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New on the Market 
oncrete technology is changing 
rapidly. Industrial research has 
for the past 20 years taken the 6 lead in developing new innova- 

tive materials, that, when used to their 
fullest potential, greatly enhance the 
properties of hydraulic cement concrete. 
Concrete is no longer a mixture of one, 
two, and three shovels of cement, sand, 
and coarse aggregate, respectively. It 
has matured. It is ready to lead us into 
the 2 1 st century. 

Many changes have resulted from the 
development of technology in new min- 
eral admixtures (pozzolans) and chem- 
ical admixtures. The cement industry 
has finally discovered that not everyone 
desires to use a finely ground Type VI1 
combination, even though such cements 
may be more economical to manufac- 
ture, transport, and store. Concrete pro- 
ducers have become more sophisticated 
in their knowledge of concrete proper- 
ties and the manufacture of concretes 
having various qualities. 

About 15 years ago, mineral and 
chemical admixture companies had to 
produce admixtures that could be used 
successfully with whichever hydraulic 
cement happened to be available to the 
concrete producer. Now the knowl- 
edgeable concrete producer is requiring 
hydraulic cement that will permit his 
mineral and chemical admixtures to 
react the most efficiently. 

The American Concrete Institute 
Committee 116 publication SP-19, 
‘‘Cement and Concrete Terminology,” 
defines concrete as ‘ ‘a composite mate- 
rial that consists essentially of a binding 
medium within which are embedded 
particles or fragments of aggregate, usu- 
ally a combination of fine aggregate and 
coarse aggregate; in portland-cement 
concrete, the binàer is a mixture of port- 
land cement and water.”’ It does not 
say that concrete will weigh 144 pounds 
per cubic foot (2306 kg/m3) or have a 
compressive strength of 3000 psi (21 
MPa). It does not say that concrete will 
have an initial setting time of six hours 

or a final setting time of nine hours. It 
does not say that the concrete must 
freeze below 32 F (O C) or, for that 
matter, boil at 212 F (100 C). It does 
not say that the concrete shall have a 
modulus of elasticity of 3.0 x lo” psi. 
The point is, the industry has tradition- 
ally been placing additional require- 
ments on hydraulic cement concrete so 
that the composite material will do 
what’s required by the user and attain 
the particular hardened properties that 
are desired by the engineer or owner of 
the structure in question. 

Based on the needs of the contractor 
in constructing concrete structures and 
the designer’s requirements for specific 
hardened concrete properties, standard 
practices, sampling procedures, test 
methods, and specifications have been 
established to assist in ensuring that the 
concrete develops the desired proper- 
ties. These standards have responded to 
the needs of the concrete industry for 
decades, but now technology demands 
more. Now the users and owners are de- 
manding greater capabilities from their 
concrete. They need concrete that can: 

Gain strength, without freezing, down 
to and below 20 F (-7 C). 

Remain workable for hours or days 
without hardening, and then set on de- 
mand. 

Remain cohesive while being dropped 
through water, without the use of a 
tremie. 
e Attain a modulus of elasticity of 7500 
ksi (51 GPa) at age 28 days. 

Attain a strength of 20,000 psi (138 
MPa) at age 56 days. 
e Provide positive protection of em- 
bedded metais from corrosion. 

Chemical admixtures2 
Freeze protection admixture 
AC1 Technical Committee Report 
306R-88, “Cold Weather Concreting,” 
recommends that concrete placed in sec- 
tions of 12 in. (300 mm) or less be 
placed at a temperature of at least 50 F 
(10 C) and be maintained at 50 F (10 C) 

for the duration of the protection pe- 
riod.’ Such requirements actually cause 
many contractors to curtail concrete 
construction, especially when ambient 
temperatures fall below freezing. Only 
dedicated contractors, knowledgeable in 
cold weather construction, attempt con- 
crete construction below 20 F (-7 C). 
In addition, AC1 306R recommends that 
a 12 in. (300 mm) section of concrete 
placed above ground, and containing 
500 lb/yd’ (296 kg/m3) of cement, be 
protected with insulation having a 
thermal resistance (R) rating of 6 
hr.ft*.F/Btu when the ambient tempera- 
ture is expected to drop to 20 F (-7 C). 

Curtailing concrete operations during 
low ambient temperatures is expensive 
and may not be cost-effective. Freeze- 
protection admixtures have been devel- 
oped that can be used to prevent the con- 
crete from freezing, down to an ambient 
temperature of approximately 20 F (-7 
C), without insulation. In addition, 
these innovative freeze-protection ad- 
mixtures comply with all requirements 
of ASTM C 494, “Standard Specifica- 
tion for Chemical Admixtures for Con- 

for Type C accelerating, and for 
Type E water-reducing and accelerating 
admixtures. Typical test results are pre- 
sented in Table 1. 

The data in Table 2 illustrate that this 
admixture does not promote corrosion 
of steel in concrete, even at a dosage of 
120 fl odcwt (78 cm3/kg) of cement. 

Freeze-protection admixtures have 
been used in construction for approxi- 
mately five winters with no known in- 
cidents of concrete freezing. Many 
specifiers are now requiring its use, so 
concrete construction will most likely 
continue throughout the winter months. 

