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Experiences in the Use of
Superplasticizers in Some
Special Fly Ash Concretes

By Kirsten Eriksen and
Palle Nepper-Christensen

Synopsis: Use of a naphtalene-based superplasticizer
at high dosages in concretes made with fly ash (100-
150 kg/m3) and a moderate content of portland cement
(250-300 kg/m ) results in great water reductions and
high strengths (75-80 MPa after 28 days) for concretes
with normal workability (slump 5-10 cm). Laboratory
investigations concerning mixture proportions and pro-
perties of the fresh and hardened concretes with a
discussion of physical and chemical influences of the
use of the superplasticizer are presented.

Increasing problems with the supply of good, in-
expensive, natural coarse aggregates may be solved
through combined additions of superplasticizers and
fly ash to the concrete. This paper further presents
experimental evidence of mixture proportions and phy-
sical data for socalled "sand-concrete", i.e. concrete
without coarse aggregates but with "normal"” contents
of portland cement and water obtained by the addition
of rather large amounts of fly ash and superplastici-
zers,

Keywords: coarse aggregates; compressive strength; fly ash; high-
strength concretes; mix proportioning; naphthalene compounds;
plasticizers; portland cements; water-reducing agents; workability.
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Mrs. Kirsten Eriksen, Chemical engineer, M.Sc., has
since 1977 been a mempber of the Technical Advisory Ser-
vices' staff of Aalborg Portland, Denmark.

Palle Nepper-Christensen, Civil engineer, M.Sc., has
been closely associated with cement and concrete since
1961. First as research engineer at the Concrete Re-
search Laboratory Karlstrup, now manager of the Tech-
nical Advisory Services, Aalborg Portland, Denmark.

INTRODUCTION

The present paper is divided into two parts, both
dealing with the use of rather large dosages of super-
plasticizer in concretes which contain fairly high
quantities of fly ash.

The first part describes an experimental investi-
gation of "normal" concrete prepared with a cement to
fly ash ratio of approximately 2:1. The second part
deals with an investigation of "sand-concrete" socalled,
because the cement/fly ash-bound material is manufac-
tured without coarse aggregate. It has structural pro-
perties similar to those of conventional concrete.

EXPERIMENTS WITH SUPERPLASTICIZED FLY ASH CONCRETE

At the Cement and Concrete Laboratory of Aalborg
Portland A/S investigations of superplasticizing ad-
mixture as water reducer has been carried out on fly
ash concretes with moderate cement content producing
high strength concrete with normal workability.

The aim of the investigations has been to obtain
information on the properties of such concretes in the
fresh and hardened state so that customers could be
advised about the proper use of superplasticizers also
in specialty concretes.

Materials, Experimental Procedures and Results

The two fly ashes designated as "A" and "B" used
in the experiments originated from two different bat-
ches of the Danish power plant Masnedgvarket. Details
of composition and other characteristics are given in
Table 1. Both fly ashes conform to ASTM C-618.

Only one Type III rapid hardening portland cement,
conforming to ASTM C-150, was used.
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Fly Ash Concretes 3

The aggregates consisted of 47 weight percent
gquartz sand (0-4 mm) and 53 percent crushed granite
(8-16 mm). The grading curve, Fig. 1, was the same
throughout the investigations.

The superplasticizer used is the sodium salt of
a synthetic naphtalene sulfonic acid polymer of Japa-
nese origin. It is supplied as 42 weight percent
aqueous dark brown solution under the Danish trade name
of CemMix. All dosages of CemMix reported in the pre-
sent section are given as weight of dry CemMix as a
percentage of the cement plus fly ash weight.

Preliminary tests have been conducted in deter-
mining a suitable composition of aggregates. This has
been done in concretes containing 450 kg cement per
m3. Overdosing of CemMix (up to 1.6 percent) to secure
maximal dispersion and thus minimizing the paste con-
tent (the water content) has taken place considering
that the concrete should possess good workability pro-
perties and show no sign of bleeding or segregation.
Concerning the workability, the German flow table (1)
has been used and the spread value aimed at was
350 mm ¥ 30 mm. This means that the concrete can be
easily placed with normal vibration equipment.

For this type of concrete with 450 kg cement per
m3 and a consistency as the abovementioned the water
demand has been established for various dosages of
CemMix (including 0 percent).

In the fly ash experiments it was decided to use
130 kg m3 of fly ash, maintain the spread value at
approximately 350 mm, maintain the grading of aggre-
gates and then find what cement content would give the
fly ash concrete the same workability properties and
appearance as the plain concrete. The cement content
for the fly ash (A) concrete was found to be 270 kg
per m3 which means a reduction in fines equal to 50 kg
per m3 compared to the plain mixes.

In the fly ash (B) concretes the same composition,
130 kg fly ash and 270 kg cement per m3, was maintained.
Here a lower water demand was observed.

Again the water reducing effect of various dosa-
ges of CemMix was investigated for fly ash (A) and
fly ash (B) concretes while the consistency was held
constant.

Selected compositions of plain mixes, fly ash (A)
and fly ash (B) mixes appear from Table 2. In Fig. 2
the water reduction curves for increasing CemMix dosa-
ges 1s drawn for the three types of concretes.

Documents

Full document details: ACI SP-68


http://www.avadocuments.com/doc/aci-sp-68
http://www.avadocuments.com/doc/aci-sp-68

4 Eriksen and Christensen

Cylinders (100/200 mm) were cast for compressive
strength measurements on some of the concretes contain-
ing fly ash. These results also appear in Table 2. The
cylinders were stored in air at 20°C for 24 hours,
then demoulded and cured under water at 20°9C until the
time of testing. Only two cylinders have been tested
per test date.

Heat evolution in kJ per kg cement plus fly ash
and heat evolution rates have been measured by adia-
batic colorimetry for two fly ash (A) concretes with
0 percent and 0.8 percent CemMix, respectively, see
Table 2 and the Fig. 3 and 4.

FFinally, two fresh fractures of fly ash (A) con-
cretes, age 28 days, with 0.2 percent and 1.2 percent
CemMix, respectively, have been looked at qualitative-
ly in a a scanning electron microscope with EDAX ana-
lysator (SEMEX). Fig. 5 and 6 show micrographs at 1000x
magnification typical for the specimens.

Discussion

Water reduction, workability and mix design--
Owing to the lubrication effect of the fly ash par-
ticles it was possible with addition of 130 kg per m3
of fly ash (A) to reduce the cement content from 450 kg
per m3 to 270 kg per m3 in obtaining the same appear-
ance and workability properties in the fresh state as
was found for the plain concrete. Without superplasti-
cizer, the water demand for fly ash (A) concrete and
the plain concrete are almost identical.

Fly ash (B) concretes have a lower water demand
in general which can be subscribed to a lower loss on
ignition and a little less residue on the 45 micron
sieve than fly ash (A). Rasmussen (2) has found corre-
lation between these factors and water demand.

The addition of CemMix results in water reductions
which are ultimately higher for the fly ash concretes
than the plain concretes. The results for a dosage of
1.2 percent CemMix are 40 percent water reduction for
fly ash (A) and (B) concretes compared to the plain
concrete, where 35 percent reduction was obtained. In
none of the concretes further water reduction exceed-
ing the 1.2 percent dosage are obtained which confirms
earlier observations at our laboratory concerning maxi-
mal dispersing effect in normal concretes. For low do-
sages of CemMix the water reductions are higher in fly
ash (A) mixtures than in the other mixtures. This can
be explained by the fact that the cement and cement
plus fly ash (B) concentrations in the paste are high-
er than in the fly ash (A) mixtures.
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Fly Ash Concretes 5

At the high dosages there appears to be an extra
effect concerning workability from the fly ash partic-
les. This can be expressed as the dispersed fly ash
particles give an even dgreater effect concerning work-
ability than dispersed cement particles do.

These findings are not in accordance with the con-
clusions that Lane and Best (3) have drawn concerning
water reducing ability of superplasticizers in fly ash
concretes, where they have found reductions not ex-
ceeding 15 percent for equal slumps. This can be ex-
plained by the composition of their concretes (a much
lower cement content) and smaller dosages of super-
plasticizer. If a lean concrete gets too much dispers-
ing agent, segregation results.

