressure pipes." It is therefore not clear
from this review that the routine use of expansive cement in the industrial
manufacture of toncrete products has been achieved in the U.S5.8.R.

In the United States, a variety of experimental projects has been
completed or is under way. Some of these have involved model structures,
others involve full-scale elements including pipes and pavements.
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INVESTIGATION. OF EXPANDING CEMENTS

SUMMARY OF INFORMATION AVAILABLE AS OF 1 JULY 1963 :

PART I: INTRODUCTION

Background

1. Volumetric stability is a characteristic of portland cement con-
crete that has generally been sought but has never been completely attained.
Slight volumetric instability will always have to be tolerated since it
appears impracticable ic develop a concrete that has no tendency to expand
(or swell) on heating or on wetting, no tendency to contract (or shrink)
on cooling or drying, and is completely free from any tendency to shrink on
initial loss of moisture or fxom any tendency to expand or contract due to
chemical reactions that occur during or after placement.

1* that the terms "shrinkage" and

"swelling" as applied to concrete be limited to changes in volume due to

2. It has been suggested by Lorman

changes in moisture condition, i.e. drying or wetting, and that the terms
"expansion" and "contraction" be limited to changes in volume due to
changes in temperature, i.e. heating or cooling. Powers2 has noted that
it is convenient to follow this usage and has proposed additionally that
volume change produced by the freezing of water in concrete be designatéd

"dilation," the reverse of which is "collepse."

In this report the term
"expansion" is also used for increases in volume caused by identifiable
chemical reactions involving the production of reaction products that
produce such an increase, This usage is analogous to that by which the
term "autoclave expansion" is applied to the increase in volume due to
hydration of calcium oxide or magnesium oxide, and that in which the term
"expansion” is used for the length change of mortar bars in sulfate re-
sistance tests. 1In the latier case the change in volume results from an
aluminate-sulfate reaction to form sulfoaluminates in a manner similar

in many respects to the mechanismgs of expanding cements.

% Raised numerals refer to similarly numbered items in Selected Bibli-
ography at end of text,
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3. Hansen and Offutt3 state the reactions of tricalcium aliminate,

gypsum, and water that produce the two forms of calcium sulfoaluminate as
follows:

a. BCaO.Ale * + 3CaSOh.2H20 + 25H20—>

3
88.9 222.3 450,0
1 .
30&0.A1203.30u80u.31H20
71h.7 (46.4)
8

b. 3CaO.A1203 + CaSOh.2H20 + lOHQO—a

88.8 7.1 180.0
1
3CaO.A1203.CaSOu.12H20 .
319.6 (23.3)
3.6

The numbers in the first line below the formulas are volumes participating -

in the reaction. The number in parentheses is the volume added to the

volumes on the right side of the equation so that they equal the sum of

the volumes on the left side. It is noted that the reaction products &

occupy less volume than the sum of the volumes of the reactants, i.e. both
of these reactions takée place with a contraction in volume, If the re- ot

actants dissolved and then precipitated as the reaction products, there b

should be a céntraction. The sécond row of numbers is the ratio of thé . 1§

volume of the anhydrous tricalcium aluminate to the volume of the calcium <,;
sulfoaluminate product. In the first case the volume of the product is :f
eight times the volume of the tricalcium aluminate used in its formatiomn. ;

. ;

Efforts have been made to perfect techniques for selecting and - &
using concrete materials so as to prevent excessive volume change. Certain '
specification requirements for portland cements and aggregate exist becauge
it has been found that their imposition tends to prevent the use of mate-< f

e g . . T &
rials that are responsible for either excessive shrinkage, or contraction,

¥ Subscript 3 was originally given as "4," a typographical error.
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or excessive swelling, or expansion., Efforts have also been made to
counteract the residual, gpparently unavoidable tendency of compositions
based on the use of portland cement as z binder to shrink on drying. These
efforts have found their most successful applications in the producticn of
preplaced aggregate concrete and so-called "shrinkage-resistant grouts."
Both of these applications have been the subject of investigations at the
U. §. Army Engineer Walerways Experiment Station (WES) as part of the
Civil Works Engineering Studies program.h’5 '

5. In recent years, especially with the extensive development of
the technology and use of prestressed concrete, theré has been a growing
interest in and development of expanding cements. This has not been merely
to tend to compensate for the inherent residuvwal shrinkage due to drying or
carbonation of concrete, but to develop positive stress, "sélf-stress,” in
restrained concrete members. The position of the Corps of Engineers res
garding prestresséd concrete was stated as follows:

Perhaps the most important application to date of pre-
stressed concrete in Corps of Engineers civil works
structures has been in anchorages for tainter gates.

In addition to the advantages of reduced deflections
between the noload and loaded conditions and the re-
sulting more favorable stress condition in the concreté
piers, the use of prestressed anchorages has resulted
in a significant economy over conventional anchorages.
Prestressed concrete is alsoO béeing utilized in the con-
struction of bridges and powérhouse roof slabs.T

Purpose and Scope of This Report

6. This report attempts to review and summarize available informa-
tion on expanding cements, as developed both in the United States and else-
where, from the standpoint not only of the chemical and physical mechanisms
involved, but also the potential and actual applications that might be made

of these products in the civil works program of the Corps of Engineers.

Corps of Engineers Policy on Expanding Cements

T. In its repor’c7 to the U. S. Senate, the Corps of Engineers made

the following comments regarding expanding agents as concrete admixtures:

D
-

S T .
5 2 o ot

1 Db s Ly
hicey 4‘!4 S

TR AL Ay RN
SN \,i

S G T
- . - -
) ey 2T
PN AT S Y IBING t e ]

94

T



L2 cadMoa UL A bl Cob

IECEEE ,% :‘( ) ~~:é
. ié 55’ This is not a new class but new materials do oc= ,é -
] 1§“;; casionally become available. These materials perform R :
: 3; '3 the function of counteracting the chrinkage (setting i‘
: ¥ shrinkage) which occurs during the early stages of k
: ‘. stiffening. They find usefulness primarily in mortars . gf
y - and concrete for setting machinery bases and in cer- 3
; B > tain special types of concrete such as preplaced ag- <
‘ ! g gregate concrete. Small quantities of aluminum powder o
; e are useful for this purpose and some of the products E}
: X on the market sold for this purpose are basically alu- 3 .
: - minum powder, Others use other metallic forms includ- 3 o
; 0 ing finely divided iron. The behavior of these mate- i %
; g rials particularly those including iron is difficult ;i 5
: M = to predict and control. Composition of the portland ~ 4
: 23 cement used with these materials substantially affects éi '
E ;5 their behavior and performance. The corps is currently I
f §-.L% engaged in an investigation aimed at developing im- g% 4
: { é; proved purchase specifications and practices for use s
; : L. of these materials, When perfected these will elim- o .
‘ . inate the need to refer to these materials in contract b "
: § o specifications by trade name "or equal" and will pro- é
' o vide for improved performance of these materials in 5
it corps work, ~% 3
i ¥ . - ' &
‘- This is the only statement of the Corps of Engineers policy regarding i )
; b expansive compositions that was located during this review. é -
3 T . %
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% PART II: STATUS OF KNOWLEDGE OF EXPANSIVE CEMENTS 1N 1952 AND 1956
‘
b Status in 1952 5
N A
g 8. LafumaB reviewed available data on expansive cements as of 1952 ’
f f? and sunmarized them as follows:
i g The disadvantages of the shrinkage of cement are
: B well known and attempts have been made to counteract

this shrinkage by bringing opposing factors into play.
{ Prominence has been given to the advantages that could
N ' be derived from a slight expansion of the cement with
T % regard to the characteristic properties of concrete.

: The first satisfactory solution for industrial
% purposes was found by lendrickx, activities in this

5 sphere having been stimulated by Lossier to whom we owe
¥ the chief applications.

3

; : The necessity of obtaining a controllable expan-
. sion that will remain constant with time practically
enforces the use of Candlot's salt as the expansion
agent; it is made from a sulpho=aluminate clinker ob-
tained by burning a mixture of gypsum, bauxite and
carbonate of lime.

(9N .

Expansive cement, properly so called, is prepared
from a ternary mixture comprising:

TN

Portland cement, which imparts its particular

L Y RN NN

P properties to the final product;
1 [ sulpho-aluminate clinker, which is the expansion
: H agent;
O blastfurnace slag, the stabilizing agent, the
T slow action of which enables the expansion to
T take place besides absorbing thé excess of sul-
4 phate of lime.

% The composition of the three constituents, their
ag relative proportions, and their fineness are the prin-
X cipal factors whose influence should be considered with
regard to obtaining the required expansion.

Avateladndig, . .o
d?ﬂAcﬁ’é.,/.u»ﬂ»_qu‘;l -t
¢3

N ONAPE NP

‘ A more extended excerpt from his paper  is given in Appendix A,
i
i Status in 1956
§§ 9. Lea9 summarized knowledge of expanding and nonshrinking cements

in 1956 as follows:
The value of a cement which would suffer no overall
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change in volume on drying has long been realised,
while for some purposes, such as underpinning and other
types of repair work, a small overall expansion which
would tighten the joint between new and old work would
have advantages. It is to Lossier in France that the
application of such cements is due, the methods of
manufacture being déveloped by R. Perre at the firm of

Poliet et Chausson. Essentially these cements[®,10, 11,12]

conSist of three elements (1) a Portland cement, (2) an
expanding agent, (3) a stabiliser. As originally de-
veloped in France, the expansive agent was produced by
burning a mix of 50 per cent. gypsum, 25 per cent. red
bauxite and 25 per cent., chalk which it was thought
might produce an anhydrous calcium sulphoaluminate
clinker that would expand on reaction with water, Ac-
tually the product proved to be a mixture of some 38
per cent. caleium sulphate, 38 per cent. caleium alu-
minate, mainly 5Ca0.3A1503, and férrites, and 20 per
cent. y 2Ca0.8i0s. The eSsential expansive agent was
thus the mixture of caleium sulphate and calecium alu-
minate., A mixture of high alumina cement and calcium
sulphate should, therefore, be an alternative but,
since thé rates of reaction of the constituents is an
important factor, it has beén found convenient to con-
tinue t6 use the clinker. The theory of the expansive
action has not been clearly demonstrated, but it must
be presumed to be made up of two parts, the reaction
of the calcium sulphate and the tricalcium aluminate
of the Portland cement and the reaction of the calcium
sulphate and the less basic alwninate in the "sul=
phoaluminate" clinker, It is well known that a ce-
ment can be made from calcium sulphate and high alumina
cement, or from calcium sulphate and blastfurnace

slag, which has no expansive properties, but in the
presence of a high lime concentration in solution
arising from the Portland cement, depressing the sol-
ubility of the aluminates, the formation of the sul-
phoaluminate from these materials causes expansion,

The function of the stabiliser, which is blastfurnace
slag, is to slowly take up the excess calcium sulphate
and bring the expansion to an end. By a judicious
proportioning of the three elements it was possible

to produce 2 cement in which the expansion Just offset
the drying shrinkage--the non-shrinking cement--or
with a small overall expansion--the expanding cement.

A minimum propertion of 8 per cent. of the "sulpho-
aluminate” clinker by weight of the Portland cement

is required and the safe maximum is about 20 per cent,

The slag content varies from about 15 per cent,
upwards,

The expansion only continues ag long as the
concrete is kept moist and careful control of curing

P @,
S W
e el e

oty Wt v

Ly TNE o em e i i T 2
R a0 1 158 U AT AR B . Y5 A A, < 3 T Rk 2 b e s

TR T
RO

RN S - O

2 Kiacd




is therefore necessary, particularly as it is appar-
ently difficult to make successive batches of the ce-
ment with the same expansive characteristics., The
non-shrinking cement is in a sense misnamed, since the
neat cement expands about 0+2-0+k per cent., during the
first week of wet curing and then, when allowed to dry,
shrinks by about the same amount, The expanding ce-
ment 1§ adjusted so as to give an expansion cf 1-2 per
cent, for the neat cement over a period of wet curing
of about 10 days as a maximum, In concrete the expan-
sions are, of course, less than in neat cement and,
azeording to Lossier, ahout 15 per cent., of that of the
neat cement for a 1 * 2 : 4 concrete, about 20 per
cent, for a i ; 1-L/2 : 3 concrete, and asbout 50 per
cent, for w .\ : . moriar. These ratios, however, vary
with *he arfrepats amy the cement and some tests only
svow much lower exnaniions. The gtrength of these non-
shrinking ~.d expanding cements is somewhat lower than
that of Portland cement at ages up i 7 or 28 days.

The production of these caements has so far been BN

AN

: oney on 4 very small scaie and tney have been used e
s onLy for special structurel repair work undér close Wf?
3 sugervision, In view of the necessity to terminate 2Ty
.é% moisi curing when the desired exumnsion bas sccurred, ';g
E clos¢ supervision appears essential, Y

3 Other methods of producing expanding cements have
alsc broa examined., Mixtures of Portland cement, gfan-
wlaled sleg and pypsum were found by Keil and Gille 13]
“0 contisue to erpand over long periods, but with the
add®..ion of 10 per cent. of high alumina cement the main
period of expansion wus limited to the first 14 days.
Portland cement, supersulprated cement and high aerﬁ?a
cement are anolacr mixture claimed to be suitable,
and alsc Portland cemen®, calcium sulpbate and dried
and ground hydraced pozzolanic cement. Calcined
dolomite and hard-burnt lime are other suggestions for
expanding agents, but control of the time and volume of
the expansion is obviously essential and with such
agents probably difficult.
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PART III: DEVELOPMENIS BETWEEN 1952 AND 1961

10. The two major developments involving expanding :ements between { -

1952 and 1961 were (a) improvement in procedures for and knowledge of the

phenomena, involved in expansive cements, and (b) greatly increased interest
in its use in prestressed concrete technology. Also during this period a
group at the University of California, of which the most active member was
Alexander Klein, undertcnk work in this area for the first time in the

United States. These developments are well illustrated in the following

extract of a paper by Lin and Klein.l6

Summary of Karlier Investigations s 3

11, Lin and Klein noted that the initial major developments in ex-
pensive concrete occurred in France about 20 years ago}o principally by " -3
Lessier, The expansive cement consisted of a blend of portland cement, a - 3
blast-furnace slag "terminator,” and a ground clinker having a composition T% ;

that included dicalcium silicates, calcium aluminates, and hard-burned cal-

cium sulfate, Very little use is now being made of tais cement in France

since it is difficult to control the expansion, and the magnitude of self-

L
IR LT o N

stressing was generally inadequate for prestressed concrete. ’ § )
12, Expansive concrete for pressure pipes has been investigated ‘E 3 £
intensively in the U.S.S8.R. since 1953.17 The expansive cements used in ;
the U.S.8.R. are mixtures of portland cement, calcium-aluminate cement, ij
and calcium sulfate (either gypsum or plaster). In the use of the French
expanding concretes, mixing and placing of concrete was by conventional
methods for concrete, but special methods of curing were required, both
the slag terminator and cessation of water curing being used to end the
expension. In the U.S.S.R. the expansive mixture for pressure pipes is
a mortar, having about 10 sacks of cementing material per cubic yard and

being placed by shotcrete methods, centrifugation, or vibrosqueezing
equipment.

2

:

&

Final setting occurs in a matter of minutes, after which Y

elements are coated with paraffin and kept in water at 20 C until the k f%
strength is considered adequate. Thereafter, the structural elements ot ‘g
are placed in a water bath at 70 to 80 C, the paraffin melbs off, and : é
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the expansion of the mortar takes place under the action of the hydro-

thermel curing. The curing is continued until the expansive reaction is
completed, the degree of self-stress obtained being governed by the amount
of restraint provided by the tensioned steel. Final curing is carried on
under water at 20 C,

13. The earliest major research in the field of expansive concrete
conducted in the United States was reported by Klein and Troxelll8 at the
University of California. This study was directed toward the use of cal-
cium aluminosulfate clinkers and blast-furnace slag as admixtures to
concretes to produce expension. The principal contribution of their study
was proof of the existence of a stable compound in the system
CaO-A1203-SO3 s determinalion of its characteristic X-ray diffraction
pattern, and those of the several hydrates of the particular calcium
aluminosulfate anhydrite. The unrestrained expansions for mortars con-
taining about 10 sacks of cementing material per cubic yard of mortar,
were at best about 1.0 percent., With resitraint, such expansions would
be far too low to provide adequate stressing of steel and concrete for
prestressing purposes.

14, Further studies of expansive concretes containing expansive
cement of modified composition and properties, conducted at the University
of California from 1958 to 1961, were reported by Klein, Karby, and
Polivka}9 These studies covered tests of 2- by 2- by l-in. concrete prisms
and concrete pipes 12 in, long of 12-in, diameter and 2-in. wall thickness.
They were made with expansive concrete chemically stressed through the
mechani sm of external restraint which was accomplished by steel rods or
stéel shells. The quality of the concretes was determined necessarily
only after removal of the restraint.

15. The relations developed between strengbh and free expansion,
strength and restrained expansion, strength and water-cementing material
ratios for the expansive cements of various proportions provided the
necessary significant information required for the design of concrete
élements to be chemically prestressed employing internal restraint, and
further, provided data for predicting and controlling the magnitude of

expansion for the designed restraint.
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Investigations by Lin and Klein

ams >

16, The investigation described by Lin and Klein was a laboratory
study which used internal restraint in specimens of pressure pipe and flat =
slabs aepproaching sizes used in practice. Pilot specimens were mede and if

tested to correlate the chemical and physical properties of the cement and ¥

o

concrete with the behavior and strength of the various structural elements,

The elements were provided with gages to enable measurement of strains

o

«
. RIS
s,

developed in the steel and in the concrete as a result of the chemical pre-.

LT N

PR

stressing process. After prestressing, the elements were cured and dried
to conditions of practical equilibrium in order to provide data with re- )
spect t0 effects of anchorage or absence of anchorage on slip, and to j{
stress losses incidental to slip, drying shrinkage, and creep. Finally, ;;
the elements were tested to determine the behavior and strength of the -8
prestressed elements,

17. From the resu%?s, Lin and Klein concluded that the strength
and the behavior of struc@ural elements of the types fabricated and tésted.
can approximately be pred%ctéd by conventional theory of elasticity and
principles of prestreééiné, provided the chemical and physical propertiés
of thé concrete to be empﬁdyéd are determined in advance of design. At
the same time, it became %pparent also that certain factors, not considered

&

Lo

AT e mensle, 2 S S b5 3

highly significant in conventional coucrete, may have a greater influence

and will need further adeduate study to permit accurate and reliable
H
analyses and designs. ;

18. The immediate fiost promising application in the prestressing

-
field lies in the production of pressure pipes, in which great savings in ‘ﬁ
menufacture are clearly indicated. Also, in the field of airport and high- .1

v .

A ST o e

way pavement§, there is promise of practically crack-free jointless pave-
ments m:=" with concrete of relatively thin section to carry the required
loads qvén under adverse subgrade conditions. ‘The manufacture of precast E
thin shells and precast walls using expansive concrete also holds great

prémise, although the art and technique are yet to be developed. However,

ety Pt Kb 7

since eccentric prestressing with expansive concrete has not yet been in-

vestigated, there is no present indication of the economy or desirability

of making either beamL or floor panels.,
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19. In order to reduce variables to a2 practical minimum, only one
composition of portland cement and one conposition of expansive component
were employed in the production of expansive cement and concrete in the
investigation reported by Lin and Klein.

Prestressed pipes

20. Construction, Four pressure pipes, each 36 in., long, were

b enufactured and tested in the course of the investigation., For all pipés,

the concrete contained 10 sacks of expansive cement per cu yd of concrete,

f the cement being a blend of 7 parts of type I portland cement (53 percent

. 035, 4 percent C3A, low alkali) and 3 parts of preground calcium alumino-
;sulfate clinker, A local sand (FM 2,67) and a No. 4 to l/2-in. local

' gravel were used throughout for pipe concrete, the sand béing L6 percent

The ratio of water to expansive cement was 0.325

of the total aggregate.
for pipe I and 0.31 .»r pipes II, III, and IV. A water-reducing retarder

e
% was used in the arm_om% Of I oz per sack of Llended expansive cément, For

and drying were conducted at approximately 70 F.

21, Although the concretes, mixed in a pan-type mixer, were quite

&
&

5 stiff (slump 1/2 in.), they were satisfactorily placed through the use of

Both internal and external

2

a vibrating table designed for the purpose.

\i%‘; peraffin. The cardboard forms were removed at an age of 6 hr for pipe I,
» and at 24 hr for pipés II, III, and IV. Subsequent to casting; all pipés
were stored in fog at 70 F, 30 days for pipes I ahd II, 20 days for

pipe III, and 50 days for pipe IV. After fog-curing was completed, the
pipes were stored under drying conditions at 70 F and 50 percent relative
humidity.

22, In order that self-stress values in steel and in concrete could
be determined, SR-4 gages were fixed to the steel reinforcement and were
waterproofed, and specially constructed waterproof gages were émbedded
in the concrete. Smooth rods were also employed in addition to strands

for longitudinal reinforcement to facjlitate mounting strain gages. Gage

points were provided on the surfaces of the pipes for observation of
length changes by means of Whittemore gages. Wire strain gages were pro-

vided to allow measurement of stresses in both circumferential and

11
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longitudinal steel reinforcement. For pipe IIL, gages also were placed
along the longitudinal strands to study the development of bond.

23. As determined previously3£)this concrete in the absence of Te~ .

S

straint may have undesirably high free expansion and low strength, How-

ever, when adequate restraint is provided against expansion, even in one

B
Ly

L

@,

; e’};: ."/‘

R S
AR

,
ST

direction, concrete of high compressive strength can be produced. To

S

obtain optimum economic stress in the high-tensile steel, an expansion of
the order of 0.6 percent would be required. Assuming an elastic modulus
ES of 28,000,000 psi, this magnitude of strain would produce an initial

prestress in the steel,

P A L - 14
55T S i
.

a

e

.
B 2 S

0.006 X 28,000,000 = 168,000 psi.

To insure bond between steel and concrete before the development of pre-

O R v
AR 2k A

stress, the concrete must gain strength at a rapid rate to a value suf-

=
it
LS id

ficient to establish adequate bond before the expansion becomes of too ;
high & magnitude. Furthermore, the expansion must substantially terminate- E
at a predetermined age and maintain a stabilized level with subsequent

curing. It is desirable also thet subsequent drying shrinkage and creep

of the concrete be of limited amount. It is apparent that the percentage A

of steel reinforcemént must correctly be chosen to obtain the predetermined . 35
i g
strain in the steel. Such design involves a predetermined relation of the }

expansion of the given concrete and the vercentage of internal steel re-
inforceméent or restraint for given anchorage conditions. At high values

of steel stress, where slip may occur, adequate anchorage also is involved
in the design.

2k, For the four pipes the development of stresses in the circum- : .

ferential and longitudinal steel and in the concrete are shown in subse-

quent figures, and a summary of the significant values of pipe dimensions - :

and of stress development is given in table 1 (pege 19).

25. It is noted that the maximum stresses developed in the steel : y
were about 100,000 psi,

172 o

which was sufficient for test burposes, The mag-
nitudes of the steel stresses can be significantly increased by (l) de-

‘crease in the amount of steel reinforcement--the most economical procedure;

iy v AT e fte, 3

(2) increased expansion of the concrete--in the present instance the least



econumical; and (3) both decrease in the amount of steel and improved

anchorage to reduce stress loss due to slip,

26. Fig.1l indicates the development of self-stressing in pipe I

140,000 ! TR RN
I
120,000 i !
/ Stresses in Longitudingl Reysforcement v‘}{; 0.68%
! 100,000 / | :
s g / |
KR z 80,000 \ |
N7 3 . . " et \
R Fig. 1. Tensile stresses o . o .
Fe R . . ras8ds in Hoop Reint sant
83 | in reinforcement of pipe I &£ 90,000 j—— 0 i high of Pigs |t | Tl T
18 due to expansive self- ® \\ {ﬂOu% |
- | stressing ‘QW0¢' Sttt '
s in Heap Runt + M¢ com0y
20,000 ot toy of Pipe | Ae l
. L] R

4 5 810 _._20 . 'I 40 50 #0100
Fog Stecoge | Dryng ot 30% Rl Humidity
AGE IN DAYS (LOG SCALE)
Lin and Elein, Reference 16.

during 30 days of curing in fog at 70 F, and 6f subsequent drying at 7O F
and 50 percent relative humidity to 90 days age. Stresses greater than
120,000 psi were developed in the longitudinal strands, although no me-
chanical anchorage was provided.

27. The corresponding compressive stress in the concrete in the

longitudinal direction was 800 psi. It is apparent that good bond existéd

between the strands and the concrete as early as U days agé. However, the

rapid increase in tensile and bond stresses on longitudinal steel resulted,
in the absence of appropriate anchorage, in a bond failure and subséeguent
slip at 6 days age. This slip resulted in a notable reduction of stress
in the longitudinal reinforcement, amounting to about 35 percent. Due
to the slip, the gages were damaged and no reliable observations were
possible after 12 days age.

28, The tensile stresses developed in the hoop reinforcement at
midheight of the pipe were almost stable at 5 days age, resulting in a
compressive stress of aboub 650 psi in the concrete. A reduction of stress

was ohserved in the hoop reinforcement at the top of the pipe, again prob-

&
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'gr.

5
%
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ably due to slip and lack of anchorage.

29, The corresponding maximum compressive stresses in the concrete
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are shown in fig. 2. These

stresses were calculated under the

1200

assunption that the entire cross

1000

Creumterenviol_Conprassie SHiesses n Concrate section of the pipe was uniformly
3 e i\ % d. i S e aas
s 14 \5‘ stressed. When the pipe was ex-
g oo / 1] posed to drying, a reduction of
g
5

stress in the concrete occurred

in the amount of about 120 psi,

The final effective self-stress was

i
" |

es0 }
/—. Longituding®  Compressve  Strestes ln Concrete

200 . :
1

1

| 2 4 6 80 0 |4° 080 100 thus found to be 530 psi.