The parking garage of the Chrysler 
Technical Center, Detroit, Michigan, re- 
quired 40,000 yd3 (30,600 m3) of con- 
crete to be placed all year around. A 

~ ~~~ 

Resented at the 1992 National Concrete Engineering 
Conference, March 30 - April I ,  Chicago, Illinois. 
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Parameter 
Water content 
(maximum % of control) 
Time of setting (hcmin) 

Initial 

Final 

Compressive strength, 
(minimum % of Control) 

3-day 
7-day 
28-day 

ó-month 
1 -year 

Flexural stmngth, 
(minimum % of control) 

3 h Y  
7-daY 
28day 

Length change 

Table 1 - Freeze-protection admixture laboratory 
evaluation results (ASTM C 494 requirements). 

TYP E 

aCCelerator and accelerating Xtuio 

- 95 90.8 

TYpeC water reducing F r e e ~ e - p r ~ t e ~ t i ~ ~ ~  

at least 1:00 eariier and 
not more than 330  eariier 

at least 1:00 earlier 

202 d e r  

227  wlii 

125 125 136 
100 110 126 
100 100 116 
90 100 I19 
90 100 121 

110 110 1% 
100 I00 109 
90 100 103 

Relative durability factor 
(minimum) I 80 1 %  
Table 2 - Time-to-corrosion test results. 

+Thiocyanate ion (SCN-) is 71 $96 of NaSCN I 

freeze-protection admixture served as 
an all-temperature accelerator, in addi- 
tion to protecting the concrete during 
the winter. In the summer, at ambient 
temperatures of 80 to 90 F (27 to 32 C), 
5 fl odcwt (3 cm3/kg) of the freeze-pro- 
tection admixture was used for the con- 
crete to attain high early strength. All 
of this concrete attained compressive 
strengths exceeding 5,000 psi (34.5 
MPa). 

A 40 percent cost savings was real- 
ized in using a freeze-protection ad- 
mixture on the Corning Glass Works, 
State College, Pennsylvania. At a 
dosage of 90 fl odcwt (59 cm3/kg), the 
admixture was used to protect the con- 
crete from freezing and permit the slabs 
to be finished within 4 hours at ambient 
temperatures around 20 F (-7 C). 

This particular freeze-protection ad- 
mixture contains sodium thiocyanate 

(NaSCN). Its effects on corrosion of 
steel in concrete when used at different 
dosages was evaluated by using the 
Southern Climate Accelerated Test 
Method.5 The results of this long-term 
test are shown in Table 2. 

Extended set control admixture 
system 
Conventional retarding and accelerating 
admixtures have been in use for many 
years. These admixtures are used to re- 
tard or accelerate the setting time of 
concrete by a few hours. According to 
ASTM C 494, the set alteration is lim- 
ited to a minimum of 1 hour and a max- 
imum of 3% hours, whether it is retar- 
dation or acceleration. 

Attempts have been made to extend 
the setting time of concrete beyond the 
typical retardation times achieved with 
conventional retarding admixtures.) Al- 

though the setting times were length- 
ened in these attempts, the workability 
of the concrete was compromised be- 
cause of the inability to control the ex- 
tended time of retardation. Recent de- 
velopments in admixture technology 
have produced a two-part chemical 
system that, in effect, extends the set- 
ting time of concrete indefinitely. This 
is done by essentially stopping hydra- 
tion of the cement, then stimulating re- 
sumption of hydration whenever it is de- 
sired, without loss of workability. The 
chemical that stops cement hydration 
will be referred to as the stabilizer and 
the reinitiator as an activator. The 
American Concrete Institute presently 
refers to these admixtures as “extended 
set-control admixtures.” 

Although the extended set-control ad- 
mixture was primarily developed to re- 
duce wasted concrete and wash water, 
additional innovative uses have been de- 
veloped, such as: 

Extending cementitious grout worka- 
bility from about 2 hours to 36 hours. 
0 Implementing long hauls of concrete, 
resulting in increased workability and 
reduced concrete temperature. 
0 Preventing cold joints in concrete 
caused by delayed delivery of concrete. 

Anti-washout admixture 
Experience has shown that the cost of 
dewatering hydraulic structures to place 
concrete averages about 50 percent of 
the construction cost. Therefore, the 
ability to place concrete without dewa- 
tering would result in significant sav- 
ings. The primary procedure of placing 
concrete underwater has been by use of 
a tremie. This procedure is relatively 
slow, and maintaining embedment of 
the tremie in the fresh concrete is te- 
dious but critical. If water gets into the 
tremie, cement is washed from the 
tremie concrete, resulting in cement-de- 
ficient layers of concrete in the place- 
ment. Many such weak areas go unde- 
tected during construction because de- 
tecting them requires unusually close in- 
spection. 