Compressive strength, heat evolution and morpho-
logy--The strength results indicate that it is possible
with high CemMix dosages to obtain relatively high
compressive strengths, especially at later ages. This,
of course, is connected with the large water reductions
and low water-cement ratios but also the fly ash plays
a role, indirectly by making the water reductions ex-
ceed what is else obtainable, directly by contributing
to the strength gain one way or another.

One day strengths are low with high CemMix dosages
owing to the retarding effect which is well known at
these dosage levels.

Obtaining 28 days' strengths near 80 MPa with only
270 kg cement per m3 plus 130 kg fly ash per m3 where
usually a cement content of 450 to 500 kg per m3 has
been necessary even with the use of superplasticizers
when good workability properties had to be maintained,
indicate that fly ash particles have a better filler
effect than unhydrated cement grains.

Heat evolution curves (kJ/kg cement + fly ash)
have been measured under adiabatic conditions. Two con-
cretes with fly ash (A), the one without CemMix, the
other with a dosage of 0.8 percent and with water con-
tents of 180 1/m3 respectively 123.5 1/m3 have been
determined as seen in Fig. 3 and 4.

The heat evolution is reduced by 15 percent when
reducing the water content looking at the final heats.
This is in accordance with other results when reducing
the water-cement ratio from 0.7 to 0.5 in normal con-
cretes (4).

As the two concretes have exactly the same con-
tents of cement and fly ash - but definitely different
strength results - the measurements clearly demonstrate
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6 Eriksen and Christensen

that there are great possibilities in using superplas-
ticizers when you wish to reduce temperature problems
in hardening concrete.

Combined use of a superplasticizer and fly ash can
be exceedingly beneficial compared to plain concretes
if one considers strength and heat evolution. The 1li-
mits for maximum content of fly ash will be set from
other reasons than these.

The retarding effect of CemMix at high dosages can
be seen in the rate curves (dQ/dt) where the water re-
duced concrete is retarded by up to approximately 12
hours.

Fig. 5 shows fly ash (A) concrete, age 28 days,
and CemMix content equal to 1.2 percent. Fig. 6 shows
fly ash (A) concrete, at the same age, and with a do-
sage of 0.2 percent.

A general impression was that the fly ash partic-
les were much more dispersed in the high dosage con-
crete which also was to be expected. Many fly ash sur-
faces looked totally unaffected or unreacted, but all
analyses showed qualitatively a bigger content of cal-
cium than was to be expected from the fly ash composi-
tion. A closer look showed occasionally Type I gel
formations on several particles. These observations
are in accordance with the findings of Diamond et al.
(5), referring to the formation of so-called duplex
layers, although not observed here to the same extent.

EXPERIMENTS WITH SAND-CONCRETE

In the present paper, the term "Sand-Concrete”
is used to describe a material consisting of Portland
cement, water, aggregates, and additives, in which
the contents of cement and water are at the level of
conventional concrete whereas the content of coarse aggre-
gates is zero.

The background of the experiments described below
is the fact that there are, in many parts of the world,
increasing problems with the supply of good, natural
coarse aggregates for concrete production, whereas the
resources of fine aggregates (sand) quite often are
extensive. Furthermore, fine aggregates are normally
considerably cheaper than coarse aggregates.

The purpose of the present investigation, there-
fore, was to examine whether it is possible, without
the use of coarse aggregates, to make concrete which
through the addition of superplasticizing agents and
fillers (in particular pulverized fly ash) requires
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similar quantities of cement and water as conventional con-—
crete to achieve plastic consistency in the fresh state,
and which exhibits similar structural properties as
conventional concrete in the hardened state. As well
known, cement mortar requires far more cement and water
than concrete, and consequently shows a much greater
drying shrinkage than concrete. Thus, cement mortar is
not a suitable material for structural purposes.

Materials, Mix Proportions, and Tests

Ordinary Portland cement (conforming to the re-
quirements of ASTM Spec. Cl50, Type I), fly ash "A",
commercial pit sand with a residue on the 2 mm sieve
of 5 percent, and a superplasticizer of the naphtalene
sulfonic acid type (trade name in Denmark: CemMix) were
used in the tests. Further details of the materials are
given in Table 1.

Three different concrete mixtures were tested:
A) a mixture with a rather high cement content (350
kg/m3), B) a mixture as A with air-entrainment, and
C) a mixture with a relatively low cement content
(175 kg/m3). Details of the mix proportions and of the
properties of the fresh concrete are given in Table 3.
It appears from the table that relatively big quanti-
ties of fly ash (about 200 kg/m3) and superplasticizer
(about 1 percent on solid substance basis) were added
to the mixtures to achieve suitable consistency and
workability.

Of each mixture, two batches were manufactured.
From each batch a total of 12 cylinders (100 x 200 mm)
were cast for compressive strength testing and for
measurement of the stress-strain curves 1, 7, 28 and
91 days. Furthermore, a total of three 40 x 40 x 160 mm
prisms for measurement of the drying shrinkage.

The cylinders for strength and stress/strain testing were
demoulded after 24 hours and then cured under water at
20°C until the time of testing. During the compressive
strength testing of each cylinder, the stress/strain
curve was recorded automatically by means of a special
equipment which measures the strain over a gauge length
of 70 mm. From each stress/strain graph the secant
modulus of elasticity Eg,3 (defined as the secant
through origo and the curve at the stress level of
0.3 times the failure stress) and the strain ey at
maximum stress level were determined.

The prisms for shrinkage measurement were demould-
ed after 24 hours and then stored under water at 20°C
until an age of 28 days. They were then stored in the

laboratory (temperature: 20 * 19C, relative humidity:
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65 ¥ g percent), and measurements of length changes
were started. At intervals, during a period of about

90 days, the distance between the end points of cast-in
gauge studs was measured, and the shrinkage in percent
calculated.

Test Results

The average results of the compressive strength,
the modulus of elasticity, and the rupture strain are
given in Table 4, and strength curves are presented in Fig.7
together with the strength curve of conventional con-
crete of the same cement content (350 kg per m¥) and
the same type of cement as used in the present tests.,

The compressive strengths versus the reciprocal
of water-cement ratio, c¢/w, are plotted in Fig. 8;
¢/w being calculated as

where C, F and W are the cement, fly ash, and water
contents in kg per m3, A the air content in liter per
m3, and k the "activity index" of the fly ash, which
here arbitrarily is taken to be ‘0.25.

The modulus of elasticity is somewhat lower than
for ordinary concrete which has an elastic modulus of
the order of 30,000 - 40,000 MPa. The ultimate strain,
on the other hand, is somewhat greater than for con-
ventional concrete which normally is considered to
have an ultimate strain of the order of 0.2 percent.

The results of the measurements of the drying
shrinkage exhibited large variations between similar
test prisms., Due to these variations, no significant
difference between the shrinkage of the prisms from
the three mixtures could be ascertained. Consequently,
all the results applying to the same test age were
used to calculate a mean value. These mean values ver-
sus time are plotted in Fig. 9.

Discussion of Results

As seen from Table 4, the rich mixtures (A and B)
gave compressive strengths at 28 days of the same order
as conventional concrete. At early ages, a somewhat
lower strength level whereas at later ages a consider-
ably higher strength level were obtained than with
conventional concrete. The strength reduction caused
by the high air content (5-7 percent) was more than
compensated by the strength increase contributed by
the pozzolanic action of the fly ash. The lean mixture
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Fly Ash Concretes 9

(C), however, yielded a somewhat lower compressive
strength than would be obtained with conventional con-
crete of the same cement content. This might be due to
a too high fly ash to cement ratio.

The Bolomey plot in Fig. 8 has been supplemented
by test results on sand-concrete obtained by Andersen
(6). Also for his tests a value of 0.25 for the fly
ash activity index k was used for calculation of the
(c + kf) (w + a) ratio. As seen from Fig. 8, a straight
line

f, = kK (S + kf - o,5)
w + a

through 0.5 at the c¢/w-axis (to compare with the conven-
tional Bolomey line) seems to fit the results quite
well where the constant K takes the value of approxi-
mately 38 MPa. For comparison, it can be mentioned

that the value of K is of the order of 25 MPa for con-
ventional concrete made with the same cement.

As appears from Fig. 9, the drying shrinkage after
drying out for 3 months at 20°C and 65 percent relative
humidity was about 0.06 - 0.07 percent. Conventional
concrete with the same water and cement contents as
in the present tests will, according to (7) have a
drying shrinkage of approximately 0.07 percent.