Foq Storage Oryng of 50% Ret Humidity

AGE IN DAYS {LOG SCALE) 30, The observed behavior of

Li Klei 16, . . . . .

tn and Klefn, Reference the pipe while curing in fog is of
interest. Circumferential cracking,
Fig, 2, Compressive stresses in
concrete of pipe I due to expan-

sive self-stressing

or delamination, in the top end of
the concrete pipe was observed for
both pipes I and II, and substan-

tial increased expansion at the top strip, both due to lack of adequate re

streint. It is noteworthy that no delamination or unrestrained expansion

occurred at the bottom of eithér pipe I or pipe II, restrained only by
bearing the weight of the pipes.

31. From tests condicted on externally restrained bars of concrete,
it appears that, if expansion is restrained in one direction (Longitudinal
in the case of the bars) sound concrete is produced. It appears also that
in pressure pipe, if adequate bond stresses are developed, the pipe will be
restrained longitudinally as well as circumferentially, The question still
remains of the distance from the end of the longitudinal strands to the
point where adequate bond stresses will be developed and how this distance
is related to restraint of the top or end strip of pipe.,

32, For pipe II the development of self-stressing of steel and of
concrete is shown in figs, 3 and 4. As in the case of pipe I, stresses
were determined from strain measurements, and again attention was given to
the development of bond stresses along the longitudinal reinforcement. The
stresses developed in the 3/8-in, longitudinal strand are shown in fig. 3
for positions at both the midheight of the pipe and the quarter-point below
the top of the pipe, referred to the casting position. As in the case of

oo graces.
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Lin and Klein, Reference 16.
pipe I, a.chorage was provided by bond only. Tensile stresses amounting
to 58,000 psi and 80,000 psi were developed in the longitudinal reinforcé-
ment at quarter-height from the top and at midheight of the pipe, respéc-
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tively. The corresponding mexi- 100
mum compressive stress devel- 200
oped in the concrete in the lon- ]
1000 t
gitudinal direction (fig. 5) ! }m" o e o
wes 500 psi. Also as in the _ TH W
- -
case of pipe I, bond failure, ; s00 /// [—
slip, and. consequent stress re- ol AT -
<)’ \\\
duction Occurred, first at 200 / Strasses Depriores -:l..:u_-l:-mcl Oirection
quarter-height from the top, {
[ 1 =

and subsequently at mid- ' ? b ey

. AGE IN DAYS {LOG SCALE)
height of the pipe. Lin and Klein, Reference 16,

33. In fig. 4, develop- Fig, 5. Compressive stresses in concrete
ment of self-stress in the hoop of pipe II due to expansive self-stressing
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reinforcement of l/h-in.-diameter snooth wire is indicated both at the top
of the pipe as cast and at midheight of the pipe. Although the hoop re-
inforcement for pipe II using 1/4-in. smooth wire was heavier than the
1/8-in. smooth wire used in pipe I, the percentage of circumferential. steel
was kept the same in both pipes by increase of piteh in pipe II to 3 in.
as compared to a pitch of 1 in, for pipe I,

3k, By 14 days age, tensile stress over 90,000 psi was developed
at the midheight of the pipe; at 30 days age, tensile stress was over

100,000 psi. However, stress in the hoop reinforcement at the top of

the pipe was negligible due to lack of bond or of adequate anchorage.

35, The respective maximum compressive stress developed in the con-
crete (fig. 5) was about 920 psi in the circumferential direction. When
the concrete was exposed to drying at 70 F and 50 percent relative humididy,
a stress reduction of about 110 psi occurred, the firal effective prestress

amounting to 810 psi in the circumferential direction (and about 280 DSi
in the longitudinal direction).

- 36. Although the performance of the pipe appeared to be satisfactory,

again cracks were observed at the top of the pipe around the hoop rein-

forcement, The laminar cracks appeared only on the upper surface at the

top end of the pipe. These cracks proved that the top strip was not ade-

quately restrained and consequently expanded freely outside the restrain-

ing hoop reinforcement. Other parts of the pipe were stressed satisfac-

torily because of the restraint resulting from development of bond along :
the longitudinal strands. ¥

37. A study of the behavior of pipes I and II suggested a design :
to overcome the localized cracking and to produce an adequately self- ;

stressed pipe for subsequent tests under hydrostatic pressure.

380

Pipe III differed from pipes I and II in that special anchor-
age vas provided for each of the 1/4-in.-diameter longitudinal high-
tension wires, utilizing washers and wedges.

In addition, expanded-
metal rings were placed at both top and bottom ends of the pipe to elim-
inate unrestrained sections of the concrete pipe.

was taken to provide adequate anchorage for the hoop reinforcement.

Special care also ,‘E
The b
3

development of circumferential stresses in pipe III is illustrated in

figs. 6 and 7. The major amount of the prestress was developed in less g

16




¢ than 7 deys. .When the pipe was
subjected to drying at 70 T and
50 percent reletive humidity,

¢ drying shrinkege and creep ac-

. counted for a stress loss of
about 20,000 psi or about 20 per-
: cent. It is of particular in-
terest that with the special an-
chorage on the hoop reinforce-

» ment, stresses in the hoop re-
:inforcement were identical at
both top and bottom edges of the
pipe at about 92,000 psi, and but
slightly greater at the midheight

120,000 | | I
! P
100,000 _ BRI
5 T q I
80,000 ol \ I~ -~
S
Z 60000 p ~t- Top edge
“ 7, Mid- haight
a Bottom edge
4 40000 7 .
x
@
20,000 ( i .
° 1

' 2 4 6 810 2 40 60 80 100
Fog Staraqe e Deying ot 50% Rel, Humidity
AGE IN DAYS {205 SCALE}

Lin and Klein, Reference 16,

Fig. 6. Tensile stresses in hoop re-
inforcement of pipe III due to ex-
pansive self-stressing

of the pipe at 100,000 psi.

120

Although the percentages of steel

$00 —

»
g

in both longitudinal and hoop ré-

inforcement were substantially

g

TRESSES N PS),

less than for pipes I and II,
steel stresses were about equal

s
~
»
o

to the stresses obtained in pipés

I and II, While the stress in

to expansive self-stressing

adequate anchorage.

vent cracking at the top concrete

20 [/
°
1 2 4 6 810 20 40 60
Fog S10104e ——etw— Orsing &t 50% Rel Mumiday
AGE IN DAYS (L0G SCALE)
Lin and Klein, Reference 16.
Fig, 7. Circumferential compressive

stresses in congrete of pipe III due

sure and to center loading resistance.
proved that the objectionable slip phenomena can readily be overcome with

R i e i o g
STEI VS AT | I, P2 avetig
AR e R N s« Lot '

oo the concrete was only 600 psi, as
compared to TGV psi for pipe I and
900 psi for pipe II (circumfer-
ential stresses at center of pipe),
subsequent tests indicated that
the economy of steel was Jjustified

with respect to the satisfactory resistance of the pipe to internal pres-

However, most important, pipe III

39. The design of pipe IV was practically identical with that of
pipe III, except that the expanded-metal rings used in pipe III to pre-

layer were omitted in the fabrication

17
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of pipe IV. The longitudinal steel was anchored with washers and wedges,

o

and the anchors were subsequently embedded in the concrete during casting,

PR TR

40, Figs. 8 and 9 show that stress development was almost linear at

all positions in the pipe up

]
120000 /,-}——\ tc about 9 days age, at yhict g
/\/ AT NN . .
100,000 % A N time about 80 percent of the g
1] -
_ /] o] N, maximum stabilized stresses B
L 0000 ’d % NI g
g N . . K
= o // Ps A \\ _ rop €dge oo Remocamat was achieved, Neither bond :::;,1
: 4 N tedin, L} v . » :

4 9% [T ionan Runtonen failure nor slip occurred at
€ // he Mid = Height Hoop Reielorcamant ;;‘
. Y 3 . » > - *

40,000 /y Bottom €dge Hoop Reinforcament any pos:l.tlon in the plpe.

20000 / ~ However, the omission of the 3
o : restraining rings of expanded E
1 2 3 4 6 810 20 40 } 30 80100 . B/
AGE N OAYS (1o et T O %A metal resulted in somewhat E

Lin and Klein, Reference 16. hlgher expansion and some-

Fig. 8. Tensile stresses in reinforcement wnat higher stress in the

of pipe IV due to expansive self stressing hoop reinforcement at both

the top edge and the midheight

ms_a;}mm;fﬁ/mm_ﬁ; "

of the pipe, as compared to con- " 1]

ditions in the hoop reinforce- . /ﬁ N 8
ment at the bottom edge of the R e fﬂ
pipe. It is apparent that with zm /// - }
horizontal casting of pipe in- gm // ;:
stead of the vertical casting // g
employed for the four pipes, 120 L7 S
and appropriate end restraints ] -

designed to accommodate shaped l z e oy s Al et wnan

AGE IN  DAYS {L0G 3CALE)

ends of pipe for joints, it Lin and Klein, Reference 16.

Szl i

should be possible to achieve
relatively uniform stressing

i

Fig. 9. Circumferential stresses in
concrete of pipe IV due to expansive
of hoop reinforcement through- self-stressing

out the length of the pipe.

b1,

DI R W L OF

While the maximum circumferential stress in the concrete at the
center of the pipe, at 640 psi, was about the same as for pipe III, a lon-

gitudinal stress of 500 psi was obtained at the center of the pipe, as com-

pared to only 370 psi for pipe IIT. Lin and Klein believed that the
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relatively low longitudinel stress of 370 psi for pipe III was due to the
use of six extra No. 3 anchored rods, added for the purpose of achieving
greater rigidity of the steel "cage" against distortions or movement during
casting. In the absence of the extra steel for rigidity in pipe IV, some
displacement occurred in the hoop reinforcement due to heavy vibration dur-
ing concrete placement. As a result of such displacement, the ratio of
steel to concrete area at the top of the pipe was estimated to be about
b.s percent while that at midheight and bottom was about 0.7 percent as
compared to a design value of 0.60 percent throughout. In spite of the
lack of end restraint at the top, and displacement of hoop reinforcement,
the concrete stresses, developed along the pipe in the longitudinal as well
as circumferential directions, were in close agreement. When pipe IV was
exposed to drying conditions at 70 F and 50 percent relative humidity,
stress loss due to drying shrinkage and creep amounted to about 19,000 psi
in the steel and to 110 psi in the concrete, or an average stress loss of
gbout 17 percent.

42, TFor rapid comparison, the dimensions, circumferential and lon-
gitudinal steel reinforcement, and maximum stresses déveloped in both
steel and concrete at the center and ends of thé pipes are summarized for

all four pipes in table 1.

Table )
Pipe Dimensfons and Stress Developoents
- . Pipe — _ -
{ 44 111 _ . - IV..

Dizenzions

ID, in. 12 12 14 W

oD, n. 1.8 16 18 18

Wall thicrnress, in, 1.4 2 2 2

Pipe length, in. 36 % 3% 3%
Circusferential steel

% of concrete arca 0.69 0.88 0,60 0.60

Size and type 1/8-in, vire 1/4-in, wire 0.196-4n. wire 0,196-1n.wire

Piteh (spacing), in. 1 3 2-1/2 2.1/2

Outside concrete protection 1/2 in, clear 1/2 in, clear 1/2 in, clear 1/2 in, clear
Longitudinal stecl

% of concrete area 0,68 0.65 0,55 0,55

Size of wire, fn. 1/ 3/8 1, R 1,

Type of wire 7-wire strands 7-wire strands  Smooth high tension wire  Smooth high temsion wire

Total No, 12 6 12 12

Anchorages lone lione (+6 Ho. 3 rods) anchored Anchored

Max circumferential
stress in steel, psi

Center 78,000 104,000 100,000
End 62,000 26,000 91,60
Max longitudinal
stresz in steel, psi
Center 122,000 00,000 6,000
End - 57,000 66,000
Max streczc in concrete, psi
Circunferential, center 700 900 600
Longitudinal, center 820 500 370
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I3, Tests of pressure pipes. The tests of ihe pipes by externall‘

loading included subjecting the pipes to internal hydrostalic pressures:to..

1

tested was first sealed at both ends by means of O-rings and steel platé§@;é§

failure, and subsequently to center-load tests to failure.

i 4, TFor tests of resistance to internal pressure, the pipe to be

2

Then the pipe was filled with water through an inlet in the steel plate -

i
-3
by

S

at the bottom of the pipe, and pressure was applied first to zero compress.. &
2

sion in the concrete ana then to ihe cracking load. After being unloade&_f‘
the pipe was reloaded to recurrence of leakage. Only pipes I, IIl, and

IV were tested in this manner.

b5, All four pipes were subjected to the center-load test, also '%

INTR

known as the three-edge bearing iest. In testing pipes I, III, and IV

-

by the center-load test subsequent to completlion of testing by internal'

R
L

pressure, the pipes were set horizontally on the bearing block in such e

manner that the position of the crack from the internal-pressure test mé@@:l

an angle of 45 deg with the vertical,

46, The results of all loading tests on the four pipes are swmma-

; rized in table 2, Based on these resulis, it is apparent that for the

particular composition of expansive concrete employed in their manufacs:
ture, a maximum prestress in the embedded steel between 80,000 and

120,000 psi can be obtained as a result »f the chemical prestressing.

a maximum of about 20,000 psi, Some anchorajie is necessary for both lon-

gitudinal and circumferential steel in order to insure bond between stéel
and concrete.

Tavle 2

Recults of Pipe Testr

Average effective circumferential preziress. psi 530 810 Loo 530
Chzerved internal pressure at leakage, pof 360 -- 220 250

Theorctical internal pressure ot leakspe, psi
(correspurding to assured tensile strength of o.wré) 300 -- 270 310

Ratio of observed/theoretical values 1.2 -- 0.82 0.82

Cuntcer-load Tests

Center 1oad at observed cracking, 1b 13,000 31,700 24,600 30,00¢
Cénter lond at ultizate, 1b 2% ,000 95,200 59,5CC 65,000
5 ul]:gorctlcnl ultizate lcad 23,600 48,500 53,600 63,500

M}lo of cxperizental/theoretical values 1 1.1 1.2 1.02

Because of creep and drying shrinkage, stres:c losses occur amownting to iy

pr 3
T it 131 v %

Internal Pressure Te:'s P
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retical values is equal to 1 or more for the center-load tests, and is

Table 2 shows that the ratio of experimental values to theo-

1.2 and 0.8 for tests of resistance to internal pressure. Considering
that these tests were preliminary and exploratory, and that no knowledge
exists es to the state of stress in the chemically prestressed concrete,
wor as to the relation between the state of stress, if known, and re-
sistance to internal pressure, the authors believed that the correlation
between experimental results and the approximations of theoretical velues
is surpiisingly close.
Slebs

48. Following the investigation of chemically prestressed pressure
pipes, a further xploratory study was carried on in the manufacture and
testing of relatively thin slabs. Two slabs were manufactured in this
series, one & 6- by 6-ft slab, 2 in, thick, with "two-way" reinforcement;
the other a 5- by 8-ft slab, 3 in, thick, with "one-way" reinforcement.
The concrete used in both slabs was of the same composition as that em-
ployed in the pressure pipes, except that the expansive-cement content
was & total of 9 sacks per cu yd, of which 7 sacks was the portland cement
and 2 sacks the expansive comporent. For the concrete used in the slabs
the maximum size of aggregate was 3/4 in.

49, Two-way slab. The actual dimensions of the two-way slab were

6 ft 6 in, by 6 £t 6 in. by 2 in. at the time of casting. The reinforce-
ment consisted of 1/U4-in,.-diameter, high-tension steel strands 6 £t b4 in,
long. The spacing of reinforcement in each direction was 3 in. The wires
in the first direction were all placed at the center of depth of slab,
and the wires in the perpendicular direction were alternately placed first
above, then below the steel of the first direction in order to insure
symmetry of reinforcement. All reinforcement was fitted with a washer
and a wedge at each end of each wire to provide anchorage against bond
fe'lure and slip. All steel was supported by wire chairs to prevent dis-
placement during casting. The ratio of steel to concrete area was 0,59
Percent in each direction.

50. Concrete, with water-cementing material ratio of 0.30, was
mixed in & pan-type mixer; it contained U oz of a water-reducing retarder
per sack of cementing material, The concrete, of 1/2-in, slump, was

’
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placed with external vibration provided by a steel table. The form for

the slab was placed on the steel table prior to casting, and the finished

slab was initially cured in place on the steel table for two days, under

{

burlap kept web by continuously flowing water. At 2 days age, the slab wag§

stripped, mounted vertically in a carrier, and transported for further cuf#}
ing to a fog room. Curing in fog at 70 F was continued to 35 days age.
The slab was thereafter exposed. to drying at 70 F and 50 percent relative .
humidity to 90 days age. ‘
51. The development of stress in the steel reinforcement during cup-:
ing and expansion, and subseouent stress loss on drying are shown in
fig. 10, Expansion and stress development were determined at three po-
sitions in the slab--midspan,

Mid - span
/;:rwn"-?m quarter span, and near theé

40 60 80 100
100% Relative Humidity ———ete—~ 304, Relotive Humidity

of the maximum stabilized
AGE IN DAYS (06 SCALE}

o000 | edge. ¥ Stress development was: &
@ T/~Edge of slod ;
f'”°°° /;. ":J—;—-'Y iw\ 3 found to be equal in rate and
z s :
£ a0,000 ‘//;/" i hatd magnitude in both directions, c
£ «0000 ,// i . the stress symmetry being ;
2 . subsequently verified by the 3
& 40000 ! B
> crack pattern when the slab ;

20,000 was tested to failure. i

0 | 52. Avout two-thirds ?
1 2 3 4 85678 10 20 30 “

Lin and Klein, Reference 16, stresses were developed within

EO

<

Fig. 10, Tensile stresses in reinforcement the first two deys of water-

of two-way concrete slab due to expansive  curing.

Thereafter, the rate
self-stressing

of expansion and stress de-
velopment was somewhat slower than would have been the case wi

water curing instead of the fog~-curing,
at midspan was 121,000 psi,

e

th continued -

The maximum steel stress produced

end the final value was 102,000 psi after
stress loss due to drying shrinkage and creep.,

at the quarter span was 100,000 psi

va

e

A

#

The final stress in steel

s Practically the same as at midspan,
The final steel stress near the edge of the slab was about 82,000 psi.

The reduced stresses near the edges of the slab are believed %o be due to
some slight movement of the anchor wedges at ends of steel strands, inas-

much as the concrete embedment gages at all three positions showed a

%
¥
4%
W
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% 54, The method of test-  ig-span

uniform meximum expansion of 0.40 percent,

v 53. .It is indicated in fig. 11 that the average compressive stress
in the concrete at the time of test (90 days) was about 560 psi. This
value was utilized in calculating the theoretical bending moment and the

theoretical ultimate stress, using the crackline theory.

ing the slab was to hold down o AT
the four corners and apply a £ o= =7l
uniform load over the entire z (,/,/ LT i
i i i Ll /) /// Rt
slab by applying air pressure g 7 t
to a rubber bag mounted under- B se0 ///
w
neath the slab, The clear span a uoy/ .
length was 5 ft 10 in. in each § %
direction. Poisson's ratio was %0 l
assumed to have a vealue of 0,20, o ? e Te 10 2630 Lo % 80 100
. . 100% Relative Humidity ——+—50'1. Relotive Humidity
The maximum bending moment was AGE IN DAYS (L0G SCALE)

caleulated as 0.1hwL° at the
edge of the slab and O.lle2

at midspan. Fig. 11. Compressive stresses in two=
way concrete s.ab due to expansive
self-stressing

Lin and Klein, Reference 16,

55. The compressive

strength of concrete of the

same mix design, cured in the same manner as the concrete for the slab,
determined for 2- by 2- by 4-in. prisms cut from uniaxially stressed 2- by
2- by 12-in, bars and having 0.40 percent expansion at the end of fog-
curing, was 6500 psi. The¢ modulus of rupture was assumed to be 12 percent
of 6500, or 850 psi, for use in theoretical calculations., Subsequent tests

of 2- by 2- by 12-in, prisms,uniaxially restrained, after fog-curing and

drying shrinkage, showed a modulus of rupture after removal of the re-

straint amounting to 1100 psi.
56. Using the calculated modulus of rupture of 850 psi and an ef-
fective prestress of 560 psi, the resisting moment of the slab at cracking

Wa.s calculated as

M= 850 + 560 5 22

o0 ft-1b per ft width of slab

g
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The cracking load was computed as

940 0. 1L

w = 200 1b per sq ft at initial cracking

Since the weight of the sleb, 25 1b per sq ft, acts dovnward, the total
upward air pressure required for cracking was computed to be 200 + 25 ,
or 225 1b per sq ft. The actual pressure measured at the appearance of
first cracking was 260 1b per sq ft. Hence if a modulus of rupture of
1100 psi and a compressive strength of 580 psi had been used in the theo-
retical calcuwlation the theoretical and experimental results would have

checked exactly.
5(. The ultimate resisting moment can be calculated approximately,

assuming steel stress at 200,000 psi, as
M= Asfsjd
= 0,424 x 200,000 x 0.80
= 22,800 in.-1b
= 1900 ft-1b

Using the craclkline theory,

8 x 1900
- 5.83% 5.03

= U7 1b per sq £t, and

b7 + 25 = U72 1b per sq £t at ultimate,
whereas the actual observed pressure at the ultimate was

460 1b per sq ft

“r

58. The slab after test showed a crack pattern of nighly symmetriéaLf

character, The symmetry of the crack pattern is believed to reflect for

the mosi part the high degree of symmetry ol prestress distribution in the

coricrete and in the steel, in the two directions of expansion and restraint;:
)

29, One-way slab., The nominally one-way slab was fabricated using

the same concrete-mix design as for the two-way slab, The overal
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dimensions of the one-way slab were 8 ft in the long direction, 5 £t
3-3/4 in. in the short direction, and 3 in. in thickness. A wooden form
was constructed with special arrangements for external vibration of con-
crete for the slab. No difficulties were encountered in placement, level-
ing, or finishing of the concrete. Vibration for placement was continued
for 60 sec.

60. The slab was flooded with water for 2 days, raised free of the
- form, and placed in fog at 70 F. TFog-curing was continued to 14 days agée.
Stabilization of expansion occurred within this period for all practical
% purposes, the rate of expansion becoming very slow efter 10 days. The
 slab was stored at 70 F and S0 percent relative humidity between 14 and

> 4% 40 days age, then returned to fog at 70 F for 5 days prior to being tested
ik under load.
61, High-tensile steel wires, 0.276 in. in diameter, anchored at

& voth ends, were placed at 6-3/4 in. on centers in the longitudinal direc-

tion only. The ratio of steel to concrete area was 0.3 percent. In the
transverse direction, five 3/8-in.locating bars of deformed structural
steel were placed @bout 2 ft apart. These locating bars were used with-

out end anchorage.

62. The expansion of the concrete at the center and edges of the

slab is shown in fig. 12 for both the longitudinal and the transverse

directions. In the longitudinal l | '

. . . . 0? il (—
direction the maximum expansions > el TRANSVERSE

[ Z\nrm

et

ot LONGITUDINAL
o
z

were O.Ll percent at the center os
of the slab and 0.48 percent at
the longitudinal edges, This is

as
oa /—‘
a3

02

8 10 percent greater expansion
at the center of the slab than
that for the two-way slab, ac-

EXPANSION, PERCENT

counted for by the lower ratio

of steel to concrete area of alr’

0.30 for this slab as compared ° TSETE 0 W ™ 30 0% 6 % K0
b 70° £, 100% R H ——er—reme—eee bt 30% RH , 70°F
to 0.59 for the two-way slab.

CURING AGE, DAY5 (LOG SCALE)
Lin and Klein, Reference 16,
As can be expected, the expan-

Fig. 12. Two-dimensional expension
of one-way concrete slab

sions in the transverse
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direction, which was reinforced lightly with conventional steel without
end anchorage, were substantially higher than those for the longitudinal
direction, being 0.64 percent at the center of the slab and 0,71 percent
ot the transverse edges. It is apparent that the effect of bond in the
transverse direction reduced transverse expansion to some degree.' The
expansion was about 60 percent greater in the transverse direction than
in the longitudinal direction, whereas other test data indicate that in
long members of small cross section with axial restraint only, the trans-
verse expansion is 80 to 100 percent greater than that in the direction
of restraint,

63. Shrinkage was low during the 26 days of drying at 70 F and
50 percent relative humidity, the net expansions at 40 days age being
0.43 and 0.45 percent in the longitudinal direction for the center and
the edges of the slab, respectively, and 0.61 and 0.70 percent in the

transverse direction for the center and the edges of the slab, respectively,

64, The tensile stresses in the steel are shown in fig., 13. The

major portion of the stresses,
1o in response to the rate of expan-
120 T sion, were developed during the
—+ WIRE AT £0GE
- / ML wine ar cente first four days, stresses being
x // maximum and constant by 10 days
g” / age. The maximum stresses were
5 / . Ceas
300 // mawsvceae, wor avewones developed in the longitudinal
Z . 4 direction, amounting to 130,000
/ ' psi at the edges of the slab near
® the points of anchorage, and
% F €867 0 W 26 30 4045 6 8 100 126,000 psi at the center of the
o 0% RH + 50 % RH ——ofacee—0 % M.
AGE IN DAYS (LOG SCALE) slab. The stresses developed at
Lin and Klein, Reference 16. .
) ) 4 days after casting amounted to
Fig. 13. Development of tensile .
stresses in steel of one-way slab about 9k percent of the maximum

due to expansive self-stressing stresses.

65. Relatively high tensile stresses were also developed in the
transverse structural steel bars without anchorages, At 2 days age a
stress of about 42,000 psi, and at 5 days age a maximum of 44,000 psi

were reached. Between 5 and 14 days age, the stress decreased to

B e oL T o | 22

b o olirodrc 9 W% o

o otk 5 <

e kbR R I

.c,y;‘&;ﬁm

ot

e T

28 x 2 B2

B IR S

R

O ES2

-

%,
ey

il

- 4 a

%
. 8 A % 3 it
T U e S T .;‘.MM}\!tmm.);;,d.ﬁ;;m’)::u&{ﬂm”mmmm‘mﬁ PRI ARE N




41,000 psi due either to slight amounts of slip cr to yielding of steel.
66. The transverse steel appeared to have a very desirable effect

upon the general behavior of the slab., It not only induced compressive

stresses in the concrete in the transverse direction, but also reduced

sonewhat the transverse expansion of uniaxial elements.