During the early 1980s, admixtures 
were developed that dramatically pre- 
vented cement from being removed 
from the concrete when falling through 
water. This concrete has excellent co- 
hesion and can either be used by drop- 
ping directly through water, or as tremie 
concrete that assures the elimination of 
cement-deficient layers. The most suc- 
cessful of these anti-washout admix- 
tures are composed primarily of deriv- 
atives of cellulose and water-reducing 
chemicals. 
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Washout and abrasion tests 
The effects of the anti-washout admix- 
ture on setting time, on relative resis- 
tance to washout, and on underwater 
abrasion have been evaluated. The test 
program included evaluation of the ef- 
fects of concrete temperature and the 
presence of fly ash. The washout test 
was conducted according to the proce- 
dure described in Appendix A of Tech- 
nical Report REMR-CS-18, “Evalua- 
tion of Concrete Mixtures for Use in 
Underwater Repairs,” U.S. Army En- 
gineer Waterways Experiment Station. 
The underwater abrasion tests were con- 
ducted according to Corps of Engineers 
CRD-C 63-80: which was the basis for 
ASTM C 1138-89, “Standard Test 
Method for Abrasion Resistance of 
Concrete (Underwater Method).” 
Freeze-thaw tests 
The U.S. Bureau of Reclamation in 
Denver, Colorado, has conducted tests 
on concrete for the Coachella Canal In- 
Place Lining Project, containing the 
anti-washout admixture and Type II ce- 
ment, with no air-entraining admix- 
ture.* The concrete contained 4.5 per- 
cent total air, but no air void parameters 
were determined. The results from tests 
on 3 x 6 in. (76 x 152 mm) cylinders, 
which went through freezing and 
thawing cycles at a rate of 3 per 24 
hours, took 559 cycles to reach a 25 per- 
cent weight loss. The acceptable result 
is anything greater than 500 cycles be- 
fore reaching the 25 percent loss. 
Sulfate resistance 
Sulfate expansion tests were also per- 
formed, using 3 x 6 in. (72 x 152 mm) 
cylinders. The test procedure involved 
soaking of the test cylinders in a 2 per- 
cent sodium sulfate solution at room 
temperature for 16 hours, followed by 
air drying at 130 F (54 C) for 8 hours. 
This cycle was repeated until 0.5 per- 
cent expansion was achieved. 

The test results indicate that after 600 
cycles, considered to be equivalent to 
16 to 20 years of service life, the ex- 
pansion of concrete treated with the ad- 
mixture is at 0.29 percent. The 0.5 per- 
cent expansion limit was never reached. 

Corrosion inhibiting admixtures 
Following the vast increase in highway 
construction starting in the late 1950s, 
and continuing to this day, much of the 
infrastructure has been found to be de- 
caying due to corrosion of embedded 

*Bureau of Reclamation Tests on Anti-Washout 
Admixtures. Personal communication from James 
Pierce. 

Table 3 - Chloride permeability based on charge passed. 

Table 4 - Concrete properties. 

metals in concrete. This is not only an 
American problem, it is a problem for 
all countries with concrete exposed to 
saline solutions of any sort, and espe- 
cially for concrete treated with chlorides 
to remove ice and snow. 

The first attempt at a solution to these 
corrosion problems was to reduce the 
water-cement ratio of the concrete and 
to increase the concrete cover over re- 
inforcing steel. These measures pri- 
marily just slightly increased the time- 
to-corrosion and were not a permanent 
solution to the problem. Responding to 
this problem, the Federal Highway Ad- 
ministration developed a rapid test 
method for determining the apparent 
chloride permeability of various con- 
cretes. This method is described in the 

report, FHWA /RD-81/119, “Rapid 
Determination of Chloride Permeability 
of Concrete,” and is commonly referred 
to as the AASHTO T 277 test method. 
Table 3 shows the five chloride perme- 
ability categories that were created.’ 

Corrosion inhibitors, such as calcium 
nitrite, have been reported to delay the 
initiation of corrosion and control the 
rate of corrosion by stabilizing the pas- 
sivating layer of iron oxide film on the 
embedded metal. These liquid admix- 
tures have been around since the mid 
1970s and have been successfully used 
in combination with condensed silica 
fume. Using data from research and 
field evaluations, the manufacturer of 
the calcium nitrite corrosion inhibitor 
has developed a system for predicting 
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the service life of concrete containing 
various quantities of calcium nitrite, in- 
cluding various quantities of condensed 
silica fume. This service life is attained 
by varying the dosage rate of calcium 
nitrite. 

Another manufacturer recently began 
marketing a liquid corrosion inhibitor 
which, unlike calcium nitrite, does not 
involve reactivity with chlorides and 
consequently can be used in a fixed 
dosage, and will not accelerate the time 
of setting. 

Both of these admixtures are impor- 
tant developments. Their introduction 
has had a significant impact in ex- 
tending the time-to-corrosion. Along 
with other mineral admixtures, they 
may improve the quality of our infra- 
structure for a long time. 

Mineral admixtures 
Ground granulated blast-furnace 
slag 
Ground granulated blast-furnace slag 
(GGBS) has been used as a cementitious 
material since the 18th century. GGBS 
is a mineral admixture that is currently 
being interground with portland cement 
to form portland blast-furnace slag ce- 
ment (a blended cement). It is also 
batched separately at the concrete batch 
plant. Batching separately from the ce- 
ment has two advantages: each material 
(cement, GGBS) is ground to its own 
optimum fineness; and the proportions 
of each ingredient can be varied. Such 
convenience provides more versatility 
to the concrete producer in developing 
specialty concretes. The quantity of 
GGBS used in comparison to the total 
cementitious materials (GGBS and port- 
land cement) normally varies from 25 
to 70 percent by mass. The following 
benefits are reported to be derived by 
using GGBS in concrete: 
0 Reduces temperature in mass concrete 
0 Greatly reduces permeability 
0 Improves sulfate resistance 
0 Reduces potential expansion due to 
alkali-aggregate reaction 

Fly ash 
Fly ash is “the finely divided residue 
resulting from the combustion of 
ground or powdered coal which is trans- 
ported from the firebox through the 
boiler by flue gases” (AC1 116). Fly 
ash has been around for many years. It 
is generally classified as Class F or 
Class C. Class Fis usually produced by 
burning anthracite or bituminous coal, 
and Class C is normally produced by 
burning sub-bituminous coal or lignite. 