CONCLUSIONS

For the two limited experimental investigations
reported above, the following conclusions may be drawn:

1l. The dispersive action of a superplasticizing ad-

mixture is considerably greater in concrete mixtures

which incorporate fly ash than in comparable concrete
mixtures without fly ash.

2, This fact may be utilized to produce high-strength
concrete with moderate cement content (250 - 300 kg
per m3) but with rather high dosages of fly ash (ce-
ment to fly ash ratio of the order of 2:1) and super-
plasticizer.

3. Similarly, this fact may be utilized to produce
sand-concrete, i.e. "concrete" to which no coarse
aggregates have been added but which, nevertheless,
yield approximately the same structural properties
(strength, shrinkage) as conventional concrete.
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TABLE 1

Material data of cements, fly ashes and sand*

Cements Clinker composition (%) Specigic surface
cyS|c,s|cep| cuar (m“/kq)
Type I 55 20 8 8 319
Type II1X 53 21 8 8 409
Loss on |Specific|Residue on}Apparent
Fly ashes Chemical composition (%) ignition|surface {45 micron |[density
Si0, | Bl,05} Fe,03 ] Ca0| MgO| SO3| Kp0| NayO| Tio, (%) (m2/kg) sieve (%) (kg/m3)
(A) 53.3] 25.7 8.5 5.2} 3.2} 0.9] 2.8 0.8 - 4.8 438 14.4 2363
(B) 53.3§ 24.6 8.6 5.5{ 3.3} 1.0] 2.5] 0.8 0.9 2.6 458 11.6 2413 w
<
Residue (%) on sieve »
8mm| 4mn|{2mm| 1 mn|0.5mm] 0.25 mm| 0.125 mm g_
Sand* 1 5 10 21 53 87 99 o)
Qo
=S
Q
o
®
(7]
* sand used in sand-concrete -
-
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TABLE 2
Mixture proportioning and test results

Eriksen and Christensen
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TABLE 3

Mixture proportions and data for the fresh sand-concrete

Mix A Mix B Mix C

Cement (C) 348 339 174
Mixture Fly ash (F) 199 194 198
propor- Water (W) 186 181 186
tions Sand 1482 1443 1627
(kg/m3) Superplasticizer

(solid substance) 2.7 2.6 1.7

Air entrain. agent 0 0.17
Fresh Slump (mm) 130 140 45
Concrete Air content (A} (%) 4.8 7.2 5.2
data Density (kg/m>) 2220 2160 2190
Note: All figures are averages of data for two batches.
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TAB

LE 4

Test results for sand-concrete

Vi

Age Comp. Strength Elastic Modulus Rupture strain
' (MPa) (104 Mpa) (%)
Mix A Mix B Mix C Mix A Mix B Mix C Mix A Mix B Mix C
1 day 9.9 8.5 1.8 1.41 1.39 0.43 0.36 0.28 0.53
7 days 29.4 27.2 7.6 2.44 2.46 1.43 0.32 0.29 0.27
28 days 44.7 40.3 12.7 2.58 2.68 1.56 0.35 0.29 0.29
21 days 59.9 54.1 22.0 3.33 x) 3.20 x) 2.60 0.29 xx) 0.27 $xx) 0.28

UasudISLIYD pue udsylig

Note: All figures are averages of 6 single observations, except those marked x)

vations) and xx)

Full document details: ACI SP-68
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Fig. 5--SEMEX micrograph 1000x, 28 days, fly ash (A), 1.2 percent
CemMix

Fig. 6--SEMEX micrograph 1000x, 28 days, fly ash (A), (DdHeenseehts
CemMix
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as (C + 0.25 F)/(W + A), cfr. Table 3. To compare with the con-
ventional Bolomey equation, the line is drawn through 0.5 at the
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SP 68-2

Use of a Superplasticizer
in the Manufacture of
Extra-High-Strength Block

By Lucas E. Pfeiffenberger and Thomas B. Ray

Synopsis: The purposc of this study was to cxamine the
c{fcct of adding various dosages of a melamine-based
superplasticizer in the manufacture of extra-high
strength block.

Seven batches of block were cast as follows: a) ref-
ercnce mixtures in which no admixturce was added; b)
rcference mixtures using a conventional block plasti-
cizer; c¢) four mixtures using various dosages of su-
perplasticizer: 1% by weight cement, 2%, 3%, and 2%
with additional water. Halfway through each batch, the
feced/finish times were increased. The block werce steam-
curcd at low pressurc.

The testing program consisted of a) impact-resistance
and compressive strength at 24 hours; b) absorption
and unit weight; and c¢) compressive strengths at 7,
14, and 28 days.

All block exceceded the 5000 psi (34.5 MPa) net compres-
sive strength requirement of extra-high strength block.
The effect of the superplasticizer increascd as the
dosage increascd. The superplasticizer also allowed
for shorter feced times to achicve the same finish times.

The encouraging results of this preliminary study indi-
cate more work needs to be done to investigate the pos-
sibility of leaner ccment mixes, lower temperature cur-
ing conditions, and possibly shorter feed/finish times
to achicve the economic advantages inherent with the
usc of superplasticizers.

Keywords: absorption; admixtures; compressive strength; concrete
blocks; high-strength concretes; impact strength; manufacturing;
melamine resins; mix proportioning; plasticizers.
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22 Pfeiffenberger and Ray

ACI member Lucas E. Pfciffenberger is Manager of the
Materials Rescarch and Training Center of the Besser
Company in Alpcna, Michigan. He has supervised and con-
ducted a number of studies in the concrete masonry in-
dustry notably in the arca of lightweight aggregate con-
crete. He had been active in ACT Committee 213 and is
currently a member of Committece 517.

Thomas B. Ray is Coordinator, Quality Control and Op-
crations for Amcrican Admixturcs and Chemicals Corpora-
tion in Chicago, Illinois.

INTRODUCTION

The increascd use of concrete masonry units for high-
risc buildings and other hcavy load-bearing construc-
tion has crcated a neced for more information concern-
ing rccommended practices for manufacturing cextra-high
strength block, as well as concerning various admix-
tures that may be used to improve the efficiency in
making this type block., The purposc of this study was
to cvaluate the effect of using a commercially avail-
able superplasticizer® in the manufacturce of extra-high
strength block.

Superplasticizers have been usced during the last decade
in the rcady-mixed concrete industry as a plasticizing
agent which produces a {lowing concrete. In rcady-mixed
concrete, the admixturce acts as a dispersant to provide
fluidity, but at the samc timc has a cohesive effect
which prevents scgregation. In addition, the dispers-
ive action allows for morc surface arca of the cement
to be in contact with water. Therefore, once the plas-
ticizing effect of the superplasticizer subsides, hy-
dration of the cement can take place more rapidly, re-
sulting in higher carly strengths.

For block manufacturing, it was thecorized that a super-
plasticizer would plasticize the mix to allow for grecat-
cr compaction. In addition, higher carly strengths
would allow safc handling of the block.

¥ Mclment L10, manufacturcd by American Admixtures and
Chemicals Corporation, Chicago, I1linois
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Block Manufacture 23
SCOPE OF INVESTIGATION

The goal of the study was to produce block having a net
compressive strength cxceeding 5000 psi (34.5 MPa). (1)

Mixture Ratio

Sinnicks(2) reports various mixture designs which have
successfully produced extra-high strength block with

low pressure curing. The range of ccement-to-aggregate
ratios reported was 1:4.8 to 1:10.0. The Besser Company
(3) recommends a cement-to-aggregate ratio of 1:6 to

1:8 in the manufacturc of split block. Taking into con-
sideration this information, a ratio of 1:7 was chosen.
ASTM Type 111 (high carly strength) cement was used to
insure high strength within 28 days.

Aggregate

The aggrecgate was a blend of sand and stonc having an
average fineness modulus of 3.67, based on the sieve
analysis of four of the scven batches. A combinecd
graph of the four sieve analyses is given in Figure 1.
Although the combined aggregate exceceded desired limits
for some sieves, it was believed to represent a blend
which might rcalistically be encountered.

Admixture

The quantity of superplasticizer was proportionced as a
percentage of the cement content by weight. With lit-
tle data available in using superplasticizers for block
manufacture, a dosage of 2% was choscen since that dos-
age is frcquently uscd for rcady-mixed concrete. Ad-
ditional dosages of 1% and 3% were chosen to bracket
the 2% addition. The sccond dosage ol 2%, but with ad-
ditional watcr, was decided on after manufacturing had
begun. This was at the rccommendation of the batch man,
who felt the mixturce could handle morc water and still
retain shapc after de-molding.