A
33y

e

67. Calculated compressive stresses in the concrete induced by the

o

chemical prestressing are shown in fig. 14. The rates of stress increase

,5 &
PR e

‘20 reflect, of course, the rates of

stress increase in the steel,

1\

g

%‘Ei LONGITUDIN No significant difference oc-

/ EOGE

ENTER < curred in the compressive

stresses between the center and

STRESSES IN PSI
2 8
s
\
(2]

edges of the slab in thé longitu-

180 // T dinal direction. The maximum

COMPRESSIVE

compressive stress achieved in

120

the longitudinal direction

$0
V//i averaged 375 psi, which was de-
[

2 3 4 5678 0 4 20 30 404 & 8 00 creased to an average of about
00% RH $ 80 % AH + 0O%RH,

AGE IN DAYS (LOG SCALE) 355 psi due to shrinkage on dry-
Lin and Klein, Reference 16.

Fig. 14. Developmerit of compressive
stresses in concrete of one-way slab about 65 psi was observed in the
due to expansive self-stressing

ing. A compressive stress of

transverse diréction of the slab
throughout the whole curing period after 2 days age.

68. For testing, the slab was simply supported along two edges,
% leaving a clear span of 7 ft 6 in. A uniformly distributed load was ap-
: plied through the use of air pressure as in the testing of the two-way
>slab. In the testing, as the slab was loaded, progressive values of de-
{fleétion and strain were observed. From the plotted load-deflection and
Zload-strain curves it was inferred that microcracking could start as
 carly as a live-load stress of 280 1b per sq ft when the curves began
to depart from a straight line, whereas the actual cracking load was ob-
served to be 300 1b per sq ft. The observed ultimate load was 400 1b per

sq ft of air pressure.
69. Assuming an effective prestress in the concrete at the time of

testing to be 360 psi, the modulus of rupture can be computed as shown
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weight of slab at 38.

3 1
N T ‘1':4,‘:{:. .
ot R e i

Net upward load = 300 - 27 = 262 1b per sq it

2
Maximum bending moment = 1%— N

A
VT o o

o i

.\I N

- 262.% 7é5 X Te5

iy sl
[t pd:

e X

= 1840 ft-1b

N

2
y 5 RS esta
R i el D

Maximum tensile stress = -@% . o %
b T

_6x 1840 x 12 &4

S 12x 3X 3 by

g

= 1230 psi ‘i

B

Modulus of rupture = 1230 - 360 o

= 870 psi '

z%

70. To compute the ultimate load, it can again be assumed that the:
steel developed an ultimate stress of 200,000 psi, while the lever arm camy

: . . X
be approximeted as 1.33 in. by applying the Whitney theory for a rectan- .

gular stress block in concrete of 0.85 fc': with fé = 6500 psi. Thus, for
As = 10 X %3%-% = 0.113 sq in. per £t of slab, the ultimate moment per e

7

foot of &lab is: %

At
%
3

RS %
SRS Ne as E e A

=
n

A f Jd
58

A g
T

-

0.113 X 200,000 x 1.33

RN
e
3

e
283 Y

P

30,000 in.-1b

o e o
]

S s J\‘ "

e

2500 ft-1b

Tl. At 40O-lb-per-sq-ft ultimate air -pressure, the tested maximum
moment is:

[

1

WL2

M< =5
=&&00-3é3)>€<37.5>< 7.5

)
AT -
dren L g RN 4

'

e LAert0E A

= 2540 ft-1p




which agrees closely with the value of 2500 ft-1b calculated above and
indicates the validity of the assumptions,

72. Major cracking occurred at midspan as expected for the type
of support and loading employed in testing the slab to failure. One
major crack occurred at a pressure of 300 lb per sq ft, at which time it
was observed that loss of end anchorage had occurred to a considerable
extent, Hence no further cracking occurred on loading beyond the pressure
of 300 1b per sq ft.
Hyperbolic paraboloid shell

73. An 8-ft-square hyperbolic paraboloid with a rise of 1.5 £t was
fabricated with a concrete mix containing 7-1/2 sacks of portland cement
and 2-1/2 sacks of expansive calcium aluminosulfate cement per cu yd of
# concrete, using a maximum aggregate size of 1/4 in. The membrane was
0.8 in, thick and the cross section of the edge beams was 3 by 3 in.
High-strength steel wires of 0,105-in., diameter were used as reinforcement,
The wires were spaced 2.5 in. each way, providing reinforcement in the

amount of 0,43 percent. The edge beams were reinforced with four similar

wires, .

T4. As in the case of the two slabs, expansion was stabilized at
0.4 percent, in this case at age 20 days, water-curing being used through-
out, Water~curing was continued to 50 deys age, and the shell was then
subjected to drying shrinkage to 70 days age, at which time the shell was
dimensionally stable for all practical purposes with a net expansion of
0.35 percent,

75. The shell was tested under uniform live load applied by air
pressure, being supported both horizontally and vertically at two corners
diagonally opposite. First crack occurred under a net load of 345 1b per
sq ft, and the shell collapsed at a net load of 585 1b per sq ft.

76. The shell was fabricated as a graduate research project by John
Choi, a graduate student in the Structural Engincering and Structural
Mechanics Division of the Department of Civil Engineering at the University
of California, Berkeley. Testing of the shell and analysis of the be-

havior of the shell under loadini; were carried on under the supervision of

2
Professor Vitelmo V. Bertero, 0
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Conclusions
/ 77. Lin and Klein felt that the most significant conclusion to be

drawn from these tests was that the structural behavior of such chemically
prestressed concrete elements as pipes, slabs, and perhaps shells can
generally be predicted by the usual elastic and plastic theories for strue-
tural analysis. In this instance, this conclusion is applicable only to
the particular composition of expansive cements utilized in the fabrication
of the structural elements involved. For this composition, the parameters
involving expansion, shrinkage, stress, and strength relations had pre-
ously been established, Hence, sufficient data were available to predict
and to control the behavior of the expansive concrete utilizing expansive
components manufactured in the laboratory. The authors emphasized that the
composition and manufacture of expansive cements are still in the research
and development stage, particularly with respect to utilization in members
having very high degrees of stress in steel and in concrete.

v T8. It is evident that further development is likely in the nature
and properties of the expansive concrete which, while not detracting from
the promise now shown in applications to chemical prestressing and shrink-
age compensation, will require further thorough study of many factors not
yet covered with respect to mechanical and structural properties of these
concretes,
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PART IV: RUSSIAN WORK

79. Mikhailove: reviewed the status of work pertaining to expanding
cements in the U.S.S.R. as of 1962 as a Principal paper in thé Fourth
International Symposium on the Chemistry of Cements. His review described

-+ .waterproof expansion cement, called WEC, ... developed
in 1942. It is obtained by dry grinding of high alumina
cement, gypsum, and artificial hydrocalumite (CuAHi*). Its
functioning is based on quick formation of high-sul%ate sulfo-
aluminate (ettringite). It quickly develops high strength,
provides full shrinkage compensation, sufficient expansion,
and great watertightness. It is excellent for repair and res-
toration of concrete structures, and as a waterproof layer.

.+ .stressing cement, called SC, is a more recént develop-
ment, and research on it is continuing. It has three éompo-
nents: finely ground portland cement clinker, high alumina
cement, and gypsum. Typical percéntages are 66:20:14 when the
portland cement has moderately high C3A content. Usé of a low
percentage of watér (25-30 percént) in l:1 mortar gives good
results under hydrothermic treatment (up to 100°C) after a day
of natural hardening, Low-sulfate sulfoaluminate forms first.
Recrystallization to high-sulfate sulfoaluminate in the already
hardened mass causes expansion, with retention of the bond to
reinforcing steel, thus stressing the latter, High strength,
watertightness, and prestressing possibilities make stressing
cement a valuable binder for prestressed construction,

Theories of chemical action are presented, and research
developments are discussed, Methods of producing self-
stressed piping are described and compared.

80. More extended excerpts from Mikhailov's review are included in

Appendix B.

81, Bu.dnikov22 stated that the addition of about 30 percent of gypsum
to aluminous cement in the presence of a liquid phase results in a chemical

interaction of gypsum with calcium aluminates to form a hydrosulfoaluminate,
and that when hardening occurs under moist conditions an expanding cement
of high impermeability to water is formed without decrease in strength,
Using 25 percent anhydrite, a nonshrinking cement is obtained,

82, In water-cured samples of aluminous cement with 30 percent gyp-
sum, about half the combined linear expansion takes place the first day.
Samples 230 mm in diameter and 50 mm long were prepared from mortar, and
samples 100 imm in length were prepared from concrete mixtures. The con-
crete contained 280 kg of cement, 170 # of water, 690 kg o! building sand,
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and 1300 kg of crushed granite. At an age of 3 days, the samples were im.t.

permeable to water under 8-atm pressure. It was found that gypsum-

aluminous cement in rich mortars of 1:2 and 1:2.5 (vy weight)

compositions”
and in concrete with 377 kg/hS of cement and & water=cement (W/C) ratiozdﬁz A

0.45 is frost-resistant; in mortars and concretes of the consistency and
composition stuted the gypsum-aluminous cement withstood over 200 cycles

of alternate freezing (at -17 to -22 C) and thawing (in water at 17 + 3 G)i
for 16 hr.

83. Trial determinations of the adhesion to reinforcing steel of o ?i
concrete made with expanding cement were undertaken by thé method of’ N N
) pressing down steel bars 14.t mm in diameter and 125 mm in length. The

i concretes tésted had a W/C ratio of 0.60. Esch dimension of the concrete

e i et e
O R (e

i cubes tested measured 100 mm, In the case of air-curing, the average value
of adhesion proved to be &k kg/cm , and in the case of water-curlng,

ko kg/cm . . E
‘ 84, The temperaturé rise during the hardening of expanding cement 9
. does not influence its strength. Tests showed that at 60 to 65 C, with

alternate drying and saturating with water, the expanding cement was
stable.
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PART V: STATUS OF KNOWLEDGE OF EXPANSIVE
CEMENTS AS OF 1 JULY 1963

23 '

in 1962, regarded expansive cements as still in the

Xexperimental stage, but observed that they may become of considerable

8%. Czernin,

& interest in the future. He noted that they were composed of portland ce=
in@nt rich in aluminates, gypsum, and blast-furnace slag. The sluminates
fin whe portland cement react with gypsum to form calcium sulfoaluminate;
Lthe slug "...is supposed to act as a stabilizer by whick the intentionally
$ produced gypsum expansion can be controlled and stopped altogether at a

F suitalle stage."

He adds "...since the extent of the expansion produced

' in this way Ls difficult to control, and the finael stress produced in pre-
Estressing elements is not very high, this interesting special cement has

E so far been used only in certain special cases."

> 86. Idorn2 noted that research has been conducted on thé role of

 calcium aluminate sulfates in concrete for more than 100 years. Most of ‘%;yﬁ‘{
:this work has been based on the hypothesis that crystallization accom- “?v{7
panied by volume increase of the "cement bacillus" was a mejor cause of
‘ expansion and concurrent disruption of concrete exposed to sulfate solu-
tions, e.g. sea water. Later on, studies of the influénce of the calcium
: aluminete sulfates on the initial setting of portlaud-cement paste also
5% f’?x commenced. And most recently, successful efforts both in the U.S.S.R.
£ and in the United States of America have proved that expansive forces
% :f i ascribed to the crystallization of cglcium aluminate sulfates can be con-
‘ trolled and utilized for prestressing of concrete members instead of exter-
3 ; . nal mechanical devices. This development may be said to reflect a remark-

able range of opinions on the calcium aluminate sulfates. Once this sul-

. ‘; - fate crystallization was considered a common cause of rapid and severe
; deterioration, but today it is utilized as a means of manufacturing con-
2 )/ crete according to the most advanced construction principles.
87. Admittedly such self-stressed concrete has not yet proved
durable; but on the other hand, it might be possible that other detrimental

BB agencies could, upon further research, be tamed and utilized. Today,.
\ %8 cxpectations of such kind may with some right be stamped as banalities,

and one might prefer the more limited question: To what extent are still
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—s nonrevealed factors involved in the chemical reactions between aggregete:

particles and components of cement paste in concrete? Idorn further sugs

gebted that there appeared to be a need of rencwed research on the lime-

alumina-sulfate-water system, aimed at a more accurate description of théj'?
potentially expansive combinations of cements, admixtures, and particuidr

rock types in aggregates, and with due regard also to the environmental

exposure conditions, the structural quelities of concrete (e.g. perme-

L vl dgme

ability), and the construction principles. The need for the lowaCBA \i
cements for concrete in sea water may be considered one subject of such
studies, and the further development of self-stressing cements another.

As & whole it is important to remember that the range of deleterious ééms(
binations within the outlined system is only a small part compared with

the area of beneficial combinations. However, it should also be borne

in mind that with deleterious combinations, exceedingly rapid snd disass .°

trous deterioration has been experienced in several cases.

88. The conservative viewpoint exemplified by the remarks of

23

Czernin - and Idorn? quoted above may be contrasted with the apparently

e s

rather extensive use of expansive cements in practical engineering appiic@a@

tions that were described by Mikhailovgl

at the Symposium in which Czernim{;
was also a participant. This viewpoint may also be contrasted with the <

19 ¢
increasing use of the materials developed by Klein and associatesl6’18’l9ﬁ§

!

s s

experimental structures including full-scale Paving projects. One of
these6 was described in March 1963 as follows:

Connecticut 's highway department takes bids this spring on
& project that includes an experimental section of expansive

concrete pavement. The section will be the first of its kind
in this country.

The three-lane, 1500-ft-1long section of Interstate 8k
in East Hartford will use reinforced concrete that expands
after it has been placed as a result of using an expansive ce-
ment made by combining bauxite with bortland cement in the
manufacture of the cement. Since expansion of the concrete
places the reinforcing steel in tension, producing a pre-
stressed slab, the pavement is said to be "self-stressing."

Departmental engineers point out that less concrete is
required with this type of construction, since a thinner pave-
ment can be used. Tentative Plans call for the experimental
section to be 6 in. thick, increasing to 9 in. in the outside
2 ft of each lane to Permit the use of standard Paving forms.

3b




The engineers also believe that riding qualities of the new
pavement will be better than the conventionsl desigh since
transverse joints are spaced much farther apart (SOO ft in the
1-84 experiment). :

Planned longitudinal steel will be 1/2-in.-dia, seven-wire
strand (ASTM 416), placed at one-half pavement depth with 1lh-in.
nominal spacing. Outside strands will be 3 in. from each edge
of the lane. Strands will extend the full length of each
500-ft section and be held taut throughout paving operations.
Transverse reinforcement will be No. T bars spaced 24 in. c-c
and placed alternately above and below the strands with the
bars bent 90 deg at the ends to form hooks.

There will be standerd keyways where lanes abut, but no
tie vars or bonding between slabs. High quality concrete of
low slump will be used. In order to minimize friction between
the pavement and the subgrade, the contractor will cover the
subgrade with dbout 1/2 in. of bituminous concrete and cover
this layer with two layers of polyethylene sheeting before
Placing concrete. :

Present plans call for reinforced concreteé sleeper blocks,
20 ft long and 7 in. thick, to be placed with their top sur-
faces at subgrade elevation. The sleepers will be centered be-,
neath the joints at the ends of the experimental section and
at the joints between the 500-ft slabs.

. ' Centered in each block and extending across the roadway
will-be & 12-in.-wide flange beam section cut in lane -widths. .
. Top surface of each of these beams will be at finished grade. : b
The top surface of each sleeper block will be covered with a - )
two-layer polyethylene bond -breaker. )

As the pavement is built, the contractor will bulkhead
the end of each slab 7 £t 3 in. from the center of the trans-
verse beam.. The strands will extend through the bulkhead, so
there will be space in which to grip and hold the strands taut
during concreting operations. They will also place, through
the bulkhead and parallel to the strands, deformed steel bars
that will extend at least 3 ft on each side of the bulkheed.

After the concrete has been placed; -it is expected to
expand enough to reduce the space from 7 ft 3 in. to about
6 ft. Later thig remaining. space over the sleeper will be
filled with conventional reinforced concrete.

Because of the thickened-edge design.of the proposed
pavement, it is planned to keep the top surfaces of the sleeper
blocke uniformly 9 in. below finished grade. For this reason,
each expansive concrete section will-havea transition sec-
tion; the plan is to make the 9 ft closest to the bulkhead
9 in. in uniformm thickness, changing, to the 6-in. slab with
thickened edges in another 3 ft. | : C

The Bureau of Public Rosds is contribuﬁing 90% of the cost
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and also providing engineering support. T. Y. Lin and Asso-
ciates, Van Nuys, Calif., consultants, in joint venture with
contractors C. W. Blakeslee and Sons of New Haven, Conn., and

the Permanente Cement Co. of Oakland, Calif., are collaborating
in the experiment.¥

89. Other experimentel pavements were placed in California in the

[»]
summer of 1963.LS Tnterest in expanding cements has also recently been

6 . ‘
manifest in other countries. Chopre and Rai2 have published a paper in

whichg

The suitability of the following methods of preparing ex-
pansive cements is discussed critically, with supplementary
experiments conducted by the authors: (a) Portland cement
mixed with CaSQ), and the dried hydrafio? products of lime and
burnt kaolin (Budnikov end Kosuirewvu 15 ); it is considered pref-
erable to mix dry predeterwined quantities of the four con-
stituents. (b) Portland cement mixed with granulated high-

Alp03 slag, lime, and gypsum; these cements are not considered
truly expansive even when stabilized with 10-15 percent of
high-Al1203 cement. (c¢) Porcland cement mixed with bauxite and
CaSOL instead of with a sulfc-aluminate clinker; the expansive
action of these cements is inconsistent and also very sensitive
to the quality of the materials and method of preparation. (4)
"Self-siressing" cements made from & mixture (Th:1b:12) of
portland CFme?t, gypsum and high-alumina cement cured 6 hr at 700
(Mikhailov 17 ); the portland cement should optimally contain

C38 48, C28 27, C3A 11 and ClAF 8 percent, but expansive ef-
fects are strongly influenced by the amount of mixing water and
by the nature of the aluminous component; that is, kaolin,

slag and bauxite are inferior to high-alumina cement. The
mechanism of expansion and the role of stabilizer sre dis-

cussed; more information is needed %o develop a more rational
method of breparing expansive cement.

90. An application of expansive cement to grouting was described
by Polivka and Klein.27 Tais application is similar in many respects
to that investigated by the WES5 and mentioned by Cassidy.7 The report
by Polivka and Klein included the following:

*¥ A news i?em”entitled "Self-Stressing Concrete Siab Tested in Pilot
Installation” appeared in Pit and Quarry for December 1963, p Lo, which
steted that in June 1963 3 prototype slab of self-stressing concrete was
made at the Prestresc Di:

vision of C. W. Blakeslee and Sons, Inc., Hamden,
Conn . N
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Studies were made of bond strength characteristics of
grouts containing an expansive constituent. In one set of
grouts, aluminum powder was utilized to produce expansions
prior to seiting. In the other set of grouts, a calcium
sulfoaluminate expansiive component caused expansions of the
grouts subsequent Lo setting. For both cases there were
studied neal-cement zrouts and sand-cement grouts.
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For grouts containing aluminum powder, expansion was ter-
minated within about 3 hours after mixing. TFor grouts contain-
ing calcium sulfoaluminate expansive component, termination of
expansion for all practical purposes was within 5 1o 7 days
after grouting.

Test results indicate that the grouts containing the cal-
cium sulfoaluminate expansive component develop much higher
bond strength than the grouts containing aluminum powder. The
ultimate bond strength of & neat-cement grout containing 30
percent of expansive component by weight of cementing material
was more than double the bond strength of a grout containing
aluminum powder in the amount 0.03 percent by weight of ce-
menting material.

The greater bond strength of grouts containing the expan-
sive component is due to the compressive self-stress developed
in the grout which is restrained from expansion in the pre-
stress cable. This compressive self-stress increases the fric-
tional resistance of the wire.

Sand-cement grouts showed higher bond strengths than the
neat-cement grouts. It is believed that this difference in
bond strength is due to the greater frictional resistance of
a sand-cement grout as compared to a neat-cement grout. 3

A,

...it appears that the use of grout mixtures containing 87
the calcium sulfosluminate expansive component used in this
investigation will produce considerably higher bond strengths
than those obtained with conventional grouts.

27

T It A
UL g1
CRERAL N

T

G

-

o

INTRODUCTION -

%

P st ot

When the tendons of posi-tensioned prestressed concrete
members are to be bonded to the concrete, the prestressing
cables are usually grouted with a cement grout. The grouting
not only provides the bond between steel and concrete but
alsc protects the steel ageinst corrosion. Depending on the
size of the prestressing cables, there is ingected either a
neat-cement grout or a sand-cement grout.[2 These grouts
usually contein a small amount of aluminum powder which
causes the grout to expand during the first few hours after
mixing an? insures more complete filling of the cable
ducts.[29
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Recently there was developed at the University of Cali-
fornia an expansive material which causes grout to ex-
pand after setting of the grout has taken place. This
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meterial is a calcium sulfoalumirate which when used with
portland cement produces a cgmenting material to.develop self-
stress in concrete members[l »19] Properly designed con-
crete members can be self-stressed (compression in concrete
and tension in steel) by the use of this material to desired
practical stress levels through adjustment of mix proportions
and amount of expensive component. The reaction causing the
expansive forces is completed within 5 to T days after
casting.

In this investigation, the expansive calcium sulfo-
aluminate component was used as one of the constituents in
neat-cement grouts and in sand-cement grouts. Whereas the
use of aluminum powder helps to insure more complete filling
of the cable ducts, the use of a component which causes expan-
sion after setting will improve the bond strength. Reported
herein are the results of an investigation in which the bond

strength characteristics of the two types of grouts are
compared.

TEST PROGRAM

<
2

Grout Materials and Mix Proportions.

255

Since the main purpose of this investigation was to
determine the effect on bond strength of a grout which expands
after setting as compared to a grout expanding prior to setting,
the test program included essentially two principal grout compo-
sitions, namely: (1) grouts containing an expansive go nent
(calcium sulfoaluminate) which expand after setting[l ’Tg? and
(2) grorts coTtaining aluminum powder which expand prior to
setting 29,30, he bond strength was determined for both neat-
cement grouts and for sand-cement grouts. Altogether six grout
mixtures were employed, three neat-cement grouts and three sand-

cement grouts. The mix proportions of these six grout mixes are
given in the following tabulation:

g B

e
SISy,

Cementing Material, % by weight
Grout Portland Expansive Aluminium
Mix  Type of Grout Cement Fly Ash Component Powder

;
g
.
d
b
!
£
)
:
5%
¢
3
!
¥
R
8

80 - 0003
Neat Cement 80 20 --

| 70 30 --
{ ?and Cemert gg 0 0.03
1:1 by wt -
J y wt) 70 30 --
Grout mixtures A and D which contained 20 percent of fly
ash a?d 0.03 percent of aluminum powder by weight of cementing
mgﬁerlal (cement Plus fly ash) were selected ag bheing representa-
tive of t@e types of grouts that are considered to be appropriate
for groutlgg of prestress cables. The fly ash, representing a
typicel suitable finely divided pozzolanic material was employed

38
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to reduce the tendency towards bleeding and segregation of
the grfgt and to improve the pumping characteristics of the
grout, 9] Cementing material hereafter refers, as the case
mey be, either to cement plus fly ash or cement plus expan-
sive calcium sulfoaluminate component.

All grout mixtures contained a commercial water-reducing
retarder in the amount of 0.20 percent by weight of cementing
material. The use of a water-reducing retarder in grouts will
reduce their water content for a given consistency, will re-
duce any tendency towards premature sviffening, and will retard
the setting of the grout. All of these properties are desirable
for grouts to be employed for grouting of prestress cables.f29}

The sand employed in the sand-cement grouts (1:1 by wt)
was a fine river sand practically sll passing 30-mesh sieve
and having a fineness modulus of 0.76. The gradation of this
sand was as follows:

Sieve Size, U. S. Std . . . . . 16 30 50 100 200
Percent Passing . « « . . . . . 100 98 87 39 9

The water-cementing material ratio of grouts was adjusted
until the desired consistency was attained. The mixing pro-
cedure and the method of measurement of consistency by the
"Flow Cone Apparatus" was the same as that described in ref-
erences [29] and [30]. Essentially the consistency is determined
as the time required for a given volume (1725 ml of grout to
flow from a cone-shaped vessel through a discharge tube l-l/é-
in. long and 1/2-in. in diameter. This time of efflux of the
grout, in seconds, is called the "Flow Factor."

The free expansions of the grouts were also measured.
For the grouts containing aluminum powder (grouts A and D)
the expansion characteristics of the fresh grout were deter-
mined and the expansion expressed as percentage of the original
grout volume. Details of the expansion test are also described
in references [18] and [19]. Since the free expansion of these
fresh grouts terminated at about 3 hours after mixing, the test
was discontinued at this age.

Bond Stress, psi(b)
Grout Cementing Material w/c , At First Slip Observed At 0.01-in. Slip of
Mix (a) (by weight) by Wt at Unloaded End loaded End Ultimate

NEAT-CEMENT GROUTS
(Consistency Factor 22 sec)

A 80%C +20%F+ Al 0.30 65 200 210
B 80 *+20¢4E C 0.3t 120 270 320
¢ T0% s+ 306E, C 0.3 2ko 380 k60
SAND-CEMENT GROUTS
(Consistency Factor 28 sec)
D 80%C +20%F + AL 0.49 95 260 370
E 8%C+20%E C 0.52 170 350 90
P 70%C+30%4E C 0.53 350 180 510
(a) € = portland cement, ASTM type I.
F = fly ash.