Fly ash provides many benefits in 
concrete, some of which are: 
0 Improved workability 
0 Reduced bleeding (which could be 
beneficial or not) 
0 Improved long-term strength 
0 Generally reduced generation of heat 
(Class C) 
0 Reduced permeability 

Many benefits accrue from using fly 
ash in concrete. It is the author’s 
opinion that unless there is an extraor- 
dinary reason that it shouldn’t be used, 
all concrete should contain fly ash. 
Most 2 1 st century concrete will most 
likely contain fly ash either as a blended 
cement or batched at the mixing plant. 
Many people in the concrete industry 
feel very strongly that concrete con- 
taining fly ash and a small quantity of 
condensed silica fume would have equal 
corrosion resistance to concrete con- 
taining larger quantities of condensed 
silica fume only as a mineral admixture. 
Extracting some data from Reference 7, 
we can see in Table 4 the effects fly ash, 
in combination with a small dosage of 
condensed silica fume, has on the 28- 
day chloride permeability of concrete. 

In evaluating the test results in Table 
4, the best results appear to have been 
obtained when condensed silica fume 
and fly ash were used together. Also, 
considering the cost of the various mix- 
tures, obviously the use of fly ash with 
reduced quantities of condensed silica 
fume becomes the most cost-effective 
for equally low chloride permeabilities. 

0 Concrete can now be placed in 
freezing weather without freezing, gain 
strength rapidly, and remain durable by 
using a freeze-protection admixture. 
0 Concrete can be stopped from hy- 
drating, then used when needed, by 
using an extended-set control admix- 
ture. 
0 Underwater structures can now be 
constructed and attain high quality 
without dewatering by using an anti- 
washout admixture. 
0 The use of both mineral and chemical 
admixtures can greatly increase the 
ability of concrete to resist the corrosion 
of embedded metals. 
0 Fly ash is a major contributing partner 
in developing cost-effective, corrosion- 
resistant concrete. 
0 Greater efforts need to be made to 
transfer such technology, so that more 
rapid implementation can occur. 
0 These innovations in chemical ad- 
mixtures for use in concrete should 
greatly extend civil engineering capa- 

Conclusions 

992 m 
bilities by reducing wasted concrete and 
washwater from mixing trucks, al- 
lowing placement of concrete at rela- 
tively low (20 F [-7 Cl) temperature, 
and placing concrete under water 
without the use of a tremie. Such capa- 
bilities reduce concrete construction 
costs, and the placement of concrete 
year around with reduced insulation 
during the winter. 
0 Innovations in mineral admixtures 
should provide the capability of ob- 
taining exceptionally high strengths and 
moduli of elasticity, plus greater abili- 
ties to produce more impervious and 
corrosion-resistant concrete. 
0 Concrete technology is expanding 
rapidly. When further innovation is 
needed, an admixture will most likely 
be developed to respond to that need. 
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Tme K Cement 

ithin the need for reha- 
bilitation of the aging in- 
frastructure, repair and W restoration of concrete 

pavements and bridges has a high 
priority. This situation is expected 
to continue into the future. An im- 
portant consideration of any con- 
crete repair project is the selection 
of proper repair material.'s2 Among 
the important items to focus on in 
this selection are: 

Differential volume changes of 
the repair and original surface ma- 
terials (substrate). 

Bond strength between the sub- 
strate and the repair material. 

Rapid strength development. 
High strength and durability. 
This article describes an experi- 

mental investigation of the material 
properties of fresh and hardened 
shrinkage-compensating silica-fume 
concrete made with Type K cement. 
Those properties that pertain to re- 
pair applications are emphasized. 

Shrinkage-compensating silica- 
fume concrete made with ASTM C 
845 Type K cement has important 
properties for repair applications. 
Use of shrinkage-compensating 
concrete can help reducing shrink- 
age (or even generate ex~ansion) ,~*~ 
and it has been documented that 
adding silica fume to concrete de- 
creases permeability, increases 
strength, enhances abrasion resis- 
tance, improves durability, and ac- 
celerates strength development at 
early  age^.^.^ 

Shrinkage-compensating concrete 
basically differs from conventional 
concrete in two properties: worka- 
bility and expansivity. Fresh Type K 
shrinkage-compensating concrete 
has a relatively high water demand 
compared to conventional concrete. 
The extra water is needed for the 
chemical reaction that generates ex- 
pansion. Fig. 1 compares the di- 
mensional change of shrinkage- 

compensating concrete with that of 
ASTM C 150 Type I portland ce- 
ment concrete. The degree of ex- 
pansion of shrinkage-compensating 
concrete is strongly linked to the ef- 
ficiency and duration of curing, 
which is responsible for supplying 
the necessary water for the expan- 
sive r e a c t i ~ n . ~ . ~  

Adding silica fume to conven- 
tional concrete reduces workability, 
decreases air content, significantly 
reduces permeability, and increases 
compressive strength (Fig. 2, 3, 4, 
5). Silica fume also enhances flex- 
ural strength and accelerates early- 
age strength de~elopment.~.~ 

Experimental program 
The silica fume used in this investi- 
gation contained 96.5 percent of 
SiO, and had an average particle 
size of 1.5 microns (6 x lo-' in.).* 
An ASTM C 494 Type F naphtha- 
lene formaldehyde sulfonate-based 
high-range water-reducing admix- 
ture was used because of its re- 
ported effectiveness in silica-fume 
c o n ~ r e t e . ~ ~ ' ~  Aggregates were a nat- 
ural river sand and a pea gravel, 
(maximum size H in. [9 mm]). 