Machining

In the manufacturec of block, the total vibration time
is a combination of the feced time, finish time, and
delay time. The feed time is the time during which the
drawer holding the concrete is above the molds, allow-
ing concrete to enter the molds. The finish time is
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24 Pfeiffenberger and Ray

the time during which the compression head is pressing
the concrete into molds. The delay time is the length
of timc during which the mold is vibrated to allow the
block to be removed from the mold without sticking. It
is generally accepted that the longer the vibration time
during molding, the higher the density and, correspond-
ingly, the compressive strength of the block. To fur-
ther study this principle, two different feed times and
finish times werce usced with cach batch. For the mix-
turecs without the superplasticizer (A, B, and G), the
first half of each batch was molded with a 2.5 second
feed and 3.0 sccond finish time. The rcemaining half
was made with a 3.0 sccond feed and 4.0 sccond finish
time.

For the superplasticized batches (C, D, I, and ), the
feed times were decrcased to 2.0 seconds and 2.5 scc-
onds since the desired 3.0 and 4.0 second finish times
could not be achieved with longer fced times. Shorter
feed/finish times arc designed "1 batches, longer times
as "IT" batches.

The testing program consisted of a) impact resistance
at 24 hours; D) absorption and unit weight; and <¢)
compressive strength at 1, 7, 14, and 28 days.

MANUFACTURING PROCEDURE

A total of seven batches of 8"x8"x16'" (20.3 c¢cm x 20.3
cm x 40.6 cm) standard 2-core block were processed.
Control batches with no admixturec were designated
batches A and G. These control batches were run at the
beginning of manufacturing and at the cnd to compensatc
for any possiblc changes causcd by room tcmperaturc or
moisturc content of the aggregate. Batch B contained

2 0z./100 1bs. ccment (130.4 ml/kg) of a conventional
block plasticizer*. The supcerplasticized batches were
as follows:

Batch C - 2% by wecight cement
Batch D - 3% by weight cement
Batch E - 1% by weight ccment
Batch F - 2%, but wetter than C

Lach batch was madce in a 30 cu.ft. (0.85 cu.m.) mixer

with a 1:7 cement-to-aggregate ratio which resulted in
the following mixturc: 350 1bs. (158.8 kg.) Type III

cement, 708 1bs. (231.1 kg.) stone (moist), 1807 1bs.

(819.6 kg.) sand (moist).

* Mark V as sold by Forrer Chemical, Butler, Wisconsin
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Block Manufacture 25

Mixing times were controlled to four minutes after water
was added. Lqual amounts of water could not be used in
all batches becausc of the effects the admixtures had on
the flowability of the concrete.

A standard thrce (3) at-a-time 8"x8"x16" (20.3 cm X
20.3 cm x 40.6 cm) 2-corc mold on a Besser V3-12 Vibra-
pac was uscd for manufacturing the block. The unalter-
ed mechanical cycle for this machine was 6.5 scconds
including a 1.0 sccond delay time. A summary of cycl-
ing time and correcsponding production rates appcars in
Table I1.

Twenty- four (24) pallets, with thrce block to a pallet
were manufactured for each batch. For complete infor-
mation, see Table 1.

The block were steam-curcd for f{ive hours durlng Wthh
time the temperature uniformly rose to 165- 170°F (73.¢
-76.7°C). During the additional fiftecn hour soaking
p011od the temperature gradually dropped to 1150F
(46.1°C). (Figurce 2). After being removed from the
kiln, the block were stored inside.

TEST PROCEDURE

Blocks having 3.0 and 4.0 sccond finish times were uscd
for test cvaluation. The units were carefully sclected,
frece of cracks and broken corners, to correspond with
the production settings set forth in Table I. The fol-
lowing tests were performed: Resistance to Impact,
Absorption and Unit Weight, and Compressive Strength.

Resistance to Impact

This test is uscd to predict if the block can be hand-
led for cubing and storage without damaging the corners®.
Four batches with a 3.0 sccond finish time were chosen
for this test. The block had been cured for approxi-
mately 20 hours. Three block were tested from each
batch.

Absorption and Unit Weight

Absorption and Unit Weight tests were conducted accord-
ing to ASTM C-140. A total of six (6) block were test-
ed from each batch: three with a 3.0 second finish

time and three with a 4.0 scecond finish time. The block

* Tor complete description of the ''Resistance to Impact"
test, sce Appendix A.
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26 Pfeiffenberger and Ray

werc at various ages between 14 and 28 days.

Compressive Strength

The Compressive Strength tests were conducted at ages
of 1, 7, 14, and 28 days. Unfortunatcly, only four
batches werc tested at 1 day and only from the 3.0 sec-
ond finish times. Block tested at 7, 14, and 28 days
were stored inside, frece to dry out under ambient con-
ditions.

Compressive strength testing was conducted according to
A.S.T.M. C-140, except that the block had to be cut in
half at 7, 14, and 28 days due to the capacity of the
compression machine. Two full-sized block were tested
at 7 days resulting in damage to the shcar pin of the
compression machine each time. After cutting, the front
half of the block werc used as that is the weaker half.

For the 1-day tests, three block were used and the aver-
age of the thrce reported. For the 7, 14, and 28-day
testing, six block werc tested.

DISCUSSION OF RESULTS

Resistance to Impact

Evaluation of the Resistance to Impact shows that all
the block casily met the requirement of 70.0 deci.ft.
1bs./sq.in. (0.015 MJ/sq.m.)* not only for fracture,
but for cracking as well. (Figure 3). This block
could obviously be handled without fear of damage at

24 hours. Ranked in order, Batch IF (with the 2% super-
plasticizer wetter mix) was the best performer followed
closely by Batch D (with 3% superplasticizer), then
Batch G (the second reference batch), and finally Batch
L (1% superplasticizer). The Resistance to Impact test
was only performed on Batches D, L, F, and G.

Unit Weight and Absorption

Analysis of the Unit Weight and Maximum Absorption tests
showed some unexpected results. (TFigures 4 and 5 and
Table I) Gencrally, increased vibration time (feed/
finish) should result in higher unit weight and lower
absorption. Batch A, the first reference mix, showed
the opposite. llowever, thec other batches exhibited

*This value has been determined by the Besser Company
as the minimum required to allow for safe handling of
the block after curing. Sec Appendix A.
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results one would expect with Batch TP, the wetter 2%
superplasticizer at 4.0 second [inish time, having the
least percent mdxlmum absoxutlon All of the block
ecasily met _the A.S.T.M. %0 requirement of no more than
13 1b./ft.3 (208.26 kg /m absorption.

Compressive Strength

Compressive Strength testing was done at 24 hours, 7,
14, and 28 days (Table I and Figures 6-9). Only four
batches were tested at 24 hours and all of these were
at a 3.0 second finish time. Batch D, with 3% super-
plasticizer, tested at 4981 psi (34.3 MPa), virtually
excceding at 1 day the 5000 psi (34.5 MPa) hoped for in
ultimate strength.

At 7 days, all of the block surpassed the 5000 psi
(34.5 MPa) hoped for. At the 3.0 sccond finish timc,
Batches D and PP (3% superplasticizer and 2% wetter su-
perplasticizer) both tested around 7000 psi (48.3 MPa).
At the 4.0 sccond finish time, the 3% supcrplasticizer
mixture and the sccond reference mix showed the grcat-
est incrcase in strength, approximately 700 psi (4.8
MPa).

At 14 days and a 3.0 second finish time, once again
Batch D (3% superplasticizer) was clearly the strongest,
brcaking at around 8300 psi (57.2 MPa). The incrcascd
feed/finish time did not appear to have as much of an
effcct on the block at 14 days as it did at 7 days.
Batch D continued to be the strongest at 8300 psi

(57.2 MPa).

The data at 28 days showed somc unexpeccted results.
With ecight different batches tested, one or two of the
six brcaks occurred at considerably lower loads than
other brcaks in the same scries. This also occurred
with four batches at 14 days. These values werce re-
jected through statistical analysis(4). llowever, cven
after rejecting the extrancous values, six of the thir-
teen batches tested at 28 days showed a decrcase in
strength between 14 and 28 days. Subsequent examina-
tion of the compression machine clearly indicated that
the shear pin had becen bent and was deteriorating,
which caused improper loading of the specimens. Hence,
the authors view the 28 day results as highly suspect.