E, C = expansive component - calciun sulfoaluminate.
Al = aluminum powder, 0.03 percent by weight of cementing material.
(b) High strength steel wire 0.196 in. (5 me) dia, 9-in. embedment.
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For the groats containing the expansive component, the
free expansion characteristics of the hardened grout could
not be determined since the large expansions produced by this
component would severely disrupt a hardened grout bar, mak-
ing measuremf?ti meaningless. As reported by Klein, Karby,
and Polivka, 2] the use of thig expansive component pro-
duces free expansions of about 1 to 3 percent (depending on
many factors described in their paper) for concretes of

substantially lower cementing-material content than for grouts
i § employed in these tesis.
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' } Properties of Grouts.

b b et

Water content of the grouts was gaged to produce a B
Flow Factor of 22 seconds for the neat-cement grouts and ®
28 seconds for the sand-cement grouts. The water-cementing
material ratio of the neat-cement grouts ranged from 0.30
to 0.34 and for the sand-cement grouts from 0.49 to 0.53 by
weight, The use of 0,53 percent of aluminum powder caused
a 12,5 percent free expansion of the neat-cement grout (grout
B mixture A) and an 8.0 percent expansion of the sand-cement
grout (grout D). The aluminum powder used was a 100-mesh

{ leafing type having a specific surface of 31,000 sq cm per
: gram,
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The bond stress and the slip characteristics were de-
; termined on a high-strength 0.196 in. (5 mm) diameter steel
N i wire which was grouted in a verticel position over a 9-in,
¢ i length inside a l—l/h-inch diameter steel tube. The tube,
which was a standard flexible prestress cable hose was em-
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: . bedded inside a 9-in, concrete cube.... The cubes were made
. . of concrete having a compressive strength of 6,000 psi at
: 28 days.

Prior to being grouted, the wire was centered inside
% A the 1-1/2-in. steel hose by passing it through the centers
{ , of rubber stoppers placed at each end of the tube. The

y pottom stopper was also provided with a 3/8-in. diameter
. injection tube, and a similar tube was installed in the

2 top stopper to act as an overflow for the grout. ...

“ After the 1-1/L4-in. steel tube was completely filled with
grout, the two openings were sealed and remained sealed
for 7 days, the age at vwhich the bond test was performed.

The bond test itself was carried out following the
same procedure as the standard procedure for determining

¢ . the bond characteristics of . . )
‘ . co3s, 3L, of concretes, ASTM Designation
§ | The hi

_ gh-strength wire (0.196 in. or 5 mm in di-
. ameter)

: had an ultimate tensile strength of 240,000 psi
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and a modulus of elasticity of 29.5 x 106 psi.
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TEST RESULTS
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The bond strength and slip characteristics of grouted
wire were determined at age 7 days in three specimens for each
one of the six grout mixtures. The test results are given

L A TR e

sulfoaluminate component had a considerably higher bond
strength than the corresponding grouts containing aluminum
powder. For the neat-cement grouts, for example, the grout
containing 20 percent ¢of calcium sulfoaluminate expansive com-
ponent by weight of cementing material (grout B) had an ulti-
mate bond strength of 52 percent higher, and the one contain-
ing 30 percent of expansive component (grout ¢) 120 nercent
higher than that of the grout containing alurinum powder
(grout A). Similarly, the bond stress at 0.0l in, slip of
the loaded end and at the first observed slip of the unloaded
end was considerably higher for the grouts containing the
calcium sulfoaluminate expansive component than for the grout
containing aluminum powder, This superiority of the bonding
quality of grouts containing the expansive component is to

be anticipated since the expansion of the grout after harden-
ing, which is restrained by the concrete member, will develop #
a self-stressing condition in which the grout is in compres- s
sion and is forced against t?e Yrestress wire., As described

by Klein, Karby and Polivka. 191 e magnitude of self-
stress might be of the order of 1,000 to 2,000 psi, Since
the bond of a smooth prestress wire is purely a frictional
phenomenon, an improvement of the frictional resistance under

in the tabulation of p. [39] and in fig. [15].
The grout mixtures containing the expansive calcium A
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such conditions of self-stress would be expected. %% 7

e "

Tt is pointed out that these tests are of a limited s é’

scope. It can be anticipated that bond and slip character- i E

istics can further be improved by increase in the amount of By %

calcium sulfoaluminate expansive component above the 30 per- i %

cent employed in these tests. It is likely also that further gi?i 3

3 improvement could be obtained for grouts containing aluminum :?? _ﬁ
é powder by increasing the percentage above the 0,03 here i?g ?§
e employed. o 3
5 The use of sand-cement grouts produced higher bond %}; $
= strengths than those for the corresponding neat-cement grouts. Q' i %
For example, the sand-cement grout containing 20 percent cal- S q &

cium sulfoaluminate (grout #) had an ultimate bond strength fi 4 %

53 percent higher than that of the corresponding neat-cement ;} i %

grout (grout B). The greater frictional resistance of a sand- A 4 3

cement grout as compared to that of a neat-cement grout is S% ? é

probably responsible for the higher bond strength, £ z %

Measurements taken on the unloaded end of the prestress ﬁl % %
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Fig. (15]. Slip of grouted high-strength
wire and corresponding average bond stress
at age of 7 days
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wire showed that the bond stress at which the first slip of

the wire was observed is closely related to the ultimate bond
strength. The higher the bond strength, the greater the bond
stress needed for the free end of the wire to slip, Again, a
higher proportion of calcium sulfoaluminate component would prob-
ably enhance performance, B

Figure [15], in which are plotted the slip of the loaded
ends during the bond tests, clearly illustrates the results
discussed above., These curves represent the average of data ob-
tained on three bond specimens. Variation between individual
specimens was plus or minus 13 percent from the average plotted.
The values at which the loaded end slipped 0.0l in., given in
the previous tabulation, were obtained from these curves.

91. ©Subsequent to the completion of the preparation of this manu-
script Dr. Shu-t'ien Li, Professor of Civil Engineering, South Dakota School
of Mines, informelly made available for study a manuscript he had prepared
entitled "The Revealing Expansive-Cement Concretes."* He gave permission to
quote extracts from it for inclusion in this summary. A number of such

extracts follow:

Expansive cements and concretes, though they are seemingly
new artificial engineering materials, have had a long history
of development. During the past Tk years, there have been re-
current efforts toward evolving expansive cements. ° However,
successful endeavors in producing such cements and their widen-
ing epplications to controlled expansive concretes have only
occurred within the last 15 years.

In 1949, it was ascertained by F. Ferrari that a controlled
formetion of expansive sulfoaluminate will occur only in a
medium supersaturated with respect to calcium ions and main-
tained at supersaturation during the formation of this selt.
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Expansive cements were mede [at the Portland Cement Asso-
ciation] by mixing portland cement, calcium aluminate cement,
and gypsum in varying proportions, and were thus similar to
the "stressing cements" used in U.S.S.R. 1In contrast to
U.S.S.R. expansive cements where the mixtures were produced
by intergrinding, the PCA expansive cements were, however,
produced by simply blending commercial portland cement, cal-
cium aluminate cement, and gypsum in a concrete mixer Jjust
Pricr to the addition of aggregates and water. The gypsum
used was of reagent quality. Using differently blended mix-
tures by varying portland cement from 42 to 80 percent, cal-
cium aluminate cement from 4 to 50 percent, and gypsum from
4 to 20 percent, PCA researchers investigated the effects of

EZ 8T,

L s AL S, W

* Published as "Expansive Cement Concretes - A Review." Journal of the
American Concrete Institute, Proceedings, vol 62, No. 6, June 1965,
PP 689-T06. (1In the 3d line from the bottom on p 689, as published, the
values "8" and "3.6" are interchanged.)
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composition, and of time and temperatvre of cure, on mortar
strength, free expansion, shrinkage, and development of stress
in restrained specimens.

The PCA studies have shown that free expansions of
several percent may be produced by expansive cement mixtures
of portland cement, calcium aluminate cem~nt, and gypsum.
The magnitude of the expansion may be controlled by the com-
position of the mixture and by the temperature of cure.

In the PCA studies, expansive mortars that were cured
sufficiently to complete the expansion and were then al-
lowed to dry in an atmosphere of 50 percent relative
bumidity shrank about the same amount as conventional mor-
tars, that is, 0.1 to 0.2 percent. However, as the ex-
pansion before shrinkage may be a few percent, a consider-
able net expansion is available for inducing stress in
restraining steel.

Although conditions of tests were necessarily somewhat
different, a scrutiny of test results of U.S.8.R., UC, and

PCA expansive cements shows, in general agreement, the
following:

(1) Free expansions of seversl percent may be produced
by either of these variant products.

(2) The lower the water-cement ratio of the mix is,
the greater will be the subsequent expansion.

(3) Unrestrained expansion adversely affects compres-
sive strength. However, if the expancive concrete

or mortar is adequately restrained, high compres-
sive strength can be attained.

(4) ALl the three variant products can induce compres-
sive stresses in expansive concrete or mortar by
uniaxial restraint. However, such induced maximum
compressive stresses were considerably higher in
the expansive concrete for the UC tests than were
the corresponding mortar stresses for the U.S.S.R.
and PCA tests. The UC tests reported a maximum
induced compressive stress of 1200 psi versus

T00 psi for the U,S.S.R. tests and 530 psi for the
PCA tests.

It must be realized that the composition and manufacture
of expansive cements, the fabrication of expansive-cement con-
crete members, and chemical Drestressing are all still in the
research and development stege. Though the writer has un-
ques?ionable Taith to envisage a multitude of potentially very
promising applications, he is obliged to encourage further
thorough exploracions which seem necessary before expansive
concyetes can be used in a routine fashion. Such further
studies obviously appear to lie in the following areas:
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Determination of ogtimum compositions, Proportions,
and fineress of components of the expansive cements.

(2) Determination of optimum proportioning and curing,
with the objective of producing expansive coneretes
having predetermined ovtimum characteristiecs.

3z

et T
R

¢ % :
: (3) Determination of optimum utilization of expansive g !
i concretes in members having high degrees of stress in § }
% steel and in concrete. 5 3
; (4) Evaluation of loss of steel stress as affected by k. E
: shrinkage and creep of concrete, and slippage of % f
* reinforcement. g 3

(5) Determination of other factors, so far not yet .
covered, with respect to mechanical and structural
properties of expansive concretes. i E

(6) Formulation of design criteria for expansive- L
concrete mix and expansive-concrete members with %
respect to desired degree of chemical prestressing
and shrinkage compensation.

California Bxperimental Sections

According to D. L. Spellman, two experimental sections B

were installed in 1963 in California: one for the construction s

of a portion of the Antelope Valley Freeway near Palmdale in ;éﬂ

District VII, and the other for converting U.S. 99, near Lodi P

in District X, to freeway status. For the Antelope Valley B
¥

Freeway section two cement factors were used, 6 and 6-1/2 sacks
per cu yd, while a single cement factor was used in all units
of the Lodi section.

%

PR
s

i
73

Due to comparatively less expansive cement used, the re-
sults of these early experimental sections have not been
striking. After 58 days, following removal of curing membrane
on the Antelope Valley Freeway section, the average distance
between cracks in the expansive-cement pavement units was 60
£t, while the average in the control units was 56 ft; the
average d’ stance between cracks for the air-entrained units
was U8 ft, while the average for the nonair-entrained units
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& was 70 ft. In the Lodi section, after about three weeks of ‘ 3
. natural drying following the end of the curing period, the L f -g
'f average distance between cracks in the expansive-cement pave- EQ' % k<]
5 ment units was 68 ft, while the average in the control units b b ué
- was 65 ft. Gauge readings showed that vertical expansion L 3 %
i was greatest, transverse movement was intermediate, and longi- j 5

A A N R
&E

B tudinal movement was almost nil. Appearing to the writer, f; k-
k. these early results would, however, indicate: g %
3 lﬁ'{' . 4
b (1) That a larger percentage of the expansive component i é %
Z could have been used; o A

S
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(2) That friction to expansion between the pavement and
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its subbase might have not been reduced to the
minimum;
(3) That more full control of transverse movement would

help to develop more longitudinal compressive stress
for the same volume change of expansive concrete;

[ RSV N TRRPLIE 2

(4) That the nonoir-entrained concrete may have had much
less drying shrinkage; and

(5) That end anchors alone would be sufficient for
longitudinel restraint, and no resort to lugs cut
into the subgrade would be needed, as measurements
and analysis of strain data at the Antelope Valley
section had shown.

The Blakeslee Pilot Slab

On June 1k, 1963, a prototype slab was cast at the Pre-
stress Division plant of C. W. Blakeslee and Sons, Inc., at
Hamden, Conn. This slab was constructed primarily to furnish
information to the State of Connecticut Highway Department,
which had scheduled to construct a full-size experimental pave-

ment, using self-stressing concrete, near Glastonbury, Conn.,
in the fall of the same year.

Originally made for another purpose than constructing a
Prestressed sleb, the expansive cement did not contain as much
of the calcium sulphoaluminate as would be required for the
desired expansion. Consequently, it was necessary to use ten
sacks of cement (less expansive component) per cubic yard on
this pilot project as compared with only about 7 sacks of ce-

ment (more expansive component) on the later Connecticut
experimental pavement.

The mix design consisted of 940-1b expansive cement,
940-1b sand, 1,180-1b 1-1/k-in. traprock, Th0O-1b 1/2-in.
traprock, 2-1/2-0z. Darex per cu yd, 40-o0z. plastiment per
cu yd, and 300-1b water. The concrete was given a slump of
3 to 4 in. due to hand methods versus a desired slump of 1
to 1-1/2 in. if finishing machine and spreader were aveil-
able. Pouring was onto wetted forms and polyethylene sheet-.
ing. A double layer of such sheeting was placed over l-in.
layer of bituminous concrete laid over a compacted subgrade
of spoil and quarry floor. Ambient temperatures were be-

tween 60 and T5 deg F.: the temperature of the concrete never
exceeded 90 deg F.

Longitudinal reinforcement for the slab was provided by
twelve 1/2-in. and six 3/8-jn. diameter Prestressing strands
conforming to AS™ Standard A-516-59 7. fThe strands were
spaced 9 in. on centers over the width of the slab, anchored
to steel wide-flange beams embedded at the midpoint of end
sleeper slabs. Transverse reinforcement was provided by
No. 4 and No. > deformed bars spaced 8 in. on centers. The
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transverse steel was alternated over and under the longitudinal
steel and wire-tied to the strards. This heavy transverse
steel was used to limit expansion in the transverse direction.

Finished dimensions within the forms were 185 ft 6 in.
long, 13 ft % in. wide, and 6 in. deep. Sufficient gap was
left between the end form and the steel wide-flange beam
anchoroge to allow for the expansion of the concrete.

After three days, measurements showed that the concrete
had expanded 0.225 ft at one end and 0.27% ft at the other,
an expansion of 0.27 percent over the original length.

Compression tests on cores from the pavement averaged
2,882 psi ranging from 1,855 to 3,940 psi, all corrected to
a T-day value. No cracks were evident on the surface or sides
when the forms were removed. The slab was loaded with metal
casting forms on the seventh day, and prestressed beams were
cast on top of the 8-day-old slab.

This experimental pilot test slab at the Blakeslee plant
demonstrated that the idea of using a self-stressing concrete
with steel cables is a practical method of obtaining pre-
stressed slabs at e minimum cost. Except the need of having
equipment to start fog curing as soon as the slab surface is
finished, the technique of using expansive cement differs very
little from the ordinary practice.

The Connecticut Test Section

Connecticut's highway department had a 1,500-ft-long
experimental section of expansive-cement concrete pavement
built in 1963 on Interstate 84 in East Hartford. 1In its
manufacture, the expansive cement was made by combin._ng
bauxite with portland cement. Engineers of the department
claimed that (1) less concrete would be required with this
type of construction, since a thinner pavement of 6 in.
thick could be used, (2) riding qualities of the new pavement
would be better than the conventional design since transverse
joints would be spaced as farther apart as 500 ft in the I-84
experiment.,

Longitudinal steel of l/2-in.-dia, seven-wire strand
(AS™ L416) was placed at one-half pavement depth with 1k-in.
nominal spacing and outside strands 3 in. from each edge of
the lane. Strands were extended the full length of each
500-ft section and held taut throughout paving operations.
Transverse reinforcement of No. T bars were spaced ek in.
c-¢ and placed alternately above and below the strands with
the tars bent 90 deg at the ends to form hooks.

Standard keyways only were provided where lanes abut,
with no tie bars nor bonding between slabs. The concrete
used was of high quality and low slump. To minimize friction
between the pavement and the subgrade, the latter was first
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covered with 1/2 in. of bituminous :oncrete and then two
layers of polyethylene sheeting before placing concrete.

Reinforced concrele sleeper blocks, 20 ft long and T in.
thick, were placed with their top surfaces at subgrade eleva-
tion. They were centered beneath the joints at the ends of
the experimental section and at the joints between the 500-ft
slabs.

Anchorage ot strands was provided by 12-in. wide-flange
beam sections extending in lane widths end centered in each
block, with top surface at finished grade. The top surface
of each sleeper bl cx was also covered with two layers of
polyethylene bond breaker.

The end of each slab was bulkheaded 7 ft 3 in. from the
center of the transverse beam. The sirands were extended
through the bulkhead, vroviding space to grip and hold the
strands taut during concreting operations. Through the bulk-
head and parallel to the strands, deformed steel bars were
placed extending at least 3 £t on each side of the bulkhead.

It was expected that after the concrete has been placed,
the space of 7 1 3 in. would be reduced to about 6 ft. This
remaining space was later filled with conventional reinforced
concrete,

Due to the tendency of the type of expansive-cement con-
crete used in the experimental section to set rather rapidly,
difficulty was experienced in the finishing operations. The
bavement texture, therefore, is slightly different from the
adjacent conventional pavement. However, this phenomenon has
since been overcome technically.

The Bureau of Public Roads contributed 90 percent of the
cost and also provided engineering support.

As to service performance, reliable information has not

become available because as of July 6, 1964 the highway has
not been opened to traffic.

APPLICATION AND TESTS OF SHRINKAGE-COMPENSATED-CEMENT CONCRETE

Folded-Plate Roof Construction

. The year 1963 also witnessed the application of a new
shylgkage-compensated cement to concrete roof construction to
eliminate shrinkage cracks. The 100 ¥ 43-ft folded-plate roof
was cast in place for a two-story branch office building of
Midvalley Savings and Loan Association, in Yuba City, Calif.

Gtaggered colwmns carry 10 kite-shaped folded plates, with

maximum width of 18 £t, five pointing toward one long wall and
five toward the other. Each kite-shaped folded plate is sup-
ported by three 12 X 12-in. reirforced concrete columns, one
suppc. -+ being under the tail of each kite, the other two under
the corners 18 ft apart at the opposite wall. The fourth
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coruer canvilevers 6 ft beyond the extevior wall.

T plates are 6 in. thick where they join the columns
v Lap.ar to 3 in. at the top of their 5-Tt rise.

Typical roof reinforcing consists of No. 5 bars spaced
<237% i, ¢-c and No. 3 bars 9 in,c-c.

A mixture of 86 percent portland-cement component and
1% percent expansive-cement component was selected for the
roof. This blend provided enough expansion to stretch the
reinforcing bars by ebout 0.1 percent. The concrete was a
Inw-slunp mix. Opecifications call for concrete strength of
3,000 psi in 28 days.

kxcept for the use of shrinkage-compensated cement, this
coneretve roof construction followed the normal concreting
practice. However, counting on the crack-free concrete to
waterproof itself, the designers did not specify a water-
proofing compound.

In the eight months since construction was completed,
the roof had remained watertight, according to a published
release in January 16, 1964. After drying, the concrete had
only five hairline cracks. Its engineers believe that they
could have been caused by finishing touches during construc-
tion, and they consider that the critical period of this
prototype field test has passed.

Lightweight Concrete Roof Construction

In the course of obtaining approval from the Los Angeles

City Department of Building and Safety for experimental use of

shrinkage-compensated cement (Chem Comp) in lightweight con-
crete roof construction in a two-story commercial building
with roof parking, laboratory investigations were undertaken
in 1953 by Raymond G. Osborne Laboratories, Inc. of Los
Angeles at the request of Concrete Research and Development
Corporation. Ihe main concern was whether shrinkage-
compensated-cemcnt lightweight concrete would develop ade-

guate strength.

The Chem Comp cement had been made by intergrinding 14
parts expansive component with 86 parts Cushenbury Type T,
IT low alkeli cement. As a control, & trial mix (No. 1) for
a nominal 4,000-psi concrete was made using the said low
alkali cement (585 1b). Two Chem Comp mixes were made, one

(No. 2) contaeining the sam= emount of finished cement (585 1b)
as the contrcl mix and the other (No. 3) containing 14 percent

more finished cement (665 1b). Finally, a second control mix
(No. 4) was made containing 14 percent more low alkali cement
(665 1b) than the first. The average concrete weight of each
of the four different mixes was slightly less than 121 1b per

cu ft, all fine and coarse aggregates, free and absorbed water,

admixture, slump, and air content being very rearly the same.
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At 28 days the compressive strengths showed the following
satisfactory results:

Mix No. 1 2 3 4

Comp. Strength 5,500 h,T765 5,135 6,015
(psi)

Secant Modulus of

Elasticity at 28 days 3.107 2.914 3.023 3.063

(1,000,000 psi)

At 41 days, concrete of mix No. 1 had a shrinkage of
-0.035 percent, while concrete of mix No. 3 had retained an ex-
pansion of +0.031 percent.

Approval was given to go ahead. The roof was post-
tensioned in two directions to provide watertightness. The
roof slab was placed in two approximately equally sized sec-
tions, one section with Chem Comp-cement lightweight concrete
and the other portland-cement lightweight concrete. The dimen-
sions of each section were roughly 148 ft by 58 ft, with the
same nominal slab thickness of 6 in. The Chem Comp section
contained a re-entrant corner where the ramp met the roof.
Curing was by sprayed-on curing compound.

The Chem Comp concrete was made of mix No. 3. Three job-
cast standard 6 X 12-in. test cylinders and three cores cut

from the slab at each age showed average compressive strengths
as follows:

Job-Cast Cylinders Cores Cut from Slab
Av. Comp. Av. Comp.
Age Strength Age Strength
(deys) (psi) (days) (psi)
28 5,346 29 4,735
60 5,817 293 b, 787
90 6,090

Through age cix days, when the roof was post-tensioned for
both sections, no cracks had appeared at any location of the
shrinkage-compensated-cement roof deck, though there was a re-
entrant corner; while in the companion half of the roof deck,
with no re-entrant corner, placed with portland-cement concrete,
& regularly spaced pattern of drying shrinkage cracks was
visible. Internal reinforcement and all placing and finishing

operations were alike and the same as in normel concrete prac-
tice in both cases.

From the above labcratory tests and field observations,

engineers of the Concrete Research and Development Corporation
have drawn the following conclusions:
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9 y (1) Norwal strengths can be obtained in normal concrete
mixes using shrinkage-compensated cement.

(2) Strengths obtained in shrinkage-compensated-cement, A
concrete trial mixes show a direct relationship with '
the amount oi' portland cement in the mix.

(3) The advantages of shrinkage-compensated cement can be
obtained in the field without departure from standard o
engineering and construction techniques and practices. >

STEERING GEARS OF EXPANSIVE CEMENI'S AND CONCRETES IN U.S.

In the U.S. at the present (196L4) a spectrum of Federal, -
state, academic and institutional, professional, and industrial K
interests and their steering mechanisms in advancing the tech-
nology of expansive cements and concretes may be viewed from

the following:

(1) The National Science Foundation is supporting “A
Basic Study of Expansive Cement and Expensive Con-
crete" (P-11493, GP-616) with a grant of $114,900 for
two years in Fiscal 1963 and 1964 by Vitelmo Bertero
and Milos Polivka in the Institute of Engineering
Researcn, University of California at Berkeley. -

(2) 1In the Division of Highways of the State of Cali-
fornia Department of Public Works, its Meterials and
Research Department is continuing field performance
observations on the Palmdale and Lodi expansive-
concrete-pavement test sections respectively on the
Antelope Valley and U. S. 99 Freeways. Concurrently §
in New England, the State of Connecticut Highway
Department continues observations on the field per-
formance of its East Hartford test section on Inter-

ey

Bl e

Y

3 state 84, of expansive-concrete pavement to which the R
Bureau of Public Roads of the U.S. Department of Com- ‘
merce contributed 90 percent of the cost. ¥

(3) In the Division of Structural Engineering and Struc-
tural Mechanics, University of California at Berkeley,
several faculty and research members, notably T. Y.
Lin, Alexander Klein, Vitelmo Bertero, and Milos
Polivka, are continuing their research, bolh basic
and applied, in the field of expansive cements and
concretes. Coincidentally, another advanced study
and research group led by Shu-t'ien Li and William
V. Coyle on the faculty of the Department of Civil
Engineering at South Dakota School of Mines and
Technology, delves in the applied technology of trans-
lating scientific and technological findings in ex-
pansive cements and concretes into operative and
optimuwn criteria for use in design and construction

Their research and development mission

W’l‘%)&&f_‘ QESE LA i

practices.
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is aimed at filling the gap between scientific re-
search and engineering practice...

After Alexander Klein, & research engineer at the
University of California at Berkeley, had developed
expansive cement over a six-year period, an indus-
trial combine, holding the basic patent rights to
products in the field of expansive cement, has been
organized with the corporate name of Chemically
Prestressed Concrete Corporation. This is enough
evidence in their high hopes for its ultimate suc-
cess. Comprising a cross section of inventors,
Producers, engineers, and contractors, this re-
search, development, and promotional firm has its
holding shares owned by Permanente Cement Co.,
Medusa Portland Cement Co., C. W. Blakeslee and
Sons, Edward K. Rice, T. Y. Lin, Alexander Klein,
and R. R. Pegram.

Besidés licensing the patent rights to expan-
sive cement to any domestic cement plant on a per-
barrel royalty, the corporation is investigating its
bpotential as a regularly marketable product and doing
the promotional work. Though still a development
product prior to general sale, mixtures of shrinkage-
compensated cement and regular portland cement be-
came available on the West Coast through Permanente
in December 1963, and has become experimentally
available in the Midwest, through Medusa. Another
formulation of expanding cement and portland cement
Producing & concrete that DPrestresses itself by
stretching high-tensile-strength steel may also be
supplied upon order.

These proprietary materials are produced through
basic modifications in the design of portland cement
raw mixes. They have been produced in normal port-
land cement rotary kilns, and may be produced in
quantities. The present (June 9, 1964) premium in
California is $1.40 per barrel over the delivered
brice of Type I cement. On an F.0.B. mill basis,
the price is roughly $4.80 per barrel in bulk and

$5.19 per barrel in bags, both subject to a 20¢ per
barrel cash discount.

§o far in this early developmental stage only two of
its member companies, the Permanente and Medusa, of
the Portland Cement Association are licensed pro-
@ucers of expansive cement. TIts industry-wide
interest as reflected by the work of ti:ie PCA Research
agd.Development Labora?or}es may be seen from, but
limited to, the paper, released in 1963, of G. E.