Three mixes were tested (Table 
1). The concrete was mixed in a 
laboratory drum mixer and consoli- 
dated by external vibration using a 
vibrating table. Slump was meas- 
ured in accordance with ASTM C 
143, and air content using the pres- 
sure method in accordance with 
ASTM C 231. After placement, the 
specimens were kept in their molds 
and covered with plastic sheets for 
24 hours. The specimens were cured 
at 72 F (22 C) and 100 percent rela- 
tive humidity for 7 days, then ex- 
posed to the laboratory environ- 
ment (70 to 75 F [21 to 24 Cl) and 
about 30 percent relative humidity) 
until testing at 35 days. 

The dimensional change of the 
expansive silica-fume concrete dur- 

ing both fresh and hardened states 
was measured using two steel plates 
embedded in 3 x 3 x 10 in. (76 x 76 
x 254 mm) concrete beams cast in 
flexible wooden molds (Fig. 6). 
Three beams were made for each 
mix. The plates were inserted dur- 
ing concrete vibration and the dis- 
tance between them was measured 
immediately after placement and 
later during the curing period at 
ages of 1 ,  2, 3, 4, 5,  6, and 7 days 
using a micrometer. The average di- 
mensional change of the three 
beams was considered to be repre- 
sentative of the pertinent mix. The 
flexible wooden molds were used so 
that expansion would be minimally 
restrained. 

Measurement of expansion start- 
ing from the point of placement 
could help shed light on the behav- 
ior of silica fume in Type K con- 
crete. Furthermore, as reported be- 
low, this method resulted in expan- 
sion values higher t h a n  those 
usually obtained for Type K con- 
crete, since it measures the expan- 
sion in fresh and hardened states 
combined. 

Compressive strength was meas- 
ured in accordance with ASTM C 
39 using three 6 x 12 in. (150 x 300 
mm) cylinders. Flexural strength 
was measured in accordance with 
ASTM C 78 using three 4 x 4 x 14 
in. (100 x 100 x 350 mm) beams 
loaded at '/j points over a span of 
12 in. (300 mm). Rapid chloride 
permeability was measured in ac- 
cordance with AASHTO T 277; two 
4 x 8 in. (100 x 200 mm) cylinders 
were made from each mix and one 
2 in. (50 mm) thick slice was sawed 
from the midheight of each speci- 
men for the permeability test. Per- 
meable void volume fraction was 
measured in accordance with ASTM 
C 642 using the remaining sections 
of the permeability specimens. 
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Fig. 7 - Effect of silica fume on expansion of shrinkage-compensating 
concrete during early age. 
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Table 1 - Mix Proportions. 

Results 
Test results for slump, air content, 
compressive strength,  flexural 
strength, rapid chloride permeabil- 
ity, and permeable voids are shown 
in Table 2. Silica fume reduced the 
slump (workability) of the shrink- 
age-compensating concrete, and this 
reduction increased with increasing 
silica fume content. Due to their 
low workabilies, the air contents of 
mixes 2 and 3 were higher than mix 
1, which did not contain silica 
fume. Silica fume increased the 
compressive and flexural strengths 
of the shrinkage-compensating con- 
crete. Permeability of shrinkage- 
compensating concrete was dramat- 
ically reduced by the addition of sil- 
ica fume; this reduction was more 
substantial than when silica fume is 
used in conventional ~ o n c r e t e . ~ . ~  
The percentage volume of permea- 
ble voids was also reduced by the 
inclusion of silica fume. 

Shrinkage test results (Fig. 7) in- 
dicate that silica fume may actually 
reduce the expansion of shrinkage- 
compensating concrete. More test 
data are needed to substantiate this 
conclusion. 

Conclusions 
The most important conclusions 
that can be made from the results 
this experimental research are: 

Silica fume reduces the slump 
(workability) of shrinkage-compen- 
sating Concrete made with Type K 
cement. 

Silica fume significantly im- 
provde the strength of shrinkage- 

Table 2 Test Results of Shrinkage Compensating Silica 
Fume Concrete. 

compensating concrete made with 
Type K cement. 

Silica fume dramatically de- 
creases the rapid chloride permea- 
bility of shrinkage-compensating 
concrete made with Type K cement. 

Silica fume may reduce the ex- 
pansion of shrinkage-compensating 
concrete made with Type K cement. 

With its expansivity, superior 
strength, and impermeability, sil- 
ica-fume shrinkage-compensating 
concrete made with Type K cement 
can be considered a suitable repair 
material for highways and bridges. 
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aterial Service Corpora- 
tion has developed and 
commercially marketed 
high strength silica fume 

concrete (HSSFC) in the Chicago area. 
This concrete, with design strengths 
ranging from 10,000 psi (70 MPa) to 
14,000 psi (97 MPa), has been success- 
fully supplied to over a dozen high-rise 
projects. Currently, preparations are 
being made to commercially market 
concrete with a design strength of 
16,000 psi (1 10 MPa). Continuing opti- 
mization of the mix design has resulted 
ir. full scale test placements of concretes 
with compressive strengths surpassing 
20,000 psi (140 MPa). 

Many years pass between the time 
when we are able to achieve the next 
higher strength level and the time when 
the concrete is made commercially 
available. First, a testing program must 
be conducted to establish the engineer- 
ing properties of the higher strength 
concrete. Second, and just as important, 
the mix design must be refined to make 
it “user friendly.” The concrete pro- 
ducer must be able to batch consistent 
concrete. Slump loss during delivery 
must be minimized. The concrete must 
be placeable and it should set in a rea- 
sonable amount of time. 