CONCLUSIONS

Based on the limited test data, the following tentative
conclusions can be drawn:
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1)

z)

3)

4)

5)

6)

Pfeiffenberger and Ray

At 24 hours, the use of the superplasticizer did
significantly increase compressive strength at
%, 2%, and 3% addition rates.

The superplasticized mixturc at a 3% dosage rate
was clecarly the best performer at all ages.

The 2% superplasticized mixtures also performed
well in terms of 14 day strengths. The wetter

2% mixture performed better at a shorter vibra-
tion time,

The supcrplasticized mixtures allowed the block
to be made at a shorter feed time, resulting in
a time of production savings of about 4%.

With the wetter 2%, and the 3% dosage rates of
the superplasticizer, longer total vibration
time did not appear to incrcase ultimate (14-
day) strengths.

The basic mixture proportions could have becn
altered to a lcaner (less cement) mixture since
cven the refercnce mixtures casily met the 5000
psi (34.5 MPa) requircment.

The study raiscd more questions which should be ad-
dressed with future investigations:

1)

Z)

3)

4)

5)

When using a superplasticizer, how lean of a
cement-to-aggregate ratio can be used and still
achieve 5000 psi (34.5 MPa) block?

Can satisfactory results be achicved using a
normal ASTM Type I cement rather than a Type 1117

Considering the relatively high 24-hour strengths
of all the block, is it possible to cure the
block at lower temperatures rcsulting in energy
savings?

Can the extra-high strength block be made with
an cven lower machining timce?

Can a superplasticizer be usced in conjunction
with a normal-type block plasticizer to achieve
optional machining time and compressive strength?

These and other questions nced to be studied to more
fully determine the economic advantages inherent in the
use of superplasticizers in the block industry.
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APPENDIX A

Resistance to Impact Test

This test, developed by the Besser Company, provides in-
formation regarding whether or not block can be safely
handled without cracking or chipping corners®*. The test
consists of dropping a 0.2 1b. wecight on each corner of
the block at incrcased heights until the corner cracks
and finally fractures. The force exerted by the weight
falling from the various heights has becen calculated and
is shown in Table III.

TABLE TT11

Accumulative Impact for 0.2 1b. Weight

Position Deci.lt.1b./sq.in.

3.

3
0
0
3
0
.0
3
.0
.0
.3

SO NC B NN
~
=

R 53 additional

—

I{f the block docs not crack or fracture at position 9,
then the weight is repcatedly dropped from position 10.
For each impact at position 10, 33.3 deci.ft.1lb./sq.in.
is added to the total impact. Both the crack and frac-
ture point is determined for ecach of the four corners
and then averaged. This procecdure is followed for three
different block. Then a final average is determined
from the threc. A samplc calculation follows:

* The following conversion factors apply throughout:
a) to change 1bs. to kg., multiply by 0.45
b) to change deci.ft.1lb./sq.in. to MJ/sq.in., mul-
tiply by 2.1x10-4.
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For Block No. H12-R:

Position Position
Corner Causing Crack Causing Practurc
1 8 9+2R
2 9+4R 9+4R
' 3 9+6R 9+8R
4 __9+1R 9+1R
Average 8.75+2.75R 9+3,75R

Crack Fracture

Average Impact Resistance:
(deci.ft.1b. per sq.in.) 234 275

Discussion
To determine the average position resulting in a crack,

average the whole numbers separately and then the "R"
values:

Whole numbers - 8 + 9 + 9 + 9 = 3§ 35 + 4 = 8.75

"R Values - OR + 4R + O6R + 1R = 11R; 11R : 4 =
2.75R

Therefore, 8.75 + 2.75R is the average position.

Using Table ITII, each "R' value is equivalent to 33.3
deci.ft.1b./sq.in. Therefore:

2.75R x 33.3 = 91,575 deci.ft.1b./sq.in. (1)

The whole number portion, 8.75 is 0.75 between 8 and 9.
Using Table III, the diffecrence between position 8 and
9 is 30.0 deci.ft.1b./sq.in. Therefore:

30.0 x 0.75 = 22.5 deci.ft.1b./sq.in.(2)

The impact from position 8 is 120 deci.ft.1b./sq.in. (3)
Thereforc, total impact from a position of 8.75 + 2.75R
is (from equations 1, 2, and 3 above):

91.575 + 22.5 + 120 = 234.075 234 deci.ft.1b./sq.in.

This value represents the average of the four corners
of one block. The data rcported in the study is the
average of thrce different block.

The Besser Company has determincd that a value of at
least 70.0 deci.ft.lb/sq.in. is desired to safelPamuments
dle block.

Document Sharing Hub

Full document details: ACI SP-68


http://www.avadocuments.com/doc/aci-sp-68
http://www.avadocuments.com/doc/aci-sp-68

ct

TABLE I

Data on Mixtures and Test Performance of Extra High Strength Concretc Units

Average Values of Units Made With 3.0 Seconds Finish Time

)
(a) Feed Cor_xcrctc(c) Ove7n_ Maximum Compressive Strengths a
Ba.tch . ®) Time Moisture Dry \\?lght Absorption . Net Area), psi @ i
NO . Admixture (sec.) Content Of Block (1bs.) 3 1b./cu.ft. 1 day 7 dav 14 dav 28 dav %
A-1 None 2.5 5.9 40.24 4.43 6.26 EEEE 6111 7517 =
B-I Normal Plasticizer 2.5 5.8 39.54 4.86 6.76 6120 6999 6529 g
C-I 2% Superplasticizer 2.0 5.1 39.62 4.92 6.91 ---- 6563 7149 7315 ~
D-1 3% Superplasticizer 2.0 4.8 39.66 4.48 6.27 4981 6991 8356 7852 %
E-1 1% Superplasticizer 2.0 5.7 39.42 5.09 7.13 4313 6716 6699 7287 ~
F-I 2% Supcx'plastici::er(e 2.0 5.4 39.52 4.46 6.28 4717 7019 7689 7900 D
G-1 None 2.5 5.8 39.84 4.59 6.48 3788 6473 6943 6580 3
Q
Average Valucs of Units Made With 4.0 Seconds Finish Time §
s @ F?cd Fopcrcte(c) Ov‘e.n_ Maxim:uT\ @me <
o Admixture ®) (Zé?) Contons. ofog){o'c\?%}f;s.) 3 Absmfl;f(/):u.f—. 1da 7 e B o @
h tent H t y Y 23 day
A-1I None 3.0 5.9 39.67 4.75 6.64 ---- 6622 7464 7800
B-II Block Plasticizer 3.0 5.8 38.70 4.77 6.67 ---- 6034 7026 6983
C-11 2% Superplasticizer 2.5 5.1 39.82 4.75 6.66 ---- 6889 7629 7287
b-1I 3% Superplasticizer 2.5 4.8 39.78 4.42 6.22 ---- 7751 8330 7254
E-I1 % Superplasticizer 2.5 5.7 39.75 5.02 7.02 ---- 6693 6881 7398
F-11 2% Superplasticizer(®) 2.5 5.4 40.59 3.96 5.64 7068 7259 7897
G-II None 3.0 5.8 40.27 4.35 6.15 ---- 7116 7096 7650
NOTES:

(a} All batches were coment-to-agyregate ratio of 1:7; 2NS sand - 1807 1bs. (moist), 310 stone - 70% Ibs. (moist), Type IIT cement - 330 lbs.
(b) Superplasticizer additions are percent by weight of cement. Forrer's Mark V is 2 0z./100 1bs. cement.
(c) Valuc based on moisturé on aggregatc plus water added during mixing. Docs not take into account water contained in admixture.

(d) Evidence of eccentric loading was discovered during 28-day breaks: thercfore, 28-day results are questionable. Sce discussion in paper
under “Results®.