Monfore on their staff on the investigation of

e o ATV AGE

5

43

ey

A R S e

AR AR

g

R IR




. Rt S A A i
KA % AN

R

E R
W RF

TR

X
ka.

oo

AT RIS oAt ot A < e

ST
S5

8

Y

mortar properties of expansive cement made with port-
land cement, gypsum, and calcium aluminate cement.
These ingredients were not interground but simply
blended just prior to the addition of fine aggregate
and water--a way of adding expansive admixtures to the
mortar mix.
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APPENDIX A: EXTRACTS FROM %i

AND DISCUSSION OF PAPER BY H. LAFUMA i

1T

1. Bxbracts from "Expansive Cements” by H. Lafume®" and the discus-

sion thereof follow: é%
It will hardly be necessary to stress the disadvantages caused by the ‘5:

¥l

shrinkage of concrete in buildings; one of the more obvious results is the
formation of cracks that will enable aggressive agents in the atmosphere or
water to reach the interior of the concrete and the reinforcing stecl. Shrinkage RN
will also cause internal stresses inside the concrete and make it more brittle. e
And finally, it is an important disturbing element in the design of reinforced
concrete structures. .
Shrinkage is the property possessed by concrete of contracting on drying;
1t is closely related to the moisture content; the contraction increases when i

oo
(A

&

LR

A

%G

the concrete dries but will change to swelling when the concrete re-absorbs
water. In other words, the apparent volume changes are reversible, at least g
approximately. 5

The study of shrinkage in concrete is extremely complex on account of
the many factors that influence the phenomenon. It varies with the type of 5
cement used, its fineriess, the preparation of the mix, the amount of mixing :
water, the admixtures of soluble salts, the curing conditions etc. Only .
vague, or even contradictory data are available on the influence of the quality Y
of the cement itself and, so far, it scems that the systematic investigations
carricd out in America have not been able to establish the influence of the
various constituents, the results of various authors who have attempted to R
do so being in complete disagreement.

Therefore, the main effort has been directed towards reducing the amount v
f of shrinkage by improving the manufacture and curing of the concrete. j
3 During the last few years, a great deal of attention has been paid to the i
B possibility of counteracting shrinkage by the compensating action of certain }
4 ; factors—-hence the idea of cements with compensated shrinkage—or even
B - to transform the shrinkage into swelling, as suggested by Mesnager and ?
; later by Caquot and Lossier who pointed out the advantages that might ?

ensuc in improving the charactzristics of the concrete.

To climinate shrinkage entirely it would be desirable to produce a swelling
equal to the shrinkage at any given moment, and this would mean that the
swelling should take place during the drying period, which seems impossible.
Consequently, it was nccessary to adopt the following approximate method :
swelling, exceeding the amount of shrinkage, is produced for a period of
time lasting as Jong as possible, so that subsequent contraction on drying ‘
offsets the original swelling. The method applies to cement a phenomenon

g first taken advantage of in connexion with building plasters in which one
: of the constituents—anhydrous plaster—produces a certain amount of
\ 3 expansion that compensates the shrinkage of the hemi-hydrate.

Figurc 1 gives a schematic representation of the principle.
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In practice, the compensation of shrinkage will require 2 cement producing
a swelling of the order of 2 to 3 mm per metre; expansive cements have an
initial swelling cxceeding 7 mm per metre.

The materials that may be used as expansion agents are: lime, magnesia
and calcium sulpho-aluminate. As Le Chatelier pointed out, the expansion
is closely linked up with the hydration in the solid state without any previous
solution : it is the result of the powdered condition of the hydrates formed,
producing an apparent increase in volume that would prove detrimental to
the mechanical strength of the concrete if it were left entirely free and
unrestrained. Excessive expansion could result in complete disintegration of
the concrete mass.

The necessity of obtaining a controllable expansion that will remain
constant with time practically enforces the use of sulpho-aluminate as an
expansion agent, but there is still the possibility of using it under various

I’

Figure 1.

forms since there is a certain latitude in the choice of the source and the
amouats of alumina, calcium sulphate and lime tequired for its production.
'Ithc idea and industrial adaptation have been effected by Hendrickx and
his assistants.

The first expansion agent to give satisfactory practical results was a
sulpho-aluminate clinker.

Starting from the idea that high temperatures might produce a combination
of sulphate with lime and alumina, the technical experts of the firm  Poliet
et (?hausson » have tried simultaneous burning of gypsum, bauxite and
calcm.m catbonate. The existence of a chloro-silicate 2Ca0.8i0,.CaCl,,
described by Le Chatelier, seemed to support the initial hypothesis of an
anhydrous sulpho-aluminate.

Affer several laboratory tests, industrial production of the sulpho-
al.ummous cement was commenced, using a wet-feed rotary kiln. M. Perre,
director of the Beaumont works describes the process as follows :
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The mix is prepared by wet grinding of a mixture containing about
50 per cent gypsum, 25 per cent red bauxite and 25 per cent chalk, to a

o 3 fineness of less than 3 per cent residue on the 900 sieve. The mix containing
i 42 t0 45 per cent water is then burnt in a “ Polysius Solo ” kiln, with a
& E; length of 70 m and a dianseter of 3-20 m, burning pulverized fuel. Buraing
e B takes place readily, clinker forms at an appreciably lower temperature than

‘$ ; Portland cement. The material forms into conglomerates with a diameter
of about 50 cm. These conglomerates break up automatically on entering
the cooling chamber. Burning is carried out with a large quantity of excess
air in order to reduce the amount of free SO,.

When the clinker has cooled, it is crushed and ground and this produces
the sulpho-aluminous cement that will be mixed with Portland cement for

the manufacture of non-shrinking and expansive cements.
The chemical composition of the sulpho-aluminous clinker may be as
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v follows, for instance: o
a3 T H
3 per cent '
5:' Insoluble matter 2.8 ,»

3 i Soluble $i0, 7.0 i
; 4 Fe,0, 57 ut
g ALO, 199 "

] : €0 413

A : MgO 01 i
e ‘: TiO, 08 &
- § Loss on ignition 09 5
- 3 SO, 221 3
e It must be pointed out, however, that subsequeat investigations on t!ie ;
e ?? clinker did not confirm in any way the original hypothesis regarding its a
i i composition. :
"\\ i X-ray analysis revealed the presence of important amounts of ; free anhy- "
v‘, i drous calcium sulphate; calcium aluminate, particularly C,A,; calcium silicate O
08, .

1 Consequently, the clinker is probably composed of a mixture of the follow- .

£ ing substances : calcium sulphate 38 per cent; y-dicalcium silicate 20 per -;'
cent; aluminates, ferrites and aluminoferrites 38 per cent; impurities f :
. 4 per cent. |
B X-ray examination does not reveal cither ferrites or aluminoferrites, :
3 neither does it show up small amounts of impuritics, and there is no * dust-
é ing *’ due to the presence of dicalcium silicate because the proportion of
¥ calcium sulphate will prevent it, according to the well-known observations
g of Candlot. ]
5 At this point, it might be useful to give a few brief considerations on
E sulpho-aluminous cements of this type. There is no reason why they should
: not be used. They are the only ones to produce remarkable strengths at
i early ages, comparable to those of aluminous cements. They have been
3 studied and investigated on several occasions but have never been prodtfced
on an industrial scale. It would be possible to use either a mixture of high-
: alumina cement and calcium sulphate, or to burn a mixture of gypsum .and
: bauxite, since the fina! product is a mixture of calcium sulphate and calcium
[ aluminate. However, from this point of view, the clinker described above
§ contains rather too much lime. The difficulty that prevented industrial
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application, is the more or less unavoidable irregularity of the manufactured
product, which is probibitive in cement manufacture.

But, quite apart from hese the retical considerations, the chinker described
above is bemg used for the manufacture of expansive cements, in a mixture
with Portland cement of normal composition and of the best possible
quality.

The fact that sulpho-ajuminous clinker is a mixture of calcium sulphate,
calcium aluminate and dicalcium silicate, and not a new sulpho-aluminate
compound is sufficient proof that it is not absolutely necessary to use it
but that there are other possibilities, such as a mixture of high-alumina
cement and calcium suiphate, or of bauxite or pozzolama and calcium
sulphate. But since the main factor is the rate of dissolution of these various
substances, it may well be important whether the expansion agent is pre-
pared by thermal treatment or by simple mechanical mixing. ‘

But, to get back to expansive cements to be found on the market they are
composed, in principle, of two cements; each cement is stable on its own:
attificial Portland cement, which forms the basis and gives its own propertics
to the mixture; sulpho-aluminous cement, which constitutes the expansive
agent.

A third, stabilizing, substance is added, i.c. blastfurnace slag, whose slow
action enables the expansion to take place over a given period of time and
which subsequently absorbs the excess calcium sulphate. An adequate
choice of the grading and proportions of these three constituents will make
it possible to contro! both the extent and the duration of the swelling.

Figure 2 shows the action of slag in a cemrat causing a large amount of
expansion,

Uasound/caments ‘
{
Limiting ¢aponsion
2s0- ____'1_.’..__\ ___________________ .....—l_
t = 5 per camt ding
E Danqerous 3one
K. =
1 2D -] e e e —— __,‘4: ————————— o e
5 Safe limit - B - & -
i ‘ - o -
i
3 e- ‘
Stodle z0n¢ T
—— 4 %
H 10 15 20 s 0 90 180
Time = days
Figure 2.

Mixing should be carticd out with the utmost care, since any irregularity
will have a considerable influence on the results. The composition of non-
shrinking cements is very similar to that of expansive cements, the only
difference being that expansive cements contain larger amounts of sulpho-
aluminous cement in order to produce the required expansion.

To avoid any subsequent damage, it is necessary that the expansion is
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. B
\ completely under control as regards its extent and its duration. Premature 1
§ expansion would lower the initial strengths. The expansion can be delayed 4
by using rather a coarse grading for the sulpho-aluminous cement. It is

useless to try to prolong the expansion beyond a period of about ten days .
on account of the difficulty involved in keeping the concrete sufficiently .
wet to enable the reactions to take place.
Figure 3 represents the duration of the swelling as a function of the
fincness of the sulpho-aluminous cement.
It is quite easy to understand how the duration of the expansion is a
function of the particle size of the sulpho-aluminous cement: finer pasticles ,
will hydrate more rapidly. Moreover, finely ground cements will show less :
expansion, since the expansion represents the difference between the apparent
initial and final volumes, and the finer the cement, the greater its apparent
initial volume.
The amount of expansion can be controlled by the proportion of sulpho-
aluminous cement added tu the mix.
Expansion will start only when more than 8 per cent sulpho-aluminous
cement is present.
The curve representing the swelling of expansive cement s a function
of its SO, content is, of course, entirely similar.
Elongation starts only beyond 4 per cent of SO, The Portland cement,
has also a certain amount of influence. For similar SO, contents, the differences
in elongation will be small but there may be an appreciable time lag on
account of the strength of the Portland cement. The higher the strength,
the slower the swelling because the two forces involved act in opposite
directions; the expansion will be delayed in proportion to the strength of i
the Portland cement. The following table gives the mechanical characteristics
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of a few expansive cements in relation with Portland cement (Figure 6):

A Portland cement

B Expansive cement SO, 44 per cent total swelling 2:75 mm per m.

c » 3 535 , » » » 590 »
D %) » 590 ,, ”» » 9-65 ”»
E ” ) 630 ,, ”» » 1300

”
The test specimens used in this investigation were cured in water after

demoulding. If the specimen is kept restrained in a mould during the curing
process, a certain amount of self-stressing takes place and this increases the
strengths to a considerable extent, as shown in Figure 7.

One of the advantages of expansive and non-shrinking cements is the
improvement in water-tightness resulting from the absence of incipient
cracking during the period of expansion. The cracks, started during the time
when the concrete is still plastic, are the main cause of any subsequent
permeability.

One disadvantage should also be mentioned; cements of this type aerate
very easily. Figure 8 shows the strength and expansion values of an expansive
cement kept for a certain amount of time in ordinary sacks or in sacks
impregnated with tar.

To study the applications of expansive and non-shrinking cements would
exceed the scope of the present paper. Lossier, who advocated their
use in the first place, has described in the technical press a number of remark-
able and spectacular applications—full references to these applications have
been included in the bibliography. It will be sufficient to mention the
following three points.

The first concerns the difficulties involved in the use of cements of this
type. Since the expansion is, in fact, the difference between the initia! and
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the final apparent volume of the concrete, the expansion will be adequately Lh
defined only in so faras the compacting of the fresh concrete is itself adequately K
defined. FRA
i The second is relative to an important difference between expansive and ; ‘
non-shrinking cements. Contrary to what might be expected at first, it is o
casier to ensure a given amount of expansion than to compensate for the
normal amount of shrinkage. This is due to the conditions of placing.
When expansive cement is being used, the expansion is produced by syste- o
matic wetting of the concrete. Consequently, it will be sufficient to use 2
; cement with 2 small excess swelling. Wetting of the concrete is stopped o
when the. desired amount of expansion has almost been reached and, after :
a few hours, the swelling stops at the required limit. But the same technique iy
could not be applicd to non-shrinking cement and it is more difficult to
control the wetting conditions and, consequently, to control the expansion.

The last point refers to the problems of large-scale industrial manufacture of
specialized products of this type, although there is no doubt about their .
interest from the technical point of view. Cements of this type will necassarily ;
find a very limited market and their manufacture will not have a very great
commercial appeal. Commercial firms producing these cements do so without
any great financial incentive and technicians should appreciate the fact that
cement manufacturers have interested themselves in the solution of these .

problems.
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4 ‘ 2. Hi&kanson33 in discussion of Lefuma's work8 noted thet he had:

. g

i

E ‘,

- i - - . fellowed the development of ciment expansif in France with a

3 / great deal of interest and I have read a good deal of the literature on it. In

E‘ ‘, . » . I3 » -

73 i spite of this, there is one point that is not clear to me. I should lxkc:l to a;!:

8 ; what stresses are sct up in the concrete and to what extent are they relieved?

b ] We have made some simple experiments on beams 10x 1070 ¢cm and

‘ 4 . » .

3 20%20x 70 cm. We immersed them in water and’ fixed them into an ap-
A ] paratus, having demoulded them after two days. We controlled the length
] 3 of the specimen and kept it constant by means of a screw. The stress was
A measured by means of a rather exact device underneath the beam and it was
i- § always found that at first the stress increased; later it decreased, sometimes
9 : practically to zero. Sometimes it remained at about 5 to 8 kg. per sg. cm.
E § The maximum varied between 15 and 27 kg. per sq. cm., and was rc;chfd
3 within a week, the stress decreasing soon after. It appears t(;‘ rr;-c”t at in
3 5 . - » . “'

3 concrete which is fairly well restrained, this cement acts mht cl ot.o ﬂn::;’
A ; way. At first it expands and sets up a stress but owing to the plas ic floy

X i that stress is more or less relieved and after the first two weeks when ;ncr; is
. . - x

y: 5 no appreciable stress to counteract the shrx'nkage it appears to me that this
g concrete will shrink and crack just like ordinary concrete.
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Lafuma replied that:

.. . the expansive force has been measured in
numerous experiments in France and is found to be about 30 to 40 kg.
per sq. cm., becoming stabilized by creep at about three-quarters of its
maximum value. Concrete made from expansive cement if dried out under-
goes a shrinkage of the same order as normal concrete, measured with

reference to the dimensions attained at the moment of beginning the drying
cycle.

3h

« « . on the possibility of using
expansive cements for concrete roads, keeping them constantly under com-

pression and thus avoiding joints. A British engineer has proved that the
weight of the concrete slab is sufficient to ensure that there will be no blow-
up. According to the very interesting experiments mentioned by Mr.
Hakanson, [33] think the possibility is not very grect. Professor Lafuma men-
tioned in his paper that if the expanding concrete is restrained in its form an
increase in strength takes place on account of the extra compression. I should
like to know how the concrete acts when it is released; in other words,
how much of the unrestricted expansion is regained and how much is con-

verted into creep? 1 know that some investigations have been made but 1
should like to have this point clucidated.

Lafuma replied:

It is not possible to give a definite answet to Dr. Meyer’s query. Limited
trials on road sections in expansive concrete suggest that it is possible to
increase the spacing of the joints. If the concrete is restrained during the
period of rapid expansion, the expansion produced on releasing the re-

straint is only that to be expected having regard to the restraining force

and the elasticity of the concrete. But restriction of the expansion will
affect the inechanical properties of the concrete.

Notable authors, such as Lossier, have subscribed to the view that expan-
sive cement can be used to bring about self-stressing, but 1 do not per-
sonally believe this, for the following reasons.

The expansion of the cement is due to the formation of calcium sulphc-
aluminate under particular conditions, the mechanism resembling that
involved in the slaking of quicklime. 1 shall discuss the latter reaction,
which is the simpler. The absolute volumes involved in the reaction CaO-+
H,0=Ca(OH),are 1c.c. 4 tc.c. = 1-8c.c. Asis general in hydration reactions,
there is an overall diminution in absolute volume. An apparent expansion
results because the calcium oxide becomes hydrated without first dissolving
in the water. The reaction takes place in the solid state, and since 1-5¢c.c.of

hydrate is formed from every lc.c.of oxide, there is necessarily an expansion
accompanied by pulverization and distuption of the solid mass.
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b In the case of expansive cement, the expansion is due to the formation
i 3 of sulpho-aluminate, but because of the cohesion produced by the other
constituents, there is no disruption; the cohesion naturally diminishes if

pis the cement is not restrained.
The stress developed by the hydration of lime is restricted, as Le Chatelier
has shown, for the following reason. The solubility of hydrated lime is

,f ‘ increased by pressure. It follows that in a moist mass of hydroxide sub-
A jected to pressure, recrystallization takes place relieving the stresses; there
; is always space for this because of the absolute decrease in total volume
o accompanying hydration.

; 3 The same limitation applies in the case of calcium sulpho-aluminate,
4 and that is the reason why in my opinion it is not possible to achieve such
high tensions in the steel as are obtained mechanically in prestressed concrete.
\

. 6. Cowans’ in the discussion of Lafuma's work8 asked for his views:
i

e

k- + « . on the results of tests on expansive cement concrete
Y recently carried out in the civil engineering department of the University
of Sheffield.

It seemed reasonable to assume, and indeed it had been suggested by
various writers, that the expansion of the cement, if resisted by suitable
o steel reinforcement, could be utilized to produce initial compressive stresses
in the concrete similar to those which would be induced by mechanical
3 prestressing. Two barrels of expansive cement manufactured by Poliet et
3 Chausson, Paris, were procured and two beams were cast together with
e the appropriate subsidiary test specimens. A 1:2:2 concrete mix was used
b . withi & watcr.cement ratie of 0-5. The dimendions of the beams were 6 in.
e by 9 in. by 8 ft 6 in. long. Each beam was reinforced with four half-inch dia-
4 meter high tensile stcel bars with an ultimate strength of 150,000 Ib. per
3 sq. in., one bar in each corner of the rectangular cross-section. The beams
were fitted with thick steel end-plates. The bars passed through these end-
:. plates and were threaded at the ends and fitted with nuts bearing against
S the end-plates. These nuts were made finger tight only. It was assumed
; h that the expansion of the cement, duly observed in our subsidiary tests,
e L would induce tensile stresses in the steel and corresponding compressive
Ee 1 stresses in the concrete.

e , One of the beams was tested in pure bending, and the other in pure
e torsion. The results were compared with experiments on four Portland

cement concrete beams, of which two were normally reinforced and the
other two mechanically prestressed. I may add that the torsion test is ex-
tremely sensitive to small increments in initial compressive prestresses 36]we
found that the strength of the expansive cement beams was only slightly
q . higher than that of the normally reinforced Portland cement beams, and
3o * well below that of the mechanically prestressed beam.

] We thought that this negative result might be explained by the apparently
very low cohesive strengths of the expansive cement at the time when most
of the expansion takes place. If the expansion is resisted in one ditection,

. the volume flow of the concrete would then produce expansion mainly
in some other direction. In the case under discussion the expansion parallel
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8. Gille3 in the discussion of Lafuma's work8 noted that

the beam was opposed by the steel mould. The concrete, could however,
expand without obstruction in an upward direction.

If this is the correct explanation of our test results it would limit severely
the possible applications of expansive cement for the purpose of prestressing,
since it could only be used in confined positions. All the successful applica-
tions of expansive cement of which I am aware are, in fact, of this typel37]]
should be very glad to have Professor Lafuma's views con this point and 1

would also be grateful for any further information on the mechanics of the
expansion process.

Lafuma replied that:

In the particular experiment quoted by Dr. Cowan it may be that expan-
sion took place vertically, but even if this were not so, the tesults would be
explained by what 1 have already said.

The formation of ettringite (sulpho-aluminate) is also controlled by
the temperature, anomalies appearing at 30 to 40°C as shown by Kiihl and

confirmed by Brocard and myself. The experiments of Dr. Gille are as
far as I know the orly ones of their kind.

In his excellent paper on expansive cements Professor Lafuma had shown
the difficulties that their use on 2 large-scale basis involves. In our investi-
gations we found that besides other influences temperature also affects the
expansion, expansion going up with the decreasing temperature. There
was a remarkable difference even between the behaviour at temperatures
about 19°C and 32°C, as shown at the right of Figure 1, that is, in the
temperature range in which concrete is usually laid. It is presumed that

these differences depend upon altered conditions for the formation of
ettringite,
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Change in length of mortar and concrete specimens

A ¢ with time, when made
with expansive cement,

to the axis was resisted by the steel reinforcement while the expansion across
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9. Andrews in discussion of Lafuma's work8 noted that Lafuma had:

N

! .« » mentioned in his paper the expansion of gypsum
plasters and 1 should like to make one or two comments on this aspect

B even though it is somewhat outside the main theme of this symposium.
% It is well known that mixes of plaster of Paris and water expand on setting
3 to gypsum, though consideration of the density of the phases involved
k. J shows that there is a reduction in true volume. The expansion is caused
23 : by the arrangement of the gypsum crystals which, in growing, create pores
: i in the set material. The set product, still containing a considerable propor-

| tion of water, shrinks on drying, a characteristic of most porous materials.

‘The unrestrained expansion is normally many times greater than the shrink-
age. 1t becomes less as the proportion of mixing water increases and can
‘ be significantly affected by other materials present or added. Its magnitude
may vary between zero and 0-5 per cent linear or even higher. Tests at the
Building Research Station have shown that the shrinkage on drying from
saturation to equilibrium in air of 65 per cent relative humidity is also
[ dependent on the proportion of water used for mixing, becoming less as
' the proportion is increased. It may vary between 0-01 and 0-02 per cent
4 and increases if the humidity of the air is reduced. )
5 ] The setting cvpansion of plaster of Paris, even if it is fairly high, is nor-
_ mally no disadvantage. Indeed, for producing plaster casts it constitutes
> one of the most uscful characteristics of the material as it enables the finest
details of the moulding to be accurately reproduced. In some instances,
however, its expansion may give rise to difficulties and defects. In building
the use of plaster with a high setting expansion may cause distortion of
3 : building boards to which it is applied or may affect adhesion to smooth
4 surfaces such as some types of concrete. In dentistry and in some engineer-
ing work it can lead to undesirable dimensional inaccuracies. Methods
are known and used for controlling the setting expansion of materials
based on plaster of Paris. In dentistry and other work, plasters with a very
low expansion and a convenient setting time arc obtaired by the use of
potassium sulphate and borax. In building plasters a mixture of a keratin-
type retarder and a small proportion of lime gives a satisfactorily low ex-
’ pansion. Such additions are considered to effect a reduction in expansion
chicfly by modifying the crystal habit of the gypsum formed on setting,
but a disadvantage of the use of lime is that it carbonates during storage
and eventually becomes ineffective. Portland cement has the same cffect
as lime in reducing the magnitude of the setting expansior. and has the
advantage of a slower rate of deterioration through catbonation during
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i0. Goria ané Appianobo in discussion of Lafuma's work8 noted that:

In his paper Professor Lafuma concludes his description of the chc.mi.cal,
physical and mechanical performances of Lossier’s cement by mentioning

threc particular points.
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The first concerns the difficulty when using these cements, of defining
the amount of expansion (that is the difference between the initial and the
final apparent volume of the concrete).

The second esseatially points out the difficulty of controlling the wetting
conditions and consequently the expansion.

The third refers to the problems of production on an industrial scale.

For the third point we remark that in agreement with the experiences
of other authors [13.14.15]the simplest way to manufacture these expan-

sive cements is by merely grinding a mixture, thus avoiding the un-
necessary heating of the sulpho-aluminous expansive component.
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APTENDIX B: EXTRACTS FROM AND DISCUSSION OF PAPER BY
BY V. V. MIKHAILOV

1. Extracts from "Stressing Cement and the Mechanism of Self-
stressing Concrete Regulation" by V. V. Mikhailoveltand the discussion

thereof follow:

During setting and hardening, cement comporents
are hydrated and acquire new structural forms, accom-
panied by concrete volume change.

3 et Lo pene b

At these changes, the internal stresses in the
colloid particles, and between them, appear and are
either partially or completely localized. Hence ce-
ment paste and concrete undergo uninterrupted volume
changes.

Cement paste expansion, in consequence of so-
called "inconstant volume," or of the influence of sul-
fate water, causes cracking, just as concrete shrinkage,
highly undesirable, also leads to cracking.

Fargoing research has long been engaged in efforts
to eliminate the harmful influence of shrinkage on
reinforced concrete, or to provide conditions to obtain
setting and hardening without shrinkage. Only in 1942
was this problem basically so'ved, ... [by the develop-
ment of waterproof, expansive cement called WEC].

WEC is obtained by combined dry grinding of high-
alumina cement, gypsum, and artificial CjAH)3 (lknown
as the mineral hydrocalumite). The latter is obtained
: by joint hydration of high-alumina cement and lime,
followed by drying and grinding. The degree of expan-
sion of this cement is largely regulated by change in
the proportions of components.