We are going to focus not on attain- 
ing strength, but on optimizing non-en- 
gineering properties of the HSSFC 
while maintaining strength and 
economy. The concrete mix design is 
continually refined to enhance 
constructability. All modifications of 
the mix design described in this article 
occurred in production concrete placed 
in high-rise buildings in downtown Chi- 
cago. This has been an ongoing process 
directed toward development of 
HSSFC that meets the needs of the en- 
tire construction team. 

Performance concrete 
Our HSSFC developed for use in 
Chicago’s high-rise buildings has been 
marketed as a performance concrete. 
This concept involves an end product 
approach to the mix design. The engi- 
neer specifies the required engineering 
properties, usually compressive 
strength and modulus of elasticity, but 
does not enforce specifications related 
to the mix design. 

A typical performance concrete mix 
design submittal does not include pro- 
portioning information. A statement on 
the submittal reads “Materials and pro- 
portions for this mix design are propri- 
etary and will be adjusted to insure per- 
formance as specified.” A statistical 
evaluation verifying the ability of the 
concrete to meet the design criteria is 
included with the submittal. 

The performance concept allows for 
adjustment of the mix design during the 
course of a project. This creates a sub- 
stantial advantage when compared to a 
prescription mix that essentially locks 
in a specific set of materials and propor- 
tions. HSSFC is a complex system of 
materiais that performs most effectively 
when adjusted for varying ambient con- 
ditions, batching methods, placing 
methods, types of placements, stripping 
requirements, and delivery times. No 
one mix design is optimal for all cir- 
cumstances. 

This approach also allows the con- 
crete producer to adjust the mix to com- 
pensate for variable raw materials, a 
change of raw material source, or the 
use of a backup batch plant. It is unreal- 
istic to expect all raw materials to re- 
main consistent and available over a 
long period of time. Unexpected me- 
chanical difficulties may arise that 
would require the use of an alternative 

batch plant with a different set of raw 
materials. Different types of materials 
and mix adjustments are used to custom 
design the concrete for varying 
batching, delivery, and placing condi- 
tions while maintaining the required en- 
gineering properties. 

The use of HSSFC in high-rise con- 
struction is driven primarily by the eco- 
nomic benefits of column cost optimi- 
zation. The higher cost of HSSFC is 
more than offset by a reduction of the 
amount of reinforcing steel and volume 
of concrete required. The performance 
concrete concept yields further eco- 
nomic benefits to both the contractor 
and the owner. The contractor receives 
concrete designed specifically for each 
placement. This lowers in-place costs 
and accelerates the construction cycle. 
Benefits to the owner may include a 
lower cost building and earlier occu- 
pancy. 

Materials 
The materials in the mix affect various 
properties of HSSFC. Cement, fly ash, 
and aggregate are normally used in the 
same proportions regardless of design 
strength or placement requirements. 
This is considered the base mix design. 
Silica fume, water, high-range water- 
reducing admixture (HRWRA), re- 
tarder, and non-chloride accelerator are 
incorporated into the mix in varying 
amounts to control particular perfor- 
mance aspects of the concrete. 

All of our HSSFC mixes use the 
same coarse and fine aggregate. The op- 
timized coarse aggregate content re- 
mains constant for ail mixes and the fine 
aggregate content varies only to control 
yield. An increase in the amount of ma- 
terial in the aggregate passing the No. 
200 sieve usually reduces compressive 
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Table 1 - Effect of silica fume form and 
method of addition on compressive 
strength 

Cement Bnnd 

Fig. 1 - Compressive strength of concrete made with 
various cements available in the Chicago area. 

strength. If this occurs, an increase in 
the silica fume content or a decrease in 
the water-cementitious materials ratio 
will insure that the required level of 
strength is maintained. 

Cement content typically remains 
constant, even though the cement’s 
source can have a dramatic effect on 
concrete strength. The cements that are 
used in HSSEC are those that produce 
the highest strengths in concrete with- 
out silica fume (Fig. 1). Of the ten ce- 
ments available in our market, we con- 
sider four of them usable in HSSFC. A 
change in cement brand may require an 
adjustment in the silica fume content or 
the w/c ratio to maintain the required 
level of strength. 

To achieve high strengths in concrete 
not containing silica fume, Blick et al’ 
reported that fly ash (or an alternative 
pozzolan) must be used. However, 
when the mix contains silica fume, fly 
ash becomes an optional instead of a 
necessary component of the concrete. 
The most important advantage that fly 
ash has to offer HSSFC is its ability to 
reduce the cement content. Not only 
does a cement reduction have economic 
benefits, but it will also result in im- 
proved thermal properties by reducing 
the temperature increase of the con- 
crete.’ Our optimization process has re- 
sulted in a standard cement and fly ash 
content for HSSFC that provides the 
cost effective strength required and 
generates less heat. 

Our HSSFC has silica fume contents 
ranging from 3 percent to 18 percent by 
weight of cement. Adjusting the silica 
fume content is the principal method of 
controlling the strength of the concrete. 
As design strength increases, the silica 
fume content of the concrete is in- 
creased. A change in any of the 
concrete’s raw material sources, raw 

material quality, or production methods 
may affect the compressive strength of 
the concrete. The desired strength level 
is maintained by an adjustment in the 
silica fume content. 

The other variable used to control 
strength is the water content of the con- 
crete. As design strength and silica 
fume content increase, the water con- 
tent and resulting water-cementitious 
materials ratio decrease. Water- 
cementitious materials ratios range 
from 0.30 for concrete with a design 
strength of 10,OOO psi (70 MPa) down 
to 0.21 for concrete with a design 
strength of 16,000 psi (1 10 MPa). As 
the water content decreases and the 
HRWRA demand increases, the con- 
crete becomes more difficult to control. 
The rate of slump loss increases, the set 
time is retarded, and the mix becomes 
very sticky. 