(c) Batches C and F differ in that F was intentionally made wetter by addition of one gallon extra water.
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TABLE I
(ST Units)

Nata on Mixturcs and Test Performance of Extra-iligh Strenpth Concrete Units

Average Values of Units Made With 3.0 Scconds Finish Time

(@ Feed Coq;rctc(c) Ch'c:n_ M.?ximu‘n Compressive Strengths
B.:;ch — ) Time ‘\bl“f,’f° . Dry l'.c:gh:' . Ab.\on{txon‘ et Area), ‘?‘];J s (@)
No. mixture (sec.) Content (%) Of Block (kg.) % kg, /cu.m. 1 day 7 day 14 day 28 dav
A-1 None 2.5 5.9 18.25 4.43 100.3 ---- 42.1 50.4 ---
3-1 Normal Plasticizer 2.5 5.8 17.94 4.86 108.3 ---- 42.2 48.3 45.0
c-I 2% Superplasticizer 2.0 5.1 17.97 4.92 110.7 ---- 45.3 49.3 50.4
D-1 3% Superplasticizer 2.0 4.8 17.99 4.48 100.4 34.3 48.2 57.6 54.1
E-1 1% Superplasticizer 2.0 5.7 17.88 5.09 114.2 29.7 36.3 46.2 50.2
F-1 2% Superplasticizer(®) 2.0 s.¢ 17.93 4.46 100.6 32.5 48,4 35.0 34.3
G-I None 2.5 5.8 18.07 4.59 103.8 26.1 34.6 47.9 45.4
Average Values of Units Made With 4.0 Seconds Finish Time
st (@) Feed Sior}cretc(c) qun_ M’%ximuzp Compressive Strcnsths
o5 Admixture ®) (Z:Sc) ‘c’.i’éiéii% OfDﬁo‘éil%}ﬁt.) $ Absoritf?nu.m. 1da Ty Tl e 28 day(®
E] £ R./C Y. y
A-I1 None 3.0 5.9 17.99 4.75 106.4 ---- 45.7 51.5 33.8 m
B-11 Forrer's 3.0 5.8 18.00 3.77 106.8 ---- 41.6 48.4 48,1 a
C-1I1 25 Superplasticizer 2.5 5.1 18.06 4.75 106.7 ---- 47.5 32.6 50.2 O
D-11 3% Superplasticizer 2.5 4.8 18.04 4.42 99.6 me-- $3.4 57.4 50.0 =
E-1I % Superplasticizer 2.5 5.7 18.03 5.02 112.4 ---- 46.2 7.4 s1.0 g
F-11 2% Superplas:ici:cr(c) 2.5 S.4 18.41 3.96 90.3 - 48.7 50.0 54.4 Q
G-11 None 3.0 5.8 18.27 4.35 98.3 ---- 49.1 48.9 52.7 g
gy
NOTES: g
(a) All batches werc cement-to-aggregate ratio of 1:7; 2NS sand - 1807 lbs. (819.6 kg.) (moist), 31D stone - 708 lbs. (321.1 kg.) (moist), [
Tvpe [II coment - 350 1bs. (158.8 kg.) c
(b} Superplasticizer additions are percent by weight of ccment. Forrer's Mark V is 130.4 ml./kg. cement a
(c) Value hased on moisture on aggregate plus water added during mixing. Docs not take into account water contained in admixture.
(d) E\'ildcnc;.; oflccccntric loading was discovered during 28-day breaks; therefore, 28-day results are questionable. Sce discussion in paper
under "Results',
(c¢) Batches C und F differ in that F was intentionally made wetter by addition of 3.8 liters extra water. 8
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Batch
No._
A-1
B-1
C-1
D-1
E-1
F-1

G-I

Batch
_No._
A-I1
B-II
C-1I
D-II
E-1I
F-11
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Admixture

None
Normal Plasticizer
2% Superplasticizer
3%
1% Superplasticizer
2%

Superplasticizer

Superplasticizer
(wetter)

None

Admixture

None
Normal Plasticizer

Superplasticizer

1
2

2
°

3% Superplasticizer
% Superplasticizer
%

Superplasticizer
(wetter)

None

Manufacturing Cycles and Production Rates

TABLE II

Feed Finish Delay Pallet Length Production Rate
Time Time Time Feed Of Cycle (Cycle Per Minute)
2.5 3.0 1.0 5.5 12.0 5.0

2.5 3.0 1.0 S.5 12.0 S.0

2.0 3.0 1.0 5.5 11.5 5.2

2.0 3.0 1.0 5.5 11.5 5.2

2.0 3.0 1.0 5.5 11.5 5.2

2.0 3.0 1.0 5.5 11.5 5.2

2.5 3.0 1.0 5.5 12.0 5.0

Batches Made With 4.0 Second Finish

Feed Finish Delay Pallet Length Production Rate
Time Time Time Feed Of Cycle (Cycle Per Minute)
3.0 4.0 1.0 5.5 13.5 4.4

3.0 4.0 1.0 5.5 13.5 4.4

2.5 4.0 1.0 5.5 13.0 4.6

2.5 4.0 1.0 5.5 13.0 4.6

2.5 4.0 1.0 5.5 13.0 4.6

2.5 4.0 1.0 5.5 13.0 4.6

3.0 4.0 1.0 5.5 13.5 4.4

ve

Aey pue iobiaquayiold
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Studies on the Utilization of
Water-Reduced High-Strength
Concrete for Monorail Piers

By Jiro Murata, Tadashi Kawai,
and Katsuro Kokubu

Synopsis:  The studies rcported were concerned with the application of high-
strength concrete to structural members as related to some aspects of their design,
construction and behavior.

With regard to construction, tests were performed on the consistencies and
strengths of concretes of low water-cement ratios using superplasticizers.  The
superplasticizers used were the 5 brands being marketed in Japan. The influence
on comnsistency of finencss of cement was also studiced.

In examinations made by design calculations, monorail piers were used as case
studies. The relation between concrete strength and cross-sectional dimensions,
and quality of reinforcing bars required when applying high-strength concrete to
structural members were investigated.

In structural tests, the stresses, bending strengths and ductilities of model piers
using high-strength concrete were studied.

Keywords: admixtures; compressive strength; consistency tests;
fineness; flexural strength; high-strength concretes; mechanical
tests; monorail railways; piers; plasticizers; portland cements;
reinforced concrete; stresses; structural design; water-cement
ratio; water-reducing agents.
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ACI member J. Murata, Dr. Eng., is a professor in the department of civil
engineering at the Tokyo Metropolitan University, Tokyo, Japan. He is a member of
RILEM, JSCE and JCI. He has served on various JSCE committee and chaired the
JSCE standing committce on concrete. Murata is also chairman of the committee on
High Strength Concrete in the Cement Association of Japan.

Dr. Murata is the author or coauthor of numerous rescarch papers in the arca of
rheological propertics of cement mixes and structural behavior of reinforced
concrete.

T. Kawai, M. Eng., is a lecturer in the department of civil engineering at the
Nihon University, Chiba, Japan. He is a member of JSCI and JCI. He has served
the committee on High Strength Concrete in the Cement Association of Japan.

K. Kokubu, M. Eng., is a research engincer in research and development divi-
sion of the Cement Association of Japan, Laboratory, Tokyo, Japan. He is a mem-
ber of JSCE and JCI. He is also a member of the Committee on High Strength
Concrete of CAJ.

INTRODUCTION

The specified strengths of concrete for structural members are usually between
23.5 and 35.3 MPa in the case of reinforced concrete and around 44.1 MPa for prest-
ressed concrete.  TFor factory-manufactured prestressed concrete piles, strengths of
78.5 MPa and higher have come into practical usc.

It has been made possible through the utilization of superplasticizers to place
conerete in the field having a strength of 60 MPPa or more without impairing worka-
bility, but there have not been very many cases of actual construction as yet. If
such high-strength concrete were to be utilized, it would be possible to reduce cross-
sections or switch from what had conventionally been steel structures to concrete
structures. Compared with a steel structure, a concrete structure has the advantage
of reduced maintenance and administrative costs.

Monorail piers constructed along urban strects were taken as case studics of
members demonstrating the effects described above. In Japan, legislation has been
provided on steps to be taken in constructing monorail lines along existing roads as
second transportation levels in order to alleviate traffic congestion. Since monorail

Documents

Document Sharing Hub

Full document details: ACI SP-68


http://www.avadocuments.com/doc/aci-sp-68
http://www.avadocuments.com/doc/aci-sp-68

Monorail Piers 43

piers are lixely to be constructed on median strips, any horizontal dimension of a
pier must not exceed 1.5 m, and since a pier using high-strength concrete would be
slender, it will be necessary for it to possess adequate strength against bending
failure during earthquake.