Formation of calcium hydrosulfoaluminate C A(d§)3H32*

(ettringite), known as "cement bacillus," concrefe's
most dangerous enemy[“l] and the cause of considerable

concrete building damage, is employed to solve this
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3 problem in cement expansion not only for shrinkage _
f? elimination but also to obtain sume expansion. Calcium
4 hydrosulfoaluminate appears in the early stages of WEC
- hydration and its formation is ccmpleted shortly after
4 cement setting. Expansion thus begins and also en@s

?7 in the short time of the cement paste stiffening, 1.e.,
4 during the early period and first phase of cement

3 % The symbol 3 is herc used for SO3. The bar distin-

guishes from $ = Si0p

T Raised numerals refer to similarly numbered items
graphy at end of main text.
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hardening, thereby completely avoiding the harmful
influence of etiringite formation.

e A v e

Tt was in 1943 that WEC cement first came into use
to vebuild war-destroyed reinforced concrete construc-
tions; later in subway construction to replace lead for
caulking joints of cast iron tubings, guaranteecing water-
tightness, high strength, and quick building. WEC ce-
ment finds use also in coal pit bracing. Good results
were also obltained by expansion cement application in
the repair and restoration of underground infiltrated
concrete constructions.

To date we have worked out very simple and rapid
methods of tamping cracks, holes, and cavities, which
imnediately stop water filtration, making the construc-
tion ready for use.

It is customary to apply waterproof cover as a
concrete jacket in underground construction, when shot-
creting with WEC concrete greatly simplifies the work.

An isolation layer of a WEC concrete, 3.5 cm
thick, can be placed directly on the damp surface,
promptly stopping water secpage. Such layers are ap-
plied tc isolate dam surfaces, hydrostation tunnels
and pipes, buttresses, banks, and other underground
and sca constructioms. The method is applicable in
building repair to restore to proper condition demp or
subnmerged premises.

Thus, ... watcrproof expansion cement ... has over-
come the difficulties involved in concrete contraction.
Again, this cement is used in various branches of con-
struction to replace lecad, metal, and other materials.
Creation of this cement is an example of the profitable
use of harmful factors in construction building, "ce-
ment bacillus" for example, whose formation and struc-
tural expansion are connected with the initial period of

WEC existence, when the colleidal formation in cement
pa’He is maximum.

&
7

) All known cements are now applied only to make
strong stone from ballast, gravel, and sand, but these

binders have unexplored qualities far beyond present
applications.
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Cement's "inconstant volume" and the possibilities
?f regulating nonelastic expansion are as yet not prof-
}tably employed. These factors establish a condition
in concrcte in which the reinforcement becomes extended
and prestressed, making unnccessary the mechanical
methods now practiced. This novel idea of creabing
self-stressing, obtainable by the help of stressing
cement, opens wide horizons for application in building,
and provides cconomy in materials and expenditure.
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2. ¥ v reviewed his concept ¢f the mechenism of sedting

and hardening
of these mechanig:

In considering the structure of high strength
portland cement clinker we distinguish two struc-
tural varieties of clinker compound compositions.

(1) portland cement of high alumina content
{fig. 1}, n which polymineral structures C,S and
C:3 are glued with a glasslike mass of calcium
glwminate (C3A) and some calcium ferroaluminate
(CAF).

(2, brownumiillerite portland cement (fig. 2) in
which polynineral structures C,S and C.S are
glued with a glasslike mass of calcium ferro-
aluminate (C,AF) exclusively. Here CA is
absent.

To stabilize the technical properties and to
reguinte setting tiine, the portland cement clinkers
are ground with a stall amount of gypsum, which
can renct quichly with the alumina compounds of
the clinker in water medium.

Any misture of poriland cement with water, as
a result of absorption and chemical dispersion of
the cement grains, which are splinters from the
mechanical grinding of clinker compounds (fig. 3;,
disintegrates into separute micro and colloidal
particles clearly described by P. A. Rehbinder .[42]
Such a dissociation is accelerated by high solu-
bility of alumina and ferronlumina glasslike matrix
compounds and outwedging water uction (Reh-
binder), owing to penectration into nuinerous
microcracks of cement splinters. As a result,
active surfaces of cement grains quickly increase
and hydration and hydrolysis are accelerated.
Special investigations (A. Smirnov) with the appli-
cation of radioactive isotopes have shown that 1
hr after mixing of C,A with water (fig. 4), the
active surfaces of cement incresse from 3,000 to
300,000 cm*g, or by a bundred times. The

expansive cements.

tland cement as a basis for developing an explanation
a

3 sdate’d +hot e
He stated that:

explanation of these dissociations is that in chem-
icnl and mechanical processes cement particles
less than 10 p disintegrate fully into particles of
colloidal size (0.1 to 0.01 x), and form colloidal
ceinent glue. Larger cement splinters of poly-
mineral structure CS and CS, cannot fully
dissociate even over a long time and always
retain kernels of cement splinters, untouched by
weter. The cement glue layer, when the quantity
of colioidal formation increases by new cclloidal
particle absorption, gives a saturated solution,
and hydrated crystallization occurs directly around
the remaining cement kernels, separated from the
former by water diffusion layers, free of soluble
salts. In the process of further dissvlving, new
hydrated ions and molecules of clinker salts are
continuously ejected through this layer and are
concentrated in the area of colloidal structure of
hardened cement paste and are absorbed by the
nearest crystalline hydrated formation.  The
hardened cement paste forms structures where the
former cement, new formation, free water, and
air are reacting.[43] The role of the latter is also
important because hydration speed and volume
change, which continuously accompany the struc-
ture changes, largely depend on the air distribu-
tion in the structure. A schematic drawing (fig
5) shows the hardened cement paste structure,
conditionally, after the alumina compound forma-
tions are fully hydrated, which requires little time.
By this time, C,S, and to a small degree C;S
kernels, decrease by hydration from the surface.
As the hydration process of C;S kernels develups,
the water diffusion layer diminishes and the process
slows down and finally stops because of water
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Fraure 1. High alumina portland cement structure, rich in C4A and CiAF.
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Fiaure 2. High alumina portland cement structure, CyA-free.
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Figure 3.

Polymuneral structure of portland cement yrarns
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Fiovre 4. Diagram of cement gruin active-surface
increase during first hydrafion period

deficiency. The more air bubbles, large and
small, spread through the structure, the quicker
is the development of solution saturation and new
erystallizauion. N. V. Mikhailov[44] has shown
in his research on cement hydration the existence
of two stages of structure formation:

(a) the stage of formation with predominance
of thixotropic coagulation structure, with reversi-
ble recovery after mechanical destruction, and

(b) the stage of strengthening, characterized
by both crystallization and coagulation structure.

These two stages are definitely distinguished by

R R R

Scheme of gel and air disiributson in hardening

FiguRre §
cement paste

the change of plastic properties of the cement
paste, and are established by continuous and
regular tests with a plasto-viscosimeter (nethod
of N. Mikhailov and E. Kalmikova) {1 For
ever~ kind of cetent paste there exists one ¢ is.
tinceve point (fig. 6) when the plastic streagth
of structure increases quickly.

In the coagulation structure, soou after us
formation, the processes of calcium hydroalvini-
nate crystullization proceed quickly with unusuat
formation of crystailine needles and chains, winch
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Fi6ure 6. Changes of cement paste plastic sirength with
time, for different cements and different watler confents.

pierce the congulation structure of the slow hard-
ening hydrosilicate components like a framework.
After the cement paste colioidal phase reaches
mazimum saturation of new formations, these
structures are thickened and completely form
such a pseudocrystalline framework.

Maximum saturation is characterized by a
breaking point in the diagram (fig. 6), which
exactly divides the different states of cement
paste structure.

By cement setting and hardening, ions of
hydrated clinker salt are cjected to the more
distant solution zone, free of hydrated sult
influence. Movement of these iens becotes more
difficult, the more bubbles, big and small, in this
solution (fig. 5). During the first stage, ions of
caleium, alumina, and ferronlumina clinker salts
predominate, to whicl. later calcium silicate ions
are added. Very soon, particularly with low
water content in the mixture (hard paste consist-
ency), oversaturation of solution is attained and
crystallization begins, giving cotnpounds of new
formation, gluelike in appearance, and different
in form and configuration. Then the process of
crystallization accelerates, following partial wuter
release, with absorption on the new formation
surfaces.

As a resuit of permanent water exhaustion in
the direction of nonhydrated clinker kernels, the
new formations, in crystallization and congulation
states, are in permanent compression. Particles
of these formations draw together (fig. 7), hecause
of molecular attraction in the zones of capillary
particle contacts.

Surface capillary tension in these contucts ulso
draws the particles closer. The equilibrium now
depends on the capillary forces which attract
the structural particles and simultancously push
the particles away. Later these forces not only
act spontaneously but also through the thin layer
of the water jacket covering the particles.

Water molecules which have lost their mobility

Fioune 7. Scheme of hardening cement slruclure.

and are attached to particles by attraction forces
due to the tensioning influence between the par-
ticles are gradually squeezed out from the contact
and packed densely, often replacing by direct
molecularinteraction new hydrated particle forma-
tions. As u result chains, needles, rods, and
frinble splines of colloidal new particle formations
appear and unite or connect by molecular cohesive
forces.  During CiS and C.5 hydration, water
exhaustion of their kernels causes difliculties,
thins the frec water layer and finally stops the
clinker salt hydration l)(,mg before expending all
the salt reserves. To a certain extent, external
water feeding can prolong hydration, but not
for a long time. The central zones of C.S kernels,
and especially €S, remain as a permancnt clinker
sult compound, as has been described by _Yoon%.[“]

If the cement paste structure had no air bubbles,
each cell bevween cement grains (generally three)
would be filled with water and with hydrated ions
of clinker salts, forming only one dimension of
crystal, which could freely move in this cell because
there is nothing to prevent free transfer in the
stream of thermal molecular inovement.

If the cement paste cells are air filled (fig. 5),
ions may be ejected to the boundary “‘cement
glue—air”, and, as a result, along the whole
boundury of this cell the possibility exists of
forming a great number of crystalline centers,
and, in this area, very dense and dispersed cement
paste structures arise. These consist of a ramified
network of hydrated alumine and ferroulumina
compounds, filled (to overflow) with hydrosilica
structures. Some scientists [46]affirm that with
the hydrosilica formuation a crystal of large dimen-
sion cannot grow when water content is low, with
which we absolutely agree. But this refers ogly
to hardening at temperatures ‘below 100 °C.
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When the temperature is over 100 °C, and partie-
latly above 140 °C, even in mixtures with very
low water content, caleium hydrosilicate crysluf—
lizes in a fibmus network of long lathlike and rod-
like crystals known as a tobetmorite formation,{47]
which explains the high mechanical strength of the
cement paste in question.

The Soviet method of concrete vibropress-
ingf48.493followed by hermetic concrete curing at
140-150.°C in the pressed state, aims to attain
stoong  tobermorite structure quickly. [t has
aleendy been pointed out that in the state of
structure formation, cement glue consists chiefly
of alumina and fervonluminn hydrated c¢linker
compounds, which form sufliciently developed
fibrous splines und framework.

This struetuze itself cannot play uny important
role in cement paste strengthening, but ean to a
considerable extent insure uniform distribution
of hydrated silicate in the whole volume of cement

glue, preventing large particles from growing,
and providing future high strength of cement
paste.
~ Future cement paste strength can be further
increased by repeatedly destroying these cement
paste formations by muchanical influences, for
example, vibration.  In tnis case there is demoli-
tion of many fibrous franiework ties which are
immediately  restored, but in dense structure.
During  this  restoration caleium  hydrosilicate
crystaliization takes place, giving very dispersed
and strong cement paste structure. It was on
this \)rinciple that methods of vibromixing, vibro-
punching, vibropressing, ete., were developed.
When the alumina und ferronlumina crystalline
hydrated formations predominate in cement paste
structure, it is possible by varying the amount of
water, and by mechanical coercion, vibration and
thermal curing to build and rebuild cement paste
structure to attain maximum strength.

3. Uince one of the two type. of expunsive cement described by

[
Mikhuilov

phenomenoy: of wkrertightness o follows:

During the setting and hardening of many
known cements, the volume of materials decreases,
becuuse of more dense placing of hydrated clinker
salts than cement grains plus free water.

Therefore the primary cement paste volume
(C+ W+ A) decreases its volume by hydration to

[C+ W4+ A=1=K)(Ct WD (1)

where C,=the original volume of the amount of
cement that reacted, Wy==water volume for this
hydration, A=air volume, K=ratio of the spe-
cific volume of the hydrated product to the
original specific volue of the mixture of cement
and water that reacted.

Equation (1) shows that by hydration the con-
crete volute undergoes chemical shrinkage, since
K< 1. There is also physical shrinkage by loss of
free water, W, in dey air,  Chemieal shrinksge is
large, and ivappeurs chiefly in volume change during
setting und during the first hours of cement hard-
ening.  For example, the high-alumina cement
paste shrinkage in 1 day is 0.7 percent of primary
length, nnd for portland cement paste 1 percent
Shrinkage is also large if cement paste is water-
hardened, causing difficulty during hole and
cement joint tamping. Later, by dry storage,
physical shrinkage develops as cement paste drics.
In wet storage, swelling appears and the volume
of cement paste increases.

When the liquid phase of hardened cement
paste is in equilibrium with air moisture, no
voluime change in cement paste occurs.

The interaction between the colloidal formations
of cement paste is regulated by cohesive forces of
capillary eontact (fig. 8). The theory of capillary
contact, worked out in 1941,(43] shows that this
interaction is determined by free water surface
curvature in capillary contacts between new
cement, paste formations and is described as

BY
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and the interaction forces as
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where V=water volume in contact, a=inclination
angle of sharp contact side, z=distance between
firmly attached colloidal particles, without taking
into account water layers, n=working diameter
of capillary contnct, r=average particle dimen-
sion, to determine the number of particle contacts
in unit surface, y=surface tension of water.

The cement paste system, under these inter-
action forees, is always n a stute of external com-
pression, constantly changing value when the sur-
rounding nair humidity changes. The change of
this compression in structure causes cement paste
volume changes and shrinkage.

Shrinkage can be calculated by eq (4):

N r I3 ¥
W=7 | o
arke 21,3001n]-
¢
v 2 2
e e e
1,300][\5 1,3001!\5

+r(27-—z1,3001n é) +Az  (4)

where ¢=relative humidity of the air.
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Fiavure B. Scheme of coherence of colloidal particles in capillary contact of cement paste.

Insofar as water exhaustion into diffusion layers
and new particle formations and compression by
capillary forces develop continuously, in similar
manner the average water surface curvature in
capillary contacts {43,50] continuously changes.
If at any early moment the humidity of the sur-
rounding air and the water content of the cement
paste were in equilibriumn, at the next moment, by
increasing the humidity, equilibrium disappears
and water condensation begins, which relieves the
particles’ capillary compression, lowering shrink-
age. If unlimited humid flow of air is mainteined,
there is full compensation of shrinkage compres-
sion. When hardened cement samples are stored
in water, its unlimited ingress produces concrete
swelling; but in this case interparticle pores and
spaces filled with water increase. 1if these samples
are placed in dry air, cement paste quickly loses
water from the large pores, and gives higher shrink-
age than in the normal hardening condition. On
the other hand, in dry air from the first moment of
cement setting and during hardening, equilibrium
is absent, and cement, paste loses water the more
repidly the larger the pores of the cement struc-
ture. As a result high shrinkage appears, con-
nected with water decrease in the capillary con-
tacts. With very dry air and large pores, water
loss is so rapid that cement hardening may com-
pletely stop. This water loss is accompanied by
e high shrinkage (physical factor). The impor-
tance of suflicient water retention, especinlly dur-

ing the time of setting and first perio of harden-
ing, is clear.

B8

TaBLE ). Technical code for waterproof expansion
cement—WEC

No. Qualities Messurement data
SERRR weesreveeaa| BY Water setting
1] Stable voluiie changes.. _ruweueencowens s ’aln Rater setting
{ng, no volume
change.

2 | Botting time:

(a) Initinl set, not before. .. . .| 4 min,

’ O(b)dfm'ﬂ sct, hot later than ..] 10 min,

rinding fineness:

(n) Restdueon screen No, 200, not ntore than.. 12 percent

(b) Passed through screen No, 90, notless than| 75 percent.

4 | Compression strength, not less than®

(a) Cubes20 220 120 mnm made with cement
paste of normal Plasticity, water-stored
1 hr after inixing-

1 75 kgleme,
300 kgfems.

28 days ...| 500 kgfem®.
(b) Prisms 31.5 x 31.5 x 100 mm, made with
mortar of normal plasticity, 1:2 (by
welght), stored 1 hr after mfzing:
Asi»(;'hr.......v.. .1 120 kg/em!,
3 months, _. .| 200 kg/em?®,

o

Elongation of 31.5 x 31, pris
Ylubcen:em pmt&' of l;o'u;nhplgstlrlt,}':l doy
a) Dry-alr.ctored and  ted st age o DY,
n{n Tess thal, Luu i s ccai s -] 008 pereent.
(b) In water after 1 hour and tested at o
1 day, not less than....

0.2 percent.
28 duys, not more than.

1.0 percent,

Cenient paste in normal storage after long water
storage gives greater shrinkage than cement paste
with Initia] curing in air.

Cements are applied in structures ug mortar or
concrete. ‘The exte nal effect of shrinkage is less
than in_pure cement, because of aggregate resist-
ance. But the degree of cement paste shrinkage
in the cells between aggregates is the same; there-
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fore in the cement paste structure high tensile
stresses arise, which can result in microcracks.
Microcracks permit water seepage which pene-
trates through the concrete, not only by applied
ressure, but easily because of its own weight.
he consequences of cement shrinkage are seen
in cases of cement repair of filtrated cracks and
holes when the cement paste cracks, or the cracks
appear on the hole edge. Invisible microcracks
can easily be seen when filtration begins at once
upon application of water pressure,

WEC application provides full shrinkage com-
pensation and sufficient expansion. WEC techni-
cal properties are given in table 1.[51]

Lab testing of WEC must be done in definite

sequence, differing considerably from the ordinary
cement testing. It must be remembered that
WEC storage and transportation is permitted
only in hermetic packing. WIZC technical data
must be controlled monthly.

L, t~’£ik.’nailov2l described the conditions of formation end the

stability, structure, and manner of crystalization of the calcium aluminum

sulfate (C3A(C§)HJ_2) as follows:

Former investigations of calcium silicate and
aluminate products of cement hydration have ana-
lyzed new cement paste structure formations. But
such research gives a picture only of the hydrated
system with high water content.

Furthermore, the newest technique of concrete
production uses less water in concrete, with the
result that the structure formation develops
differently.

We can affirm that cement hydration with low
water content gives quite new formations hitherto
unknown. In this connection, we also worked out
new methods that influence structure formation.
Finally we were able to externally affect structure-
building processes and deliberately conduct and
change them.

This rebuilding presents large-scale possibilities,
still untouched, to obtain new cement paste
structure forms.

Broad research by famous scientists in the
direction of studying cement paste structure and
the mechanisms of their formation and growth, by
petrographic microscope, electron diffraction, and
electron microscope give no results. This is
because these methods cannot test and study the
processes of hydration of cement with low water
content.

At times this confuses the researcher since the
conditions do not correspond to realit;:

Difficulties increase because the influence of
cement paste structure formation is operative not
only at the time of setting, in the first minutes
a~d hours of cement hardening, but at any other
time when the original cement paste structure is
sufficiently formed and strengthened.

Defects of all microscope methods of cement
paste structure analysis result from the manner of
sample preparation with high water content, when
the required structure form does not appear, or of
sample preparation by paste grinding, rubbing,
and surface polishing of hardened cement paste,
when the structure studied completely disappears
or basically changes. Therefore for microscorgc
analysis we appﬁed special microphotographic
methods with very thin nondisturbed cement paste
samples which were hydrated on glass (method of
Yoong [451), The feature of this method is in fine

cement_grinding, with hydration on a glass plate
with a low quantity of water, placing on the glass
in & very thin layer and pressing with the glass
cover to spread the paste. Some samples are
then hermetically isolated by glue or paraffin.
Thus we obtain nondisturbed cement paste sam-
ples, which are stored in dry air, humid air, and
water.

It must be said that this method, though only
qualitative, answers the questions: Has the strue-
ture the formations we are looking for? When do
they appear or disappear? Positive advantages of
this method of analysis are the possibility of pro
longed and continuous optical study of all changes
which occur in structure formation, and the possi-
bility of protecting hydrated compounds from
carbonation (by CQ, in air).

Studies by Danelan on high-alumina cements
with various compositions gave the following
average chemnical content:

8104 AL;Oy FeyOs Ca0 MgO 80; Losson
{gnition

12.3 43 48 3%.0 1.4 1.9 0.60

This cement consists chiefly of CA and low
quantities of C;S and C,AS. Immediately after
mixing it gives a hexagonal structure rich in
crystalline water—C;AHy, with index of refrac-
tion 1.487-1.480. )

Table 2 gives structural formations and strength
of high-alumina cement paste hydrated at 0.3-0.4
water cement ratio, and stored in dry air, bumid
air, and water.

Hexagonal formations of C;AHy and C,AH,
appear in dry storage, but are unstable and soon
disappear, recrystallizing into forms of the low-
caletum CAHye. The strength does not increase
with *ime, and remains at a low level, about
250-570 kg/cm?. i

Hexngognl forms C;AHjy and Q,AH. which
are more stable appear in humid and water
storage. Here cement pasto strength reaches
950 kg/cm? at the age of 1 yr. ) o

Specimens hardening in water give a similar
picture. Here new forms with 1.480-1.498 light
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Tanre 2.~FHigh-alumina cement

Age, daye
Cement paste Storage e
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Naw hvifoted. coment | Alf.co.o.c. CiAlly 1Ath i Cillin CiAHa
CiAll CiAH, CiAlly ChAl, CiAH,
Humtd alr.... CiAHu (LU J AT o iy
, o 1534 Ciall CiAHy CiAH, CidHy
Watetoweeoc Cklli) 1819158 Ciklhn CeAMa|  1480-1498 0  L477-1 498

Cidlln Cidlln CiA

Krbs K] 32t

Compression  strength, | Ale..._....... 258 {...
4 - (N 951
Kefom? l\{l:.'l’-i‘rd'" el ol %6 %3

refraction, which can be attributed to CsAllyg
are visible. This structure differs from those of
the new formations brought about by aluming
cement hydration in suspension, when the prod-
ucts of hydration are C;AH,, C,AH,,, and CyAH,,
de;)ending on lime content.

I'he hexagonal forms C,All; and C.AH,, were
very definite in investigations of water storage
samples. These structures can be deseribed as
alternations of hydroxyl layers: C,AH,—as
2Ca(011),-2A1{ON),-31.0; C,AH,y-—as 202 (0H),-
ANOI),-511,0.

All hexagonal calcium hydronluminates, as is
known from the literature, have a family likeness
in electron diffraction. C,Allg has n tendency
after a time to dissocinte into C,All; and AH,
by the reaction:

2Ca(0H),-2A1(OH),-3H,0-2Ca (OH),- AI{OH),-
31,0+ Al(OH),

but the layer structure does not break, only one

layer of AI(OH), attains the amorphous state.
Hydroaluminate attains high lime content for-

mation, CtAH,; in the main, when the lime con-

TasLg 3.

Tricomponent waterproof cement WNC

Alumina cement =75 percent by welght
Gypstim (CaS0, 0 5H;0)~6 25 percent by welght
Artlficial bydrocalumite CiA His—18 75 percent by welght

tent is high, which results from alumina ce
hydrated together with lime. 4

All hexagonal calcium hydroaluminate {oif§
tions become unstable and recrvstallize ing
cubic form, C;AH,  Hexagonal formatiof
hydration at high temperature has never
seen when gypsum is absent. It is diffe
when cement is hydrated rogether with gypd
In this case hexagonal forms are quite stab
normal and high temperature. Gyvpsum i
dintely reacts with C,AH,;: 3

CAH,+3(C8) Ha-+aq=ChA(C8);Ha+ CH IS
By insuring contact with water the formg
of C,A(CS);Hi, quickly ends. It appears inj
form of Inthlike rods at low lime concentra
and in form of thinnest needles at high lime @
centration. Gypsum binding in C,A(CS),H
accelerated by adding C,AH,,. F
Tuble 3 gives the structure formation, stre
dutn and volume changes of WNC cement p4
sumples hvdrated at 0.3-0.4 water-cement ri
and stored in dry air, humid air, and water.

Cement paste Storago — ____A e, duys
properties condition S

3 " 28 0 180 \%

P

New hydrated forma-| Alr...... ..... CiAH,y CiAH,y CiAh CyA 1.489-1, 8504 3~
tion, CiAHn 1. 498-1. 504 : i
AH, [ £

Humtd sir. ... CiAly CiAH, CiAH,y CiAH, CiAH, 6278 111 ORI S

N - - i CiAlln | b %

CiA{CBhln | ClA(CSHNn| CIACS)Hn| CIACSHHY |.......... ramann CiA(CShlly |..... © %

Waler......... 1810-1.528 | 0.522-1.837 | 1.510-1.628 CiAH, CiAlh CiAll ... ’ ‘é 3

CAHn{  1.486-1.10 CiAHi| CIA(CSpHn | CIA(CSt | CIA(CSHHY [... E %

Compressive  strength | Afr............ . ‘
Xelom ‘ Humidalr, - - o o } %
umidalr..... 210 1. 343 %

Whater....... 210 §... PO 275 ggg 3:7!3 ) i

El:neg(nu)on(+)orlhrink- Aftanennnnens, -0.08 -0 18 ~0.18 -0 22 -0 2 ‘?
Le{=). ]
Humid atr -003 +0 02 40124 i, %

Water..... +0 08 1009 40 180 s 18, o 3
@1
2 ¥
B
i %
5 -
B1O P %
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Cement WNC is a variety of WEC, but with
lower gypsum and higher CAH,, content. It
gives little expunsion in humid stornge and is
called waterproof nonshrinking cement.

This cement is characterized by quick setting,
quick hardening, and instantancous watertight-
1ess.

Due to this property, WNC is applied for
culking strongly filtrated cracks, holes, cavitics,

ete.

Table 3 shows that WNC, after mixing, gives
hexagonal formations C; A, and CA(CS),H;; at
once. On the third duy of hardening, the high-
lime formation C,AH,; does not appear, beenuse
of the lntter’s quick reaction with CS with forma-
tion of CyA(CS),H,;, showing light refraction of
1.464-1.458, but only in the case of humid and
water storage, In dry storage no traces of
CA(CS),Hy, are found. In long storage (over
360 days) crystals of gypsum were continuously
present.