Each pound of silica fume used in the 
mix increases the water demand of the 
concrete by approximately one pound. 
Using the desired low water content, the 
concrete has no slump before the addi- 
tion of an ASTM C 494 Type F 
HRWRA. The HRWRA demand in- 
creases dramatically as the silica fume 
content increases and the water content 
decreases. The dosage of HRWRA may 
vary from less than 100 to more than 
500 0z/yd3 (3.9 to 19.3 L/m3) depending 
on the water and silica fume content of 
the mix and the desired slump at point 
of placement. All of our HSSFC is pro- 
duced by adding HRWRA to a no- 
slump mixture. 

The decision to use a Type F instead 
of a Type G HRWRA is a result of the 
variable dosage requirements of 
HSSFC. Independent control of retarda- 
tion and water reduction is essential to 
achieve the proper balance between 
slump loss and setting time. Low dos- 

ages of a Type G HRWRA may provide 
an insufficient amount of retarder to 
control slump loss while high dosages 
of a Type G HRWRA will minimize 
slump loss but may cause excessive re- 
tardation of the concrete. 

An ASTM C 494 Type D water re- 
ducing retarder is used in all of our 
HSSFC. The retarder serves two impor- 
tant functions in addition to retarding 
initial set. It is by far the most cost-ef- 
fective strength producer in the con- 
crete. It is also very effective for reduc- 
ing the rate of slump loss during deliv- 
ery and placement. As the dosage of re- 
tarder is increased, slump loss de- 
creases. The benefits of slump retention 
must be weighed against the amount of 
retardation that is tolerable. 

Some of the unwanted retardation re- 
sulting from the use of retarders may be 
offset by addition of a non-chloride 
ASTM C 494 Type C or E accelerator. 
The dosage of this admixture must be 
balanced with the dosages of HRWRA 
and retarder to provide a decrease in 
setting time without excessive slump 
loss or a decrease in compressive 
strength. 

Batching and mixing 
Batching and mixing methods used to 
produce HSSFC can have a large im- 
pact on strength and consistency. De- 
velopment of the following procedures 
have allowed for the production of con- 
sistently high quality concrete. Al- 
though many alternative methods are 
available, these have provided excellent 
results and have proven to be cost effec- 
tive over years of use. 

Our HSSFC has been developed pri- 
marily with the slurried form of silica 
fume. The slurried form was initially 
selected due to its availability in the mid 
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Table 2 - Effect of HRWRA on slumr, loss 
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1980s. In addition, we are reluctant to 
dedicate the cement bin that is required 
to handle the large quantities of the den- 
sified form of silica fume. 

The slumed silica fume is contained 
in an insulated 9000 gal (34,000 dm3) 
tank with a dual recirculation and agita- 
tion system. Two in. (50 mm) dia- 
phragm pumps rated at 120 gpm (32 
dm3/min) move slurry through 2 in. (50 
mm) lines directly into the water weigh 
box located 70 ft (21 m) above. A mag- 
netic flow meter is used to reduce wear 
from the highly abrasive slurry. The 
system is back-flushed with water each 
night to prevent gelling of the slurry in 
the lines. 

After weighing of the slurry is com- 
pleted, the remaining water (batch wa- 
ter minus water contributed from the 
slurry) is weighed into the water weigh 
box along with the retarder and, if re- 
quired, the non-chloride accelerator. 
Mixing of the slurry with the water and 
admixtures provides for additional dis- 
persion of the silica fume. 

No build up of silica fume on the in- 
terior of the water weigh box occurs as 
evidenced by the ability of the load cell 
to zero the computer at the end of the 
batch cycle. However, the water tem- 
perature probe in the water weigh box 
once malfunctioned due to silica fume 
build up on the sensor. A splash guard 
was installed and the problem has not 
recurred. 

The weighed materials are charged 
into a central mixer using a standard 
charging sequence: 

Two-thirds of the material in the wa- 
ter weigh box 

Start aggregates 
Start cement and fly ash 

Slump L o u  Concrete 
Temperatura 
* 8 5 - 9 1 7  

3 

2 o 8 0  
1 

D a o a m 
~.lvrrynni.mlnut..) 

Fig. 2 - Slump loss as a function of delivery time and 
concrete temmrature. 

End cement and fly ash 
End aggregates 

*Final 1/3 of material in the water 
weigh box. 

This results in a no-slump mixture. 
After a 30 second pre-mix, a measured 
amount of HRWRA is charged into the 
no-slump material in the mixer. 

An ammeter is attached to the mixer 
motor and a chart is made relating the 
current reading to slump. After addition 
of the HRWRA, mixing continues until 
the meter reading stabilizes. A stable 
reading indicates the HRWRA is thor- 
oughly mixed into the concrete. If the 
meter reading corresponds to a slump 
that is less than desired, additional 
HRWRA is charged into the mixer and 
the above process is repeated until the 
desired slump (meter reading) is 
achieved. 

The concrete is then discharged into 
a ready-mixed concrete truck. The truck 
drum is emptied of all wash water be- 
fore receiving the load and drivers are 
instructed not to add water. Due to the 
complexities of batching and mixing 
high strength silica fume concrete, the 
total batch time is approximately five 
minutes as compared to two minutes for 
normal concrete. 