The studies described here consist of examinations of the design, construction
and mechanical behaviors of piers for which high-strength concrete has been used.

CONSISTENCY AND STRENGTH OF HIGH-STRENGTH CONCRETE

Water-reducing Effect of Superplasticizer

The water-reducing effects of superplasticizers were tested using S brands being
marketed in Japan. Slumps of 140 mm for cast-in-situ concrete and 80 mm for
precast concrete were assumed to be suitable workabilities. Unit cement contents
were established at 450, 500 and 550 kg/m®, while for the superplasticizers, two
dosages cach were selected from the ranges recommended by the makers, and unit
water contents providing the required slumps were determined. Mixing was done
using a pan-type mixer of SO liters capacity, and the mixing time was 2 minutes
Full dosages of superplasticizers were dissolved in the mixing water before use.

I“igs. 1 and 2 indicate the respective unit water contents needed to obtain the
required slumps. The ratios of solids of superplasticizers to cement content are
indicated on the abscissac. Among the 5 brands of admixtures there was a clear
distinction between the water reducing effects of the two general types naphthalene
sulfonate formaldehyde condensates (Type N), and sulfonated melamine formal-
dehyde (Type M). To obtain equal consistencies, it appears that more of the solids
of Type M are needed compared with Type N. When the dosage of superplasticizer is
constant, more water will be required in proportion to the increase in cement
content.

Compressive Strength of High-Strength Concrete

The concretes mentioned in the preceding section were tested for compressive
strengths after water curing, steam curing, or autoclave curing. The aggregate used
was hard limestone crushed rock.

There was hardly any influence of differences in brands of superplasticizers and
unit cement contents with respect to compressive strength. At a given slump, the
compressive strength was governed by the water-cement ratio which was affected by
dosage of superplasticizer. Fig. 3 shows the influences of curing conditions on com-
pressive strength. The highest compressive strengths were obtained with autoclave
curing. When the water-cement ratio was lower than approximately 0.36, com-
pressive strengths of 60 MPa and higher were obtained, with water curing. Fig. 3
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shows cases of 80 mm slump, but the results were almost the same with at a slump
of 140 mm.

Split Addition of Superplasticizer

In the mix proportioning of high-strength concrete, it is important to effective-
ly utilize the superplasticizer and to lower the water-cement ratio. Such concrete
shows large slump loss and the time from mixing until placement governs the degree
of workability. Cast-in-situ high-strength concrete, when transportation time is con-
sidered, needs to have a slump of about 140 mm approximately one hour after
mixing. In this investigation a given quantity of superplasticizer was added divided
into portions and the influence of sequential dosing on workability was tested.

The mix proportions were, water-cement ratio 0.31, unit cement content 520
kg/m?, and a total dosage of 1.55 percent superplasticizer by weight of cement
added as a liquid. The method of addition was to dissolve 50% of the total quantity
in mixing water, with the remainder added in various proportions 3 minutes after
start of mixing and one hour after.

Fig. 4 indicates slumps immediately after mixing and one hour after. When the
entire quantity of the superplasticizer was dissolved in the mixing water, a slump of
150 mm was obtained. When delayed addition was done at the time of mixing, the
slump became 190 mm, and the fluidity was greatly increased. However, a decrease
in slump of approximately 100 mm was found one hour later and it was expected
that placement would become difficult. Since a large amount of water reduction is
necessary for high-strength concrete,the slump at which uniform mixing can be done
at the mixing plant with easy discharge is taken to be 50 mm. If 60% of the ad-
mixture is added at the mixing plant with the remainder added at the site one hour
later a slump of 140 mm aimed for will be effectively obtained. It is thought that
using as much superplasticizer as possible immediately before placement to obtain
the required slump will alleviate the problem of slump loss and allow a quantity of
admixture to be saved.

Influence of Cement on Consistency

The consistency of high-strength concrete was studied from the aspect of
cement quality. Concretes of identical mix proportions were mixed using the 10
brands of ordinary portland cement listed in Table 1. The water-cement ratio was
0.31, the sand-aggregate ratio 36%, and the unit cement content 520 kg/m?®. The
dosages of superplasticizers were 1.43% (solids ratio 0.60%) by weight of cement in
case of Type N and 3.65% (solids ratio 0.82%) in case of Type M. The admixtures
were used dissolved in mixing water.

Fig. 5 shows the relation between slumps of concretes using Type N and Type
M. The slumps of concretes using superplasticizers of differing main components
indicate very similar trends and nothing can be seen to indicate that for a specific
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cement a specific admixture is particularly compatible. However, it was found
that there was an cxtreme variation from approximately 30 to 230 mm in stump
with the same ordinary portland cement. It may be noted that such a great
difference in slump is not found in normal concrete.

The chemical compositions and specific surfaces of the cements used were in
the ranges which could be considered as applying to normally-used ordinary port-
land cements. As a result of studying the effects of the physical properties and
chemical components of cement on slump of concrete, it was found therc was a
close relationship between slump and the amount of water required for normal
consistency in time of setting tests of cement. As indicated in Fig. 6, it may be
seen that slump was lower the more water the cement required for normal consis-
tency. The slump superplasticiz=:! concrete and the consistency of plain cement
paste showed a correspondence with cach other. That is, there is the possibility
that the physiochemical properties of the cement, rather than the combination of
cement and superplasticizers, are the main factors influencing concrete slump.

Since large differences did not exist between the chemical compositions of
the cements, fineness of cement was focused on and percentages retained on 80—,
40—, 20— and 10—um sieves were determined using air-jet sieves, and the results
given in Table 1 were obtained. The cements used for the tests had 0.5 to 4.5%
retained on the 80—um sieve, 7 to 20% retained on the 40—um sieve, and 70 to 74%
retained on the 10—um sicve. The quantities of medium-sized particles of about 40
to 20 um indicated comparatively large variations. Since the specific surface by the
air permeability method is generally governed by the amount passing the 10—um
sicve, the influence of intermediate sizes is hardly seen at all, and therefore, the
fineness was expressed as the fineness modulus of cement (C.F.M.) by the formula
below.
(% retained on 10—um sieve) + (% retained on 20—um sieve)
+ (% retained on 40—um sieve) + (% retained on 80—um sieve)
CEFM. = 100

The values obtained fell in a range of 1.2 to 1.5, signifying that the average
particle size was between 12 to 15 um. This indicated a value for a particle size close
to 50% passing.

Fig. 7 shows the relations between the amount of water required for normal
consistency, the specific surface by the air permeability method, and the C.F.M.
The larger that the value of C.IF.M. became, the smaller the amount of water
required for normal consistency hyperbolically became. Ilowever, such a relation-
ship cannot be expressed with the specific surface determined by the air permeabili-
ty method. In effect, it is conceivable that the particle-size distribution of cement
has a great influence on the amount of water required for normal consistency.

Slump values in casc of ordinary concrete are generally governed by unit water
content, and the influence of cement is considered as being small. In contrast, with
high-strength concretes having extremely low water-cement ratios, it is thought that
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the particle-size distribution of cement will be an unignorable factor greatly in-
fluencing concrete slump.

CROSS SECTION OF MONORAIL PIERS
USING HIGH-STRENGTH CONCRETE

To study the application of high-strength concrete to monorail piers both
reinforced concrete and prestressed concrete structural designs were considered.
The conditions for working stress design were as shwon in Table 2. The height of a
pier and the spacing between piers of the standard dimensions indicated in Fig. 8
were [0 m and 20 m, respectively. The axial force on the cross-section at the
bottom end of onc of these picrs, as shown in Table 3, is a maximum when dead
load, live load and carthquake load act on it. As a result of making comparisons of
reinforced concrete and prestressed concrete designs, feasible cross-scctions were
found to be those indicated in Fig. 9.

With a reinforced concrete structure, a cross section of 1.0 x .05 m was found
necessary in order to accomodate the required quantity of reinforcing bars. The
material strengths required in this case were 39.2 MPa for the concrete and a yield
strength of 490 MPa for the reinforcing stecl. The reinforcement ratio was 4.6%.

In addition to the fact that the design bending moment due to (dead + live +
carthquake) load would become very large, it is stipulated in the design guide on
monorail structures that the safety factor against bending failure must be taken at
the high level of 1.7, and it is necessary therefore to make the tensile resultant of
the reinforcing steel large. Conscquently, high-strength concrete cannot be effec-
tively utilized unless reinforcing steel of high tensile strength and large diameter is
used. With ordinary materials such as concrete having a specified strength of 23.5
MPa and a reinforcing steel yield strength of 294 MPa, the cross-sectional dimensions
would be 1.40 x 1.40 m with reinforcement ratio of 2.4%.