WNCO strength is low (a characteristic of this
cement). It is 50 percent of normal bigh-alumina
cement strength in humid storage, and only 25
percent in dry storage. But despite this, WNC
15 indispensible when thr 2 is destruction to
repair,

The process changes basically by adding lime to
high-aiumina eement instead of artificial hydro-
calumite CyAliy3, when gypsum is present.  C;Al,
and C,All,; formations then appear, react with
gypsum, and form calcium sulfoaluminate, now as
a “low sulfate” structure—C,A(CS)H,; with light
refraction 1.489~1.504 and chain-connected hex-

et

agonal plutes.  When lime is present and the water
content limited, at first hydration results only in
the “low sulfate” structure, formerly unknown,
But this formation is unstable, and with gypsum
present and high water content, reerystallizes into
the “high sulfate” structure of calcium sulfonlumi-
nate—C;A (CS),H;,—with intensive expansion,

C,A(CS)H,; has plate structure, similar to
hexagonal calcium hydroaluminate, and its forma-
tion does not lead to expansion.

Table 4 gives new structure forms and light
refraction, specimen strength, and volume change
for high-alumina cement, gypsum, and lime
hydrated together in the proportions 88:4:8 at
0.3-0.4 water content, and stored in dry air,
humid air, and water.

At 3 days C,AH, and C;A(CS)H,; are found in
all samples, as well as at 14 days. Later, C;A-
(CS)H,; disappears in air-stored samples, but
C.All, C‘AIR;, and gypsum are present. Test
specimens show shrinkage which reaches 0.44

ercent at 270 days. C,AH, and C,A(CS)H,,, in
wmid air and water-stored samples were stable
at 3 days, but at 28 days, the water-stored samples
showed the high sulfate structure of caleium
sulfoaluminate, and expansion was 0.73 percent,
causing cracking. Gypsum crystals were also
very plainly seen. At 180 days “low sulfate”
structures disappear because of complete recrys-
tallization into the “high sulfate” form. Expan-
sion reaches 2.47 percent, cracks open wide, and
gypsum disappears completely. Because of large
expansion, specimen strength is low, and after 1
yr of water storage is 176 kgfem?,

TasLe 4. Tricomponent walerproof cement

Alumina cement—88 {)ercent by welght

Qypsum {CaS0, 0.51

30)—4 pereent by welght

Lime (Ca0)—8 percont by weight
Age, days
Cement paste Storage
propetties condition a “ 2 " 180 270 360
¥_hy. e e e . . CiAH 1,480-1 408 1,480-1 49¢ 14800408 | .ceenniiiv fenneas S e
Normmyrated coment | Ale.cowenct 1801 I8 coita | Tsori s8] 16071 508 Gkl e =R
CACHUn | CACHH CAHn CAHu «AHq .
Ci:AHy CiAll CiAHs CiAth CsAH
A ] 3
HumIdale - Csk'géﬁ\lg: C.A(gs’m[;f: CACHH | CACHHs| CIACHHN] CACS)HN| CiA(CBHY
Water CiAs CrAl CsAHy CiAlh CiAHy CrAlly
...... C'A(c—g)]{" ClA(CB)H" C;A(C_E)Hu CsA(C_S')"n - . . e apaansesn=ea
CIA(C)Hyy | CIA(CBnE | CsA(CS)iHDn CiA(CSysHn
5 304
Compressive strength | Alr............ 191 a1 206 313 T
g 215 20 150
Kelom?. l&‘i‘t‘é‘r‘fﬂf}.‘.I te |: %7 248 179 176
o, - -0,30 -0 31
Ebwngation (4+).... .. o Al -0.08 0,22 0,24 it
- - o D23 4073 +23
or shrinkago (=) Humid 8 10,06 $0.28 070 F2.1 ‘2.6

5. Stressing cement, designated "SC,"

by him as follows:

The use of gypsum was for a time highly rec-
ommended as an additive for portland cement to
attain rapid hardening and strength increase.

Naturally, this composition did not achieve good
results, as the formation of C;A(CS)H;; and the

Bll

vy Mikhailov,oT was described

following slow recrystallization into CA(CS);Ha
led to a drop in strength and sometimes to con-
crote destruction. This feature was intensively

studied in Germany by the Dyckerhoff firm, [52]

manufacturers of special brownmillerite sulfate-
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resistant cement which does not increase the con-
crete volume and is not destroyed when gypsum
is added. It differs in this respect from normal
cement with a large tricalcium aluminate content,
which together with a low water content gives the
“low-sulfate’” form of sulfoaluminnte of caleium,
with subsequent destructive recrystallization into
the “high-sulfate” form. Considering in this con-
nection two examples of portland cements (see
figs. 1 and 2), attention should be paid to the
fact that sufficient iron oxide in the cement to a
high degree retards the formation of dangerous
forms of caletum sulfoaluminate, even in ealcium
hydroxide saturated media. Complete absence of
C,A is a characteristic feature of this brownmil-
lerite cement, which is why it is not destroyed in
sulfate water.

In other countries, scientific thought seeks to
counteract the destructive influence of sulfate
water by introducing pozzolan into the concrete
during mixing. D’Ans and Eick[53and Eitell54)
have shown that adding pozzolan does not
climinate the formation of caleium hydrosulfoalu-
mingte. It only retarded ettringite formation for
weeks and months.

The formation of the “low-sulfate” form of cal-
cium hydrosulfoaluminate proceeds violently, and
subsequent recrystullization into the “high-sulfate’
form occurs in mechanical mixtures of portland
cement, high alumina cement (or other aluminate
compounds) and gypsum powders. Thus, a paste
mixture of 65 percent portland cement, 15 percent
gypsum, und 20 percent alumina cement of normal
consistency, stored in water after hardening 2-3
days to a strength of 200-300 kg/cm?, rapidly ex-
pands, due to the water absorption and ‘“high-

sulfate” formation, until it is finally disintegratedy
into an adhesive finely dispersed mass. This mix.
ture has no hydraulic properties and would appear
to be unfit for use. Yet its expansive power is
very great. As explained in detail below, such a
hardening cement mixture, not immersed in water
does not cause hydrosulfonluminate recrystalliza:
tion.

‘The cement paste in this case expands some-
what on aecount of the mix water, but is not §
destroyed. However, if such a cement paste is ]
immersed in water even after 1-2 yr, the recrystal-
Jization process is renewed with great force and
the system is completely destroyed, forming an 1
adhesive mass. i

1t is clear that this type of cement cannot ever
be used for construction purposes.

Investigating the hardening processes of port-
land cement chnker mixed with gypsum in vari-
ous proportions, we noted that, even for small
additions of gypsum reacting with CyA, the for-
mation and recrystallization of calcium hydrosul.
foaluminate took some time, longer when water
ingress into the system became mere difficult.

S
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t is possible to make up the initinl combination )
of components with Jow water content so that 2

upon isoluted storage of the cement paste (with-
out water admission) the expansion stops at a
definite age. However, when water is admitted
the Yrocess is renewed and leads to expansion,
which finally stops without destroying the system.

As an example, cement paste of the proportions
14:20:66 (gypsum, high-alumina cement, portland
~ement) mixed with 30 percent water (fig. 9)
may be used. Along the nbscisss, days are
plotted and, along the ordinate, relative expansion
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Fiaure 9. Ezpansion-strength diagram of stressing cement pasle at 200 °C in the ssolated state showing changes with time
al which immersed.
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of the sample in percentage. The dotted line
shows expansion of smmple during isoluted storage
in paraflin-conted foil At 15 days, expansion
is stabilized ut a level of 24 percent.  Cement
puste strength at this age equals 667 kg/em?;
after 28 days 800 kgfem?s  If such sumples are
taken from izolation on 1, 3, 4, and 6 days and
immersed in water, they evpand rapidly and
samples are completely disintegrated. Samples
immersed after § days and having at that time a
strength of 558 kg/em® showed rapid recrystalli-
zation to “high-sulfate’” formation, but were not
destroyed completely and retained their shape with-
out any signs of erncks. At 12 days, i.e, after 4
days of water stornge, the samples had expanded
15 pereent (fig. 10) and the strength was only 42
kgfem?.  However, during further water storage,
at 28 days the strength reached 208 kg/em?, and
at 60 days, 391 kg/em®. Samples immersed after
10 days, with strength of 560 kg/em?, had ex-
panded § percent at 12% days, und the strength had
dropped to 67 kiz/(-m’, but with {urther water
storage a strengthi of 458 kgfem? was attained
at 60 days.

For samples immersed aiter 12 days, the
strength, which was then 336 kgfem?, diopped
temporarily to 308 kgfem? at 13 days, but at
15 days rose to 775 kgfem*.  The expansion was
5 percent, and the strength continuously increased,
reaching 1,016 kg/em? nt 60 days.

Similar results were obtained when samples
were immersed after 15, 28, and 60 days.

The curve in question shows that, with increase
in specimen age at the time when immersion
hegins, additional recrystallization of the caleium
hydrosulfoaluminate occurs by additional water
absorption, but in a lower degree and in less
destructive form. However, all specimens during
the initial water expunsion period showed a
temporary 30-35 percent drvop of strength.

The example mentioned shows that the processes
of setting, hardening, and expansion of the tri-
component composition of portland cement, high-
alumina cement, and gypsum may be controlled.
Later we will show that it is possible to direct
these processes by optimum proportioning of
components.  Henceforth this composition will
be called stressing cement SC (see table 5--
Technieal Code). [55]

Seli-stressed cement paste iz composed  of
selected cetnent paste structure with prearrange-
ment and reorganization of the entire structure
during cement, mortar, and conerete setting and
hardening processes. Previously, examples of
directed interference with cement paste existence
and behavior were unknown,

Pure portland cement and high-nslumina cement
are best applied as clinker, first grinding them
for SC preparation. It is advisable that the
cement fineness be not less than 3,500 cm?/g.
The tricomponent powders are batched in the
vibrating mill for 8-10 win, to uniformity.

At low water mixture (25-30 percent by weight),
lime, portland cement, and the CA of the alumina
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Fiouvre 10, View of SC hydrated specimen with 16 percent
elongation, immersed 8 days afler 1solated storage (see
figure 9), in comparison with similar portland cement
(nonelongated) specinten.

cement dissolve rapidly and a large amount of
water is absorbed. Jons of bydrated minerals
rush toward the zones of lower concentration of
the liquid phase and crystallize, and meeting
with gypsum grains they react and form Iathlike
splines of caleium hydrosulfonluminate on gypsum
grain surfaces. o

The plastic strength of the system rapidly in-
creases, beginning 2-3 min after mixing.

The saturation with calcium hydrate, and the
limited water phase, hampers the growth of the
“high-sulfate” formation C,A(CS);Hly, which is
limited by formation of a “low-sulfate’” product
CA(CS)H .

As a_result, a branched framework is formed of
Cg!\(cg)lllg, C‘AIL;, n“(l (73[\(05)3}‘32 l&d\l‘ke
splines.

The last two needlelike formations are com-
pletely intertwined. The higher the water cement
ratio at hydration, the more C;A(CS)sll; and the
less CoA(CS)Hy; and pure gypsum. )

This intertwining is, during the initial period,
rather foose gradually becoming compacted by
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PABLE 5. Technical code for stressing cement (SC)

(8pecifications)

Measuretnent
ata

No. Qualitles

1 | Setting thme:

(a) Initial set, not hefore. - 2 min
(b) Finn) set, not belore. .l emin

2 | Flneness of eetndiog:
(n) Res due on sereen, N 02, notover. ... ¢ 1 pereent

(b} Pussing through screen N 0035, not tess than. | 50 ereent
3 | Strength of cubes, size 20 x 20 x 20 mm, made of ce-
ment parte of normal consitency, should be as
{ollows
(@) For specimens cast 1820 hr at 2042 °C, not
tess than....... Mieeesesisnmsessmmemaniononne 200 kgfem?
(b) ¥or specimens cast 18-20 hr at 2042 9C and
then 6 hr (without molds) In water at 70°
Conottessthan oL -l 450 kpfom?
(¢) For specimens glven hydrothermie trent-
ment In confortinnee with §b"” of the
given ftern and then stored in water at
15-0°Cfor 24 hr*
Not tess thati.. .. ...
Not Jess than.._.
4 | Flongation of prism, stre 315 K nn,
of cement paste of tormnl consisteney, glven hydro-
thertnal treatirent veeording to the sequence de-
scribed tn § 'b*. shonld be at the end of treatment
LT L LT 3 1 T 2 2 perecent
Elongatton of prism during such treatment, in relu-
tion to the elongation value ot the end of b-hr ther-
1o} treatient, should be:
(2) After 2 lir thermal treatment, In tue range . | 75-83 percent
(b) After 3 hir thermal treatment, i the range .3 92-97 percent
Lacreese of specimen ¢longation in waler storage, tt
relation to the crongation vulito at the end of ther-
mal treatrment, shoa be.
After 7 days, notover....... .1 12 percont
After 28 days, not over. .. - .| 15 percent
Nort, Conforttnice % ith requirement of §§ "
and “b”, tem 3, and §§ *“a” and “b*, ftem 4,
ts raptd test of SC
8 | Strenpth of cubes, size 30 x 30 1 30 i, made of nos-
maul consistency SC mortar (1:1) by weight, should

..} 600 kgfem?
830 kp/crnt

(a) For speclinens cast 18-20 hours in molds at
M2 °C, not less than ... eaenenun PrT 150 kgfem?
(b) For spechens cast 18-20 hours at 2042 °C
and ther. 6 hours (without molds) Ity water
ni W °C, nottess than ... Fesamtacancmanian 250 kgfein?
(¢) For .peclmens glven hydrothermic treat.
ment n ¢ onformatce with §b" of glvea
ftet and then Jinred In water at 2042 °C
After § day, notiess than .,
After 3 days, not less thnii ..
After 7 days, not less than. ..
After 28 day s, not less than
6 | Etongatton of peisns, stze 31 5x 31 5 x 100 mim, of-
mal consistency SC mortar (1:1) by welght, should

300 kgfem?
300 4gfemt
20 plem?
% kgfem?

Atendof therinal treatment (accordingto § ™ !
1tem ), N0t 1eSS WA ... vesnensnnsseeans esmnens | 2percent
Du.-mn ru;!(l,wr “:x(m" slor;me 15 i
ter ny, hot less than .1 o percent
Alter 3dhys, not fess than. . 15 fckem
After 7 days, mot less than, . «e-| LB Lercent
Samples of cement paste of normal coqicistency mor-
tar (1:1) by welght, during testing (in disks) at the
end of thermnnl treatment should bo entirely lme
permneable at Pressur oo eoievnaaen Ceesmenasnan 20 atm

ions and newly formed silicate compounds, which
crvsiallize in the aluminate and sulfoaluminate
framework. A feature of crystalline calcium
hydrosilicate formation is that, in media with «
small amount of water, development rapidly
stops, and the growth does not exceed the limits
of colloidal dimensions. There is strong competi-
tion between all reacting new formations in the
cement paste colloidal zone, which quickly leads
to exhaustion of moisture resources and retarda-
tion of the hydration of the initial cement ma-
terinls. After about 24 hr of isolated natural
hardening (to prevent carbonation of new f{orma-

oy DA
TN 35

tions) the strength of the cement paste renches]
200-300 kg/em?, and the cement paste coagulation.§
crystallization structure is clmructerize({; by thela
presence of a highly branched framework of inter-JE
twining heavy splines of luth, needle, and lattico-JR8
like formations of hydrosulfoaluminate structurs
and chnins of ealeium hydroaluminate. The
space taken up by these compounds is filled with o3
coagulation structure of hydrated silicate forma-4
tions, disintegrated nonhydrated cement kernels,3
and gypsumn grains conted with a solid feltlike]
shell of CbA(CS)H,.. '

SC cement, tn a high-water-content mixture,
forms (HA(CS),H;, quickly and without inter-
ference, beenuse the indefinite number of hydrated
ions of CA of high alumina cement and the quantity §

of C3A and C,AF in the portland cer - aradually
delivered, rapidly react with the g under ,
conditions of relatively low Ca ion co. -ation, §

But the reaction of C3A(CS),H;; formation ,apidly
ends during the early hardening period when the]
strength of cement paste is low. In this case 88
there is no noticeable expansion of the system. JESE:

Thus, SC' with low water mixture supplies the
best condition for obtaining in the system the S
maximum  quantity of CyA(CS)H,,, ready for 30
recrystallization. -

If such a hardened system is immersed, th 3
cement paste greedily absorbs water and th§
reerystallization’  process  rapidly  converts §
CA(CS)H ), into CA(CS);Hy,, with simultaneous :
expansion of the system, for the process occurs §
on gypsum grain surfaces, and causes structura: §
rearrangement  with water absorption.  The ]
CyA(CS),Hy; structure is formed on the gypsum 3
grain surface like directed thin needles and presses !
against. the adjacent new formations, disturbing
their nchesion, As a result of this growth, the §
structure is completely demolished and breaks FE
into separate small pteces. ‘This behavior was
observed in cement paste specimens (fig. 9),
immersed in water after 1, 3, 4, and 6 days of
isolated storage.  Simultancously, due to CS, §
recrystallization  of C,AH, formation into §
C3A(CB);H,; oceurs. ;

If expansion of the system during recrystalli-
zntion is limited to 15 percent, total destruction §
does not occur, but as mentioned above, destruc-
tion of mechanical adhesion between colloidal
particles of (,SH, and CSH leads io structural
weakening, which, after expansion stops, heals as
the result of delivery of ions of hydrated silicates JR8
of calcium and the development of new connec- &
tions. For specimens immersed after 15 days, 33
healing proceeds very quickly, and some weaken- FEA
ing is observed only in brief loss of strength. o

Destruetion of structural adhesion as a result
of recrystallization to C4A(CS)sHy, and the for-
mation of new connections, may also be directed 2

3

A%

8]

. ! . . %
by shifting the destruction and restoration periods, .Jf_é‘j
timing them to the accumulation of new high JE
strength silicate formations, and superimposing 3

them Tor strength stabilization.
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Hydrothermice treatment of the system is effec-
tive for such formerly discussed adjustiment.

Through heating, the influence of the hydration
of the silicate cement components is highly aceel-
erated.  Therefore the reproducing processes are
performed rapidly and at a certain temperature
do not lag belind the processes of structure de-
struction.  During a definite time, as many and
even more connections are restored as are de-
stroyed. Because of this, the strength is either
maintained at the fixed level, or even increases on
ex&mnsion.

[eating of the system makes it posstble not only
to avoid excessive expansion and destruction of
the cement paste, but also permits time decrease
for all processes, which, nccording to the curve
(fig. 9), take so long to develop.

%nvestignl.ions have shown that heating cement
paste for 2 hr at 70-80 °C when the strength is
about 200-300 kgsem? gives expansion sufficient
for the system without any signs of strength drop.

Figure 11 shows data on expunsion and strength
incrense of SC specimens heated at 80 °C for 1, 2,
3, 5, and 7 hr when the initial strength was 200
kgfem?.  All samples heated 2, 3, 5, and 7 hr ex-
panded 2 percent and reached strength of about
500 kg/em?®. Further water storage of SC samples
did not show more expansion, because the gypsum
was fully consumed during the first 2 hr of neating,
and all CA(CS)H,; was recrystallized into
CsA(CS);H,.

However, the strength of the ceinent paste con-
tinuously increased owing to the progress of the
hydration of the CS and C,S of the portland
cement, leading the system to further densification,
Cement paste after 28 days reaches a strength of
1,200-1,300 kg/em®, Thus, heating the system for

more than 2 hr had no effect in any case. It might
bo assumed that such hydrothermic treatment
during hardening would be sclected as best for
upplication in structures; however, with mortar,
difliculties were met with, The composition of
SC paste, which resulted in an increase of strength
uccomllmnymg 6 percent expansion during heating,
showed a much greater strength drop in mortar,
sometimes 2-3 times, making this composition of
mortar unfit for self-stressing.

Actually, reinforced concrete self-stressing is
possible only when the concrete bond with re-
inforcement exists and concrete acts as a hard
body, deforming identically and simultancously
with the steel. For such reinforcement action,
conerete should continuously possess the required
strength and density. Insufficient strength due
to temporary drop causes plastic concrete flow
around the reinforcement, without its significant
lengthening. Thus, we obtain large reinforced
concrete expansion, but without self-stressing,
even though, during further hardening in water
storage, the strength is not only restored, but
significantly exceeded. This may be because,
during the rapid process of SC expansion, cracks
arise {rum the retarding action of the aggregates,
which do not increase in volume.

All attempts to prevent the drop in SC
mortar strength lead to lower expansion power,
and in turn to insufficient self-stressing.

Self-stressing technology has therefore been
greatly changed.

Investigations showed that C,A(CS)H,; re-
crystallization into C,A(CS)Hy,, in calcium hy-
drate media, is retarded by further temperature
incrense; simultancously, hydration of C;S and
C.S is considerably accelcrated at the higher tem-
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Fioure 11. Ezpansion-strength diagram of stressing cegent pasle for
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*"various duralions of waler healing, at 80 °C.
Data In circles show number of hours of hesting,
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perature. 'Therefore, the structure destruction
period is moved backward, and the period when
new connections arise in the process of dissolution
and hydration of silicnte materials in the cement
is moved forward. As n result the following
sequence was set for hydrothermic treatment of
SC mortar: 6 hr heating in water nt 100 o(} (boil-
ing water), with initinl strength about 160-200
kg/em?. Here mortar expanded very little, with
specimen strength increasing to 300-400 kg/em?,
During fucther water hardening, expansion pro-
gressed rather evenly, stopping after 3-10 days
of waler storage.

During expuunsion, wmortar strength either did
not change or slightly increased.

In this ease the expansion mechanism genernlly
acts, only the process takes several days, giving
the hardening of CS and C,S time to hea} the
receystallizntion ruptures which have appeared.

Further experimental work [56]showed that this
self-stressing mechanism is the best availuble, and
it was somewhat improved to make the allowed
expansion time less than 3 days. Additional in-
vestigations were then undertaken. Equipment
was built for self-stressing mechanism investign-
tion (fig. 12), which could reproduce clastic resist-
ance of any amount. Euch chosen degree of rigid

. ! e AR A
T L AT
&t

o S 4 27,
PEIE, e, -

o

resistance corresponded with a certain coeflicient
of linenr system reinforcement, i.c., reproduced
uny required percentage of concrete reinforcement,

Prisms of sizes 100 X 31.5 X 31.5 wmn and
300 X 50 X 50 nun, with strips embedded at the

fuces, were selected as experimental specimens. '

Cylinders with transverse spiral wire coils were -

also investigated, whereby limited elastic volume
expansion was obtained.

Phe investigations of self-stressing showed:

that elastic resistance incrense against specinten
expunsion lending to self-stressing variation may
be expressed approximately by the following
equation:
5 (—
0.=0, L
0.24
where o.=unknown reinforced concrete self-
stressing, in kg/em? with reinforcement=y, ¢=
reinforced concrete self-stressing with »’=0.24
percent, p=concrete reinforcement coefficient.
By investigation, a very important and vital
feature of SC structure was found, relating both
to theory und practice. For very large free
stressing-cement expansion, uniaxial elastic re-
sistance of suflicient intensity decreases expansion

L
[

_=_‘| ([Aaras NACLed

Yy’

Fioune 12.  Mecaauring instrument for testing cement paste expansion force.
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by ov « 10 tumes not only in the direction of
action of the resistance but crosswise as well.
Ths 15 oxi)lnino«i by the strength and volume
stability of the system resisting transverse plastic
deformutions, under uniaxial compression, if
cement composition and the hydrothermic se-
quence of tieatent are optimal and there is no
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. Essentially the linear law of strength increase
18 mintained, being expressed by the equation:
R=10t; the strength required to be atiained
curing isolated hardening, about 200 kgfem?, is
reached after 24 hr.

‘The selected SC components passed systematie
and prolonged checking in pastes and 1:1 mortars,
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A B drop in conerete strength during sclf-stressing. to establish the time stability of their mechanical B
a g ¥ Equipment for investigation of self-stressing  propertics. >
i N & power is made to imitate every hydrothermie Investigations were carried out on expunsion, i N
9%  scquence and all conditions of variable moistening  water absorption, strength in “free” and re- 82
24 4 ond deying of specimens. strained conditions, self-stressing value in relation %g
s 2 Seli-stressing investigations (551 have shown  to degree of reinforcement (average for possible 1>
2 ‘SR that every portland cement may bLe employed for  use, 1 percent), and other properties. 1 .
< B8  production of SC by adding high-alumina cement For selecting the required quantity of high- s ¥
., . and gypsum. The only problem is to find the  alumina cement with 14 percent gypsum, many 5,I 3
& £ optimal proportioning. combinations were ivestigated, by varying high- ! I3 H
29 Ak 1. If high-aluminate portland cement has rich  alumina cement content from 4 to 32 percent. 1 3
o B C.A content, SC from this cement possesses high Results of 28-day investigation of SC mortar ’ ".'«f 3
. & cxpansion, but does not stabilize rapidly. are shown in figure 14.  Optimal high-alumina ce- 74 i
3 2. If brownijillerite portland cement is used,  ment admixture of 18-20 percent. gives the highest £ b
h% b2& vithout CiA expansion, SC from this cement  strength, 650 kg/em?; highest = expansion, 2.1 i3
: JESE  stabilizes rapidly, but with less expansion value.  percent; and maximum water absorption, 6 percent ‘?‘
o I3 Good results in our experiments were obtained  (by weight). ¥ :
i - g\) £ with alite portland cement having the following Investigation of SC mertar properties with ot <}
‘& average mineralogical content: . respect to time is shown in figure 15. Here during 1 )
7 6-hr heating: strength of “free” specimens in- ‘ 2
' l o | wn creased from 160 kg/em® to 268 kg/em?, and &
CS | G | Cih | CiAF | Co0 | MsO strength of restrained specimens increased to 310 g
X TR i 1265 | 1048 | 00} 406 | o.0m kgfem?; expansion and water absorption were %
i low, 0.20 percent and 0.5 percent, respectively; 3
self-stressing equalled 16 kgfem?. In further g
Using this cement, the SC content proportions  water storage, at 28 days the strength was 420 ¥ ;E
selected were 14:20:66, which were checked in  kgf/em? for “free” specimens and 450 kgfcm? for % 3
comparison with the higher activity SC propor- 3 %
tions 18:22:60. . 73 mU 2 A2
g 3 Figure 13 shows the curve of SC strength in- i N ‘ - £ 3
£ crease at normal temperature, 22 °C, for storage P N, i ; 3
K in isolated conditions under a paraffin layer. "o‘.q %.7 R 3
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Fioure 15a.  Elongation, sirength, and water absorption of self-stressing SC mortar (1:1), versus storage condition (waler-a

Proportions 14:20:68.

monlAs

'-Lorg
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Heated at 100 °C for 8 hr, *

restrained specimens; expansion was stabilized at
3 days (at 2.3 percent) with slii;ht increase to 7
days; water absorption practically ended on the
14th day at 5.6 percent, and on the 28th day was
5.8 percent; sell-stressing ended eompletely within
14 days dnd was 42 kg/em?,

After 6 months, the following results were
obtained: strength of “free” s ecimens, 614
kgfem?; restrained specimens, 740 glem?; expun-
sion, no change, i.e., 2.33 percent; water absorp-

tion, 6.7 percent; self:stressing, no change, ie.,
42 kgfem?,

B18

It is important that during water storage ¢
strength always continuously increases and reache
a high value, approaching 1,000 kg/em? in 2-3 y
We were more interested in the st.rength 0
restrained SC samples, us this is the chief charac
teristic limiting the relatively small deformations
of reinfore * . lf-stressed mortar. .