With a prestressed concrete structure, the diameter would be 1.3 m and shell
thickness 0.2 m. The specified strength of concrete would be 78.5 MPa as required
by the loading conditions. The cross-sectional arca of prestressing steel is deter-
mined by the safety requirement against bending failure under earthquake loads.
The prestress to be transferred is determined by the condition that tensile stresses
arc not permitted at any cross-section under the loads. As a result, the stress in a
prestressing steel bar in a state of use becomes 323 MPa, 35% of the yicld strength of
932 MPa, which is very small compared with stresses in prestressed concrete girders
in general.

Monorail piers are continually subject to alternating bending fatigue due to

eccentric loading of coaches. In case of a reinforced concrete structure, the reinforce-
ing bar stresses in a cross section of 1.0 x 1.05 m vary over a range of approximately
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78 MPa. On the other hand, the compressive stress of concrete is 7.3 MPa and very
small.

BEHAVIOR OF MODEL PIERS USING HIGH-STRENGTH CONCRETE

Method of Testing

The model piers of reinforced concrete and prestressed concrete construction
indicated in Table 4 were fabricated. The design loads of the specimens were rough-
ly equal, with the cross-sectional dimensions varying in accordance with the qualities
of the materials used. The dimensions accordingly became smaller the higher the
concrete strength, while the reinforcement ratios became higher. The web reinfor-
cements of the specimens were calculated so that entire shear forces under loading
conditions corresponding to those during carthquake would be carried by hoop
reinforcement.

The method of loading, as shown in Fig. 10, was for axial loads to be applied
by unbonded prestressing steel bars, with horizontal forces applied at pier heads.
The load was increased monotonically up to a level corresponding to the load
during an earthquake, at which level 10 cycles of alternating loads were applied.
Following this, the load was increascd until yielding of reinforcing steel, and alter-
nating loads were applied under controlled displacement.

Concrete Stress

The concrete stresses were obtained from the values of measured strains con-
verted by thestress-strain relationship determined by testing cylindrical specimens
and are indicated in Fig. 11. The difference between the measured and calculated
stresses in the concrete became greater the higher the concrete strength, and a
difference of approximately 60% was found. Therefore, it is thought advisable for
cither of the methods below to be used in checking concrete stress by working stress
design. One is to perform the calculations using a modular ratio n of 15. as in the
current method of design in Japan, making the safety factor in case of determining
the working stress higher. The other is to use the actual value of the modular ratio,
n, in the calculations.

Bending Strength

The measured and calculated values of ultimate bending strengths of the model
piers arc as indicated in Table 5. Regarding yielding loads, values calculated from
the yield strengths of the reinforcing bars show good approximations to the experi-
mental results. The maximum strengths were determined assuming the stress-strain
relationship of reinforcing steel to be bilinear and the ultimate strain of concrete to
be 0.35%. The calculated values are smaller than measured values, and the differ-
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ences are large. In order to secure a high safety factor against bending failure, the
calculation formula should be examined to be able to obtain the calculated value
of maximum strength with better accuracy.

In the reinforced concrete construction, failure occured by the formation of
intersecting diagonal cracks due to repetitions of alternating loads followed by con-
crete crushing and spalling off after yielding of the reinforcing steel.

In the case of prestressed concrete concrete construction, the columns and
footings were manufactured as precast elements and were tensioned together with
prestressing stecl bars. At failure the joint portion was crushed locally by the load-
ing and gaps were produced. In the actual construction of such piers the bottom
parts of the piers will be covered by cast-in-situ concrete, and it is thought that
there will be no problem.

Ductility

Pier-head displacements of specimens under loading corresponding to (dead +
live + earthquake) load, were 4, 7, 12 and 7 mm for specimens No. I, No. 2, No. 3
and No. 5, respectively, the displacements being larger the smaller the cross-sectional
dimensions. However, as indicated in Fig. 12, when displacement and load were
expressed by the ratio of deflection to yield deflection, even when the load was
greatly increased after yielding of reinforcing steel, the strength did not become
smaller than the load at the time of yielding under 8 cycles of alternating load appli-
cations at triple the displacement at the time of yielding. Although there was some
concern that the ductility of a member using high-strength concrete and of high
reinforcement ratio might be lower than with members of normal quality, it was
found that a ductility factor (deflection/yield deflection) of not less than 4 could be
obtained. It is thought also that the provision of adequate quantities of stirrups
had a considerable effect as well.

In the case of prestressed concrete, great toughness was demonstrated and
good deformation propertics were apparent.

Fatigue Strength

Alternating bending tests were performed on simple beams of reinforced con-
crete based on the model piers No. | and No. 2. These tests were planned with par-
ticular regard to the quality of the reinforcing steel. The 2-million cycle fatigue
limits of reinforcing bars having a yield strength of 294 MPa, which are normally
used, and bars of 490 MPa, which have practically no record of use, ranged from
177 to 196 MPa.
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CONCLUSIONS

The design of monorail piers, bending tests of model piers, and construction
were studied with the following conclusions:

I. The compressive strength of high-strength concrete is governed by the
water-cement ratio which is determined by the interrelationship of dosage of super-
plasticizer for obtaining the required slump and the unit water content. The water-
cement ratio law is valid for high-strength concrete just as it is with ordinary
concrete.

2. In mixing of high-strength concrete, it is effective to use a portion of the
superplasticizer at the mixing plant for uniform mixing and for a consistency per-
mitting casy discharge from the mixer to add the remainder of the superplasticizer
immediately before placing of concrete to obtain the required slump.

3. The consistency of high-strength concrete of very low water-cement
ratio is greatly influenced by the particle-size distribution of cement. The degree
of the consistency can be roughly estimated by the amount of water required by
cement paste for normal consistency.

4. In design of reinforced concrete members using high-strength concrete, it
is necessary for high-tension reinforcing bars proportionate to the concrete strength
to be available. In calculation of the cross-section, not only modulus of eclasticity
ratio n and working stress, but also ultimate strength and the safety factor against
bending failure are of prime importance and studies should be made regarding
rational evaluation of these factors.

5. If high-strength concrete and high-tension reinforcing steel are used, it is
possible for the cross section having the required strength to be made smaller. If
adequate shear reinforcement is provided for such members there will be ample
ductility, and it was confirmed in these tests that sufficient fatigue strength will be
obtained also. Consequently, it is possible to effectively apply high-strength con-
crete to monorail piers.
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Table 1
Properties of Cements
N1 N2 N3 N4 N5 N6 N7 N8 N9 NIO §
3
Physical Properties 'h_)._
D
Specific Gravity 3.17 3.18 3.16 3.18 3.16 3.18 3.16 3.16 3.17 3.17 =
Specific Surface (m? /kg) 321 331 321 314 327 313 330 328 332 324 g
Amount of Water Required for| 27.4 26.5 28.4 27.2 27.3 25.6 26.3 29.6 25.8 28.0 I
Normal Consistency (%) : ;)
Alpine Air-Jet Sieve Analysis (Percentage Retained) a
10—um Sieve 73.4 71.0 71.6 ‘ 71.4 72.9 74.0 70.4 70.7 70.4 71.9 5
20—um 43.6 43.0 44,1 : 43.2 44.4 50.5 46.3 40.1 47.7 442 é‘
40-um 11.2 13.2 11.7 11.6 13.6 21.0 16.3 8.6 19.0 11.6 g'
80~um 0.9 2.5 1.5 1.4 2.1 4.4 2.3 1.0 3.7 1.7
C.F.M. 1.29 1.30 1.29 1.28 1.33 1.50 1.35 1.20 1.41 1.29
Chemical Composition (%)
SOs 1.6 1.9 1.6 1.9 2.0 2.3 1.7 1.9 1.7 1.9
Na, 0 +0.657K, 0 0.99 0.78 0.81 0.80 0.84 0.65 1.20 1.05 0.69 0.97
G5 S 51 48 52 50 49 44 49 49 44 43
C,S 26 28 24 23 27 29 26 25 30 32
C;A 8 8 10 10 9 10 9 10 10 10
C,AF 9 9 9 10 9 9 9 9 9 9
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