At present, data are available on stable strength
and the degree of self-stressing of SC mortar

samples stored in water for 6 yr, this showing con-:
clusively that all expansion processes are over,’

after the first several days of mortar existence.
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Elongalion, strength, and waler absorplion of self-stressing SC morlar (1:1).

Proportions 14:20.60.
ileated at 10G °C for 6 hr.

~ Water absorption of SC mortars is of some
interest.  Water absorption is sufficiently high—
for some combinations, 7-8 percent. Naturally,
not all water is used for CsA(('S);14,, CuAHy,, and
other formations. Apparently up to 70 percent
of this water should be considered as hygroscopie
moisture. However, it is very characteristic that,
during drying, this water leaves the system slowly,
but is absorbed again very quickly. = Apparently,
the capillaries in the structure are widely {))mnched
and very fine, this explaining the complete
impermenbility of SC mortar. SC mortar sams
ples 25 mi thick resist hydrostatic pressure of
about 20-25 atm without any signs of sweating.

Absorption and water loss properties are clently
shown in figure 15 for SC mortar (1:1); cement
composition 14:20:66 with hydrothermic treat-
ment at 100 °C for 6 hr. Strength of restrained

specimens is 802 kgfem? after 6 months. )
Mortar specimens absorb 5.3 percent water in
28 days.

Removed from water and exposed to

natural drying conditions for 2 months they lost
3.5 percent of the absorbed water and retained
only 1.8 percent. Again immersed they re-
absorbed the lost amount of water. It should be
noted besides that a large variation of the mois:
ture content of SC mortar slightly changes
specimen length.  Thus, 1.8 percent expansion at
28 days is lowered, as a result of 2 months isolated
storage, to 1.6 percent, i.c., by 0.2 percent. Fur:
ther moist storage not only restores initial expan-
sion, but exceeds it.

For combinations of optimum high-alumina
cement content, water absorption is higher, some
water remaining in the system no matter how long
the specimens are stored in air. )

Figure 16 shows data on water absorption and
water loss of the 1:1 mortar for SC with'11 per-
cent gypsum, and variable high-alumina cement
content, 4~32 percent. Combinations containing
16, 18, 20, and 22 percent of the high-alumina
cement absorb about 6.1 percent water and lose
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on the average 3.5 percent, retaining 2.6 percent.
Coinbinations with 4 percent, i.e., almost without
any high-alumina cement, absorb 4.2 percent and
lose the same amount. As noted above, water
loss during 6 and even 8 months is slow, while
absorption is rapid.

Of some importance is the influence of the

degree of repeated drying and absorption on
el%-stres‘sing value. Does self-stressing disappear
completely after some time? For determining
this, expansive power measurements (fig. 17) have
been made on 5 series of specimens differing only
in hydrothermal treatment period: 1, 2, 3, 4, and
6 hr (see graf)hs from top to bottom). ‘The
sequence for all samples: water—20 duys; air—
15 days; water-—20 days; air—20 days; water—
25 days; air—35 days.

The investigations have shown that during
drying about half of the initial self-stressing value
is lost. Repeated moistening restores alinost the
entire self-stressing value. ﬁuring these investi-
ﬁatnons it was determined that samples heated 6

r lose practically nothing, i.e., during moistening
they completely restore the initial self-stressing.
The samples heated 2 hr irrevocably lose up to
15 percent of the initial self-stressing after several
drying and moistenin% cycles, .

Consequently, 6-hr hydrothermic treatment has

several advantages over 2-hr treatment and it

L——-— /mmfﬁs

Fiaure 16. Water absorption and water loss depending on slorage condition (water-air-water).

should be recommended for production of sel
stressed structures. . ;
Figure 18 shows investigations of strength ai
expansion of 1:1 wiortar made with SC .propoy
tioned 14:12:74. In one case it received norn
hydrothermic treatment at 100 °C for 6 hr ag
then water storage, in another case it underwe
natural hardening in the paraffin-isolated condg
tion. Thespecimens hardened in paraffin isolatic
for 14 months. %
The mortar (1:1) that received normal he{d
thermic treatinent reached after 14 months
water storage n strength of 900 kg/cm?, and e
panded 1.9 percent at 10 days. Isolated dry
stored mortar had a very low strength—155 kol
cm?; apparently, the calclum hydrates and hydrogs
sulfonluminates during formation and partiag
recrystallization absorbed the entire mixing wate
reserve (30 percent); there was not enough wategy
for C;S and C;S hardening, and hydration stopped
In this case, specimen expansion was 3 percent,
thus higher than for the first group. When, after}g
14 months, sainples were immersed, water absorp3
tion was so rapid and the forces caused by calcium
hydrosulfoaluminate recrystallization so fm';];e that]
the samples were rapidly and completely de:]
molished. 4
The behavior of SC mortar specimens that had 3
received hydrothermic treatment shows that SC3
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Fiaunr 17. Welting and drying condition of self-alressing SC mortar (1:1),
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Fi16ure 18. Influence of waler storage on elongation and sirength of SC mortar (1:1) after healing at 100 °C for 8 hr in com-

parison with parafin-isolated SC mortar (1:1) hydrated without heating.
Proportions 14:12:74,

is a full-value hydraulic cement because of its
hydrothermic treatment and its maximum strength
reached during long-term moist storage. There-
fore it should be employed for structures under
pressure, in pressure pipes, tanks, in underground
structures, and in highly moist conditions.

During investigations of SC mortars (1:1) it
was found that the lower the water-cement ratio,
the higher the self-stressing and strength. Very
short SC mortar setting period, 2 min, hampered
mortar batching and placing in molds.  Vibrator
mixing and vibratory casting, and cement retard-
ing agents like lignosulfonates, were therefore
necessary (} percent sulfate-alcohol waste additive
or tartaric acid, Yo percent technical). These
setting-retarding methods are effective, but in both
cases the degree of expansion is lowered and seli-
stressing is about 30 percent less. This is caused
by the fact that in both cases there is destruction
of the initial, rather friable, but very convenient
frame structure of self-stressed SC, owing to which
the frame structure, an essential part in expansion,
isl without strength in the spaces free of cement
glue.

. The self-stressing of 1:1 stressing mortar makes
it possible to obtain an average concrete self-
compression value in the range 20 to 50 kgfem?,
This self-compression is the result of the structural
reinforcement’s elastic resistance to expansion,
there being stressing to different degree, depending
on reinforcement dimensions, over the range of
14,000 kg/em? to 3,000 kg/em?, for 0.15 to 1.5 pet-
cent of reinforcement. For many structures suc

8 prestressing value gives a satisfuctory cffect.
With reinforcement higher than 1.5 percent, the
concrete self-stressing intensity remains almost
unchanged. However, the self-stressing value in
the member sections may be changed as n result
of a technological action, which we call “stress

B22

calibration”. By special methods of stress appli-
cation, both before and after hydrothermic treat- ]
ment, it is possible to redistribute reaction forces
in a member to any limit, and then the degree of
fiber stresses in concrete may reach at least 150
kgfem?. . ]
It should be noted that investigations have been
made in the USSR in the coal mining industry
when designing structures for reinforced concrete
mine propping. The main requirements for prop-
ping members are low weight and high load capac-
ity (about 10 tons/m?). Durin mvestngunon_of
sclf-stressed vibrated bracings (channel type) with |
0.75 percent reinforcing of the bracing section and
1.8 percent in the bracing tensile zone reinforced
with high strength wires, the following stressed
bracing conditions were obtained, by hydrothermic
treatment for 6 hr at 100 °C and then 3'(11?'5
waterstorage. IHigh (6,000 kg/cm?) stressesin the
upper reinforcement and comparatively low (1,500
kg/em?) stresses in the lower reinforcement resulted
in uniform cl?mprc;ssion of the concrete bracing,
intensity 22 kg/cmn?, :
The ):'stress calibration”} (551 employed for
bracings at stresses of 8,200 kg/em? of the lower
reinforcement made it possible to redistribute -
the stresses. Then the lower reinforcement m
the middle part of bracings reccived a stress o’f
6,900 kg/em? and the upper a stress of 800 kgfem®.
The diagram of conerete stress distribution of
the bracing scction now shows the following fiber
stresses: at bottom 200 kgfem? and at top —47
kgfem? (tensile). The method of “stress calibra-
tion” is still new and practical application will be
possible, after much testing. . L
All above-mentioned SC mortar investigations
refer to vibration during mixing and placing,
owing to which the average seclf-stressing value
obtained—40 kgfem?—is lower than the actual
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SC mortar self-stressing value, about 60 kg/em?,
not yet reached for vibrated samples. The
actual sel{-stressing values, corresponding to the
SC chemical possibilities, were obtained with SC
mortar by shotcreting. The dry mixture, delivered
from the cement gun by compressed air at a
pressure of 3-5 atm through a hose to the nozzle,
was moistened at that point by water under
pressure, and then thrown with high speed
against the surface of the cast article, %“rom the

moment of moistening to placement by the gun,
only hundredths of a second passed. Therefore,
mortar placed by shotcreting is very dense, with
minitiuin water content (about 0.20-0.22) and it
is placed long before SC setting begins.

‘The advantages obtained by shotcreting tech-
nology can be enumerated: self-stressing reaches
50-60 kg/cm?, and the strength at mature age is
80-1,000 kg/cm?,

6. Mikhailovel described the use of self-stressing concrete produced

by expansive cement in the manufacture of pressure pipe as follows:

In the USSR the technology and equipment
are simultancously being worked out ?or three
methods of manufacturing self-stressed pipes:
shotcreting, centrifuging, and vibrosqueezing.
Each of these methods provides for manufacture
of pipe of specific diameters: shotcreting for pipes
of dia. 600 to 1,000 mm, centrifuging for pipes
of dia. 300 to 500 mm, vibrating-squeezing for
pipes of dia. 150 to 250 mm.

The pipes manufactured by these technological
methods retain internal pressure, without sweating,
up to 15-20 atm, and may be used for operations
under working pressures of 6 and 10 atm,

A special two-seat automatic machine (fig. 19)
has been designed for making pipe by shotcretinf;.
The automatic machine is equFed with a slowly
rotating core (4), with foldable mechanism to
make clearance between the shotcreted pipe and
core. Besides, the machine has a rotating coil
and wire reel (8), which may either be held by
an electromagnet (7) and moved up and down
with a platform (3), winding wire around the pipe,
or may turn together with the core, remaining in
the bottom no-work positionn (as shown in fig.
19). A set of nozzles is instulled through which
the SC mortar is shotcreted on the core to form
the pipe. While the pipe is bein%\mnnufactur,ed
in one station (LH), the other (RH) is used for
preparatory operations. During rotation of core
amf motion of the platform (3) up and down,
shotereted layers are placed at the same time as
the reinforcement coils,. When the last layer is
being placed, the surface is smoothed with a me-
chanical knife. After the first pipe casting (in the
LH station), the sét of nozzles 18 turned 180° and
shotcretes the next pipe (in the other station),
and so on. In the first station, the coreis retract-
ed and the pipe is removed by lifting it onto a
round support and is transferred for further tech-
nological treatment, while the core is prepared for
new shotcreting.

Figure 20 shows the technology worked out for
self-stressed pipe manufacture, The shotereted
pipe, already hardened due to the quick settinF
of SC, is lowered for 1 min into a pit filled with
melted paraffin to make a thin isolation layer, and
is then stored for 18-24 hr at normal temperature,
which gives the pipe a copcrete strength of 200
kg/cm?®. Then the pipe is placed for 6 hr in boiling

water, and into a cold water tank for 5-6 days
storage. Finished pipe receives face leveling and
hydraulic testing, and is transfered to the ware-
house, where it is kept for 2128 days.

The centrifugal technology of self-stressed
pressure pipes has been checked at a Moscow
pipe factory. Sell-stressed pipes of 400-mm diam-
eter, 50-mm walls, and 4 m long are manufactured
there, whereas open channel pipes were previously
made in solid molds using paraflin. Difficulties
of the short setting time of SC wefe eliminated by
use of a mixer equipped with a vibrating device.
Ten min vibromixing destroyed the initial struc-
ture to a degree, so that the mixture retained
plastic consistency for 80 min, sufficient for
centrifuge casting. Pipe manufactured in this
way with reinforced frame of stressing mortar
was held in paraffin coating 24 hr during which
the concrete strength reached 160 kg/em? The
pipe was next heated in a bath 6 hr at 100 °C
and then delivered for water storage. Internal
pressure testing of these pipes showed that pipes
with weak reinforcement resist internal pressure
to 11-12 atm. Wound with préstressed design
spiral reinforcement the pipe resists 25~28 atm
pressure without leakage. Pipes without stréssed
coils can be used for pressure piping under 6 atm
pressure, with winding for piping water at heads
of 10 atm and above.

The technology of pressure pipe vibrocasting
of small diameter pipe—150-200 mm, 2 m long,
and with 25-30-mm walls——has been'mastered on
a vertical vibrosqueezed pipe casting machine,
now industrially used (fig. 21). ‘These pipes are
equipped with spigots and are for use in water
distribution lines and in pipings for water supply
in rural areas with a working head of 4-6 atm.
The pipes have cold-drawn wire reinforcement,
diameter 4-5 min,

The vibrosqueezing method of manufacture
consists of n vertical vibrating mold slowly filled
from the top with SC mortar mixture, A simul-
tancously vibrating core, introduced from the
mold bottom, moves up and down rotating from
one side to the other repeatedly, and distributes
and tamps the mortar into pipe f)ody and spigot.
The simultaneous vibration of core and mol
aids in compacting stiff mortar and in casting pipe,
When the vibrating core is removed from the mold
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{(1) Motolr for rotating table
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at the top end it pushes out excess mortar (if
there is any) from the pipe. At this time vibration
is switched off, and the core, while turning toward
one and the other side, is pushed down, sliding
along the internal pipe surface and smoothing it.
The machine simultancously easts two pipes over
two cores. After the pipe easting process i
finished, the molds are removed from the machine
and are stored 12-18 hr, during which the cop-
crete reaches n strength of 200 kgjem? They
delivered pipes are heated 6 hr in u bath at 100
°C', when the pipe mortar reaches u strength of
about 300 kg/em®  During subsequent water
storage for 3-5 days, the mortar expands and
pipe concrete and reinforcement are self-stressed,
Here, us well as when centrifuging, vibrated mix-
ing of the mortar occurs before and during the 3
filling of the molds, due to which a significant §
part of the self-stressing is lost.

Testing of such pipes by internal pressure has
shown that they have high impermeability. i
Iiven though 20-25 mm thickness of the wall is
small, the pipes resist an internal pressure of 17 |
and even 25 atin without sweating.

A similar sequence is employed for manufac-
turing and testing pressure pipes by shoterete
casting. A horizontal spraying machine is used 3
for shoterete casting (fig. 22). In 1958 this ma-
chine was redesigned and is now equipped with
mechanism for winding spiral reinforcement at
the same time as shotereting. It must be pointed
out that previously whenever frame reinforcement
was put on the shotereting process had to be
stopped, and it was necessary to remove the pipc
with the core from the machine, to tighten the
next reinforcement frame, and then to reinstall

2 e

hooles vinjdage TN

Fioure 21, Research vibrosqueezing machine for small- the {)ipe on the machine for further shotereting.
; diameter, high-pressure pipe production. If the pipe had more than two reinforcement
s frames, shotereting had to be stopped twice. This
i complicated the casting process and worsened the
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density of mortar under the spiral frame. Simul
tancous winding of spiral reinforcement during the
shotlereting process results in marked lowering in
casting time, permits winding many rows with a
wide pitch, reliably coats mortar around spiral
wire, and may eliminate the need for longitudinal
reinforcement.

As a result of shotcrete casting, with simul-
taneous eutire pipe-body winding (throughout the
entire wall depth) the spiral reinforcement with
interwinding coils of adjacent rows js distributed
uniforml{ in the concrete. In this condition
mortar deformations during expansion are slight,
thus insuring better use of mortar expansive power
and corresponding maxitum pi?e self-stressing.
During the mastery of new type shotcrete casting,
it was found that simultaneous winding is the

best method of reinforcing self-stressed pipes.
Shotcreting needs a nonretarding admixture.
Under these conditions the structure formed can-
not later bq destroyed. Due to the very low water-
cement ratio, 0.16-0.22, the maximum quantity of
“low-sulfate” hydrosulfoaluminate of calcium .is
formed and, consequently, maximum power is
released for expansion and self-stressing during
recrystallization into the “high-sulfate” form. This
has been entirely verified by tests. In all cases
gshoterete mortar specimens had high expansive
force, and produced mortar self-stress of abott
40-50 kg/em?. These results permit us to consider
shoterete casting as the chief method for manus
facture of large diameéter pressure pipes. Self=
stressed shoterete concrete has high stability in
aggressive media, sea water in particular.

T. Mikhailovgl concluded his review as follows:

The idea of sell-stressed structures, . .. is
new in the field of prestressed reinforced con-
crete. The present level of development of the
self-stressing method is progressive in char-
acter and has wide perspective for construction
use, but also indicates need for further study to
improve cement composition and retarding admix=
ture for setting, and need for investigation of more
effective self-stressing methods, including water
hydration without heating and the method of

. “stress calibration,” in order that one may progress

from mortars to concrete with less binding
material. )

In the USSR, besides the explanation of sclf-
stressing already discussed, G. N. Sivertzev holds
another opinion, completely denying the possibility
of calcium hydrosulioaluminate formation in ce-
ment media and giving a different explanation for
causes of expansion and self-stressing, Sivertzev
considers that expansion may develop independ-
ently of formation or lack of calcium hydro-
sulfoaluminate, and that the contmdictor{ phenom=
enn occasionally observed during SC hardening
are explained only by colloidal chemistry. Expan-
sion is considered by him to be determined by the
unstable dynamic equilibrium of two mutually
contradictory processes, namely SC setting and
hardening, and solvation processes of SC particles
retarding coagnlatiin. SC is marked by the pres-
ence of certain antigonistic suspensions (portland
cement, high-alunina cement, grypsum, etc.).
Here each type of solvate shell of the particles
is formed separately, without disorientation of
water dipoles, preventing adhering of particles.
As the solvate shells cause cement paste expansion,
the structure densifics and strength increnses.
Solvation and expansion develop with unavoidable
structure friability and strengti drop. During
the hydration of ordinary nonexpansive.cements,
in dense pastes, the solvate shells invariably inter-
ferc, causing disorientation of the water dipoles
and solvate shells, The solvate shells in this case

B2T

lose their stable function and aid the direct co-
hesion of hardened cement paste particles. Sivert-
zev is conducting very interesting investigations
to corroborate and broaden his veiws on SC
expansion and sclf-stressing processes,

In France much work in the field of expansive
cement has been done by the French scientist
H. Lossicr,[57] who has produced his own expanz
sive cement. This cement is composed of portfangi
cement, sulfoaluminate cement, and slag, dry:

ound in the proper proportions. Fifteen-day
iardening in moist condition causes complete
expansion and densifies the strucfure. According
to Lossier, resistance should give self-stressing.

The theoretical conclusions of Lossier clearly
show the established order and views on cement,
and also show that scientists experimenting in this
field must find the best mineralogical cement
composition, the neceséary additives, and the
appropriate water content. The view 1s that the
structural synthesis during cement setting .and
hardening takes place by itself, and forms the
cement paste of required characteristics. This is
beyond human influence. At best, the required
structural formation processes may be accelerated
by normal heating or high pressure. This con-
siderably handicaps the designer, when it comés
to the mixed cement passing through the required
slnges (ﬁg. 7) of "structural formation and
st‘rcn%t,henmg.

P. S. Rehbinder and N. V. Mikhailov proposed
intervention in the processes during the first stage.
When preparing very fine cement, ground sand,
and active mixture they recommend the use of
mechanical influence like vibratory mixing of
concrete and multifrequency vibration in_all
technological stages of mixture processing. This
destroys the formed structure, to obtain denser
packing of concrete and cement paste particles
and development of hydration processes deeper
in the cement grains. As a result there is a
significant increase of concrete strength and
density.
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Our aims are broader: we prepare u binder so
that the stage of structure formation passes
uickly and setting isalso rapid. We assume that
the cement structure has entered far into the
setting stage to form a sufficiently strong and
hard cement paste body. With any absorption
of water into this structure, even though it is
very strong, expansion of cement paste com-
pletely destroys the structure, turning it into n
jellified substance. Thus, the created strueture
conceals possibilities of self-demolition. In this
respect SC is completely useless us u binding
agent. But here the researcher intervenes in
cement paste structure building and by definite
processes (moistening, heating, mechanical force)
rearranges the system, dcstroym_g certuin cement
paste structures, while others arise rapidly in the
combinations and sequence required for the lmr‘d
body to remain unchanged, so that strength is
maintained und even increased, while the cement
paste volume increnses, able in case of resistance

58 noted, in discussion

The advent and rapid development of pre-
stressed concrete design and construction has
opened & new field of broad application. Among
the more intriguing varintions is that of an expand-
ing concrete member, essentially an expanding
cement, whereby the desired prestress is self.
effected. It is evident in the wealth of dute
presented in this paper that the concept, both of
the cement and of its effective use, has developed
into an established art. While the accomplish-
ment merits high compliment, there are two or
three facets of the report that may merit more
extended discussion.

The unstable or expanding component of the
cement (or concrete) is identified as low sulfo-
aluminate, proportioned about 35 to 65 percent,
portland ecment. It is put into the cement as the
two substances ealeium aluminate and gypsum,
properly proportioned. It is preserved in the low
form by limited quantity of mix water, After
thorough set, the hardened member is immersed
in water. The availnbility of the extra water pro-
notes alteration of the low sulfonluminate to the
high sulfosluminate, ‘The expansion is accotn-
plished by this inversion. The expansion tends
to disintegrate the formerly hardened member,
which nction of course is minimized by restricting
the potentinl expansion, i.e., the low sulfoalumi.
nate, to smaller proportions, If the expansion-
curing 1s nugmented and accelerated by heat, it is
found that strength is maintained by nutogenous
healing. Thus » member may expand 3 percent or
more, and the concreto still show a strength equal
to or greater than that of the initial material, Test
dnta, offered in some abundance, show this to be
the eventual effect,

In practical application, a fixed principle of
such expansion is that it js trinxinl and that, in-
terior voids or discontinuities tend to incrense in
dianmeter. That is, the envelope of concrete about,
& prestressing wire tends to enlarge and thereby
weaken bond and the desired composite action.
Incidentally, clongation of the prestressing wiro

8. Brown

B28

of Mikhailoy ot

to convert deformation power into the work 4f -
reinforced concrete stressing.

Thus, cement acquires new qualities, revioisly
not only not used, but even objecliona{;le and-in
every way undesirable, ;

The possibility to direct the expansion of
hardening binders, and freely to design them, is
a new advanced undertaking in cement cheniiétry,
opening wide technical horizons,

The work performed by Soviet scientists in 1
this field is a first step towards nsing the chemical 3
power of hardening binders, and must be continued
m order to find the best way to release and make §
use of chemical forces inherent in the binders for 3
advantageous work in self-stressing. The efforts 1
of scientists and engineers of many countries §
should be directed towards this end. It seems
to us that maximum results are assured if pro. 3
ducers will participate in this work and introdice 3
new achievements in their experimental plant,

that:

reduces its diameter and tends further to weaken
the bond. This tendency is inherent in the process .38
and should
the adverse tendency does not necessaily vitiate
the objective. It only means that one should-be
aware of corrective countermeasures, It may be
that the autogenous healing automatically resiores 3
the bond. ’Ighen again, it is noted in the paper  §}
that uniaxial restraint tends to transversé com
pression, an explanation that is subject to serious
challenge.

Many properties of the eventual concretes ire %

investigated and described. Among othiers, 4
high resistance to sea water or sulfate exposure it
noted. That probably is to be expected; since the
aluminate is already in the stable high . sulfate
form. The concept offers intriguing possibilities
in respect to endurance of ordinary conerete.

Nothing is said of one property that could be of
wide interest. That is resistance to frost action.
It is noted that before expansion the concrete is
very dense and that it dries out very slowly.
When put in water, however, it takes up water
very rapidly. This anomalous behavior isquite
different, from that of conventional concrete. One
may well suspect. thereby that resistance to frost
action could be poor, but no freezing and thawing
tests were noted. .

Much of the first part of the paper is made s
dissertation on the processes of hydration and set
of ordinary cement. While it is evident that
intensive petrographic studies have been made,
the concepts derived do not appear in full accord
with conventional thought. For example, it is
stated that the original cement particles shatter
into much smaller colloids. Our petrographic
studies do not support this view. Present purpose
however is not to eriticize the concept. It i8 only.
to noto that the dissertation is not cssc.ntlgl ]
discussion of the mechanism of expansion snd
sclf-stressing. The discussion suffers _somewhl!
from this caslier and lengthy consideration.

ever be kept in mind. That is to say, &
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