Densified silica fume in 50 lb (23 kg) 
bags is warehoused for use in case 
slurry equipment malfunctions. In that 
event, the concrete without silica fume 
is mixed in the central mixer, dis- 
charged into the truck drum, and the 
bagged material is then added to the 
truck and thoroughly mixed. The mix- 
ing time is increased beyond that rec- 
ommended by ASTM C 94 when using 
high amounts of silica fume. 

This method of silica fume addition, 

using our materials and batching se- 
quence, has increased the entrapped air 
content of the HSSFC by 2 to 3 percent. 
A strength loss of up to 15 percent has 
been experienced (Table 1). To com- 
pensate for the strength loss due to the 
entrapped air when using the densified 
form, an increased amount of silica 
fume is incorporated into the concrete. 

Production quality control 
Every day the first load for each 
strength level of HSSFC is sampled at 
the batch plant. A visual inspection of 
the concrete is conducted to insure that 
it has the proper appearance. The dis- 
tinctly different appearance of HSSFC 
enables easy identification of improp- 
erly batched loads. Upon arrival at the 
project, each load of concrete must pass 
a visual inspection by our technician 
before it is placed. Any load not having 
the proper appearance is rejected. 

Physical tests conducted at the plant 
include slump, temperature, unit 
weight, yield, air content, and casting of 
compressive strength cylinders. Unit 
weight is a particularly important test. 
Low unit weight usually indicates that 
the concrete has an air content or water 
content higher than desired. In either 
case, the strength of the concrete will 
probably be lower than expected. Con- 
crete with a lower than expected unit 
weight is not delivered to the project 
and an investigation is conducted to 
identify the cause of the problem. 

Slump loss 
HSSFC experiences a significantly 
higher rate of slump loss than does nor- 
mal strength concrete. This is primarily 
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Table 3 - Effect of non-chloride H$h Ambient Temperature 

4 accelerator on setting time 
3 

2 

1 

O 
1Q Q m m m lo0 

-i.b T.mpmam CO 
Fig. 3 - Retarder dosage range for varying concrete and 
ambient temperatures. 

due to the high dosage of HRWRA 
added to the concrete at the batch plant. 
The combination of the proper amount 
of retarder with the HRWRA minimizes 
slump loss without adversely affecting 
other properties such as setting time and 
strength development. 

Three HRWRA were compared to 
evaluate their effect on slump loss of 
HSSFC. The testing was conducted 
during summer months when an in- 
creased rate of slump loss is experi- 
enced due to high ambient and concrete 
temperatures. No other adjustments to 
the mix designs occurred during the pe- 
riod of testing. The types of HRWRA 
included a naphthalene-melamine blend 
and two formulations of naphthalene, 
all meeting the requirements of ASTM 
C 494 Type F. Ail three HRWRA pro- 
duced similar compressive strength and 
slump losses (Table 2). 

Slump loss was examined as a func- 
tion of concrete temperature and deliv- 
ery time. No adjustments were made to 
the mix design during the period of test- 
ing and the retarder dosage rate was 
kept constant. As expected, the rate of 
slump loss increases as concrete tem- 
perature and delivery time increase 
(Fig. 2). 

Addition of an ASTM C 494 Type D 
water reducing retarding admixture 
greatly improves the ability of the 
HSSFC to resist slump loss. Low ambi- 
ent and concrete temperatures require 
lower addition rates of retarder to con- 
trol slump loss. As concrete and ambi- 
ent temperatures increase, the dosage of 
retarder is carefully increased to control 
slump loss without excessively retard- 
ing the concrete (Fig. 3). This system 
has provided for an acceptable amount 

of slump loss (3 in. [75 mm] in 30 min- 
utes) while maintaining a reasonable 
setting time. This has been used for con- 
crete with temperatures from less than 
60 F (16 C) to more than 100 F (38 C) 
that was placed in ambient conditions 
ranging from below freezing to more 
than 100 F (38 C). 

Regardless of precautions taken to 
minimize slump loss, it is often neces- 
sary or desirable to increase the slump 
of the HSSFC at the site using a second 
addition of HRWRA. All projects using 
HSSFC have HRWRA available at the 
site for this purpose. Mechanical diffi- 
culties or extended dumping time may 
require multiple site additions of 
HRWRA to maintain the necessary 
workability. HSSFC has been re-dosed 
on the site with HRWRA up to three 
times with minimal effect on compres- 
sive strength. However, setting time is 
extended as the total dosage of 
HRWRA increases. 

Placement 
In Chicago, HSSFC is most commonly 
placed using a crane and two buckets. 
While one bucket of concrete is hoisted 
and placed, the second bucket is on the 
ground being filled. Concrete pumps 
have also been successfully used to 
place HSSFC in columns, beams, shear 
walls, and column mushrooms. 

Delays in placement that result in the 
HSSFC remaining motionless in a 
bucket or pump line will greatly in- 
crease the rate of slump loss. This is 
particularly evident in low to moderate 
slump concrete where a 15 minute pe- 
riod of time without movement typi- 
cally results in a slump loss of 3 to 4 
inches (75 to 100 mm). For the same 

reason, concrete in the truck drum 
should be agitated if it is not being dis- 
charged. 

Our performance mix design submit- 
tal states that “slump will be consistent 
with placement requirements.’ ’ The 
slump of HSSFC is related to the dos- 
age of the HRWRA, not the water con- 
tent of the mix. Before the addition of 
the HRWRA, the HSSFC has no slump. 
As a result, the slump test does not yield 
useful information regarding the rela- 
tive consistency of concrete production 
or the water-cementitious materials ra- 
tio of the concrete. For these reasons, 
we contend that slump testing is essen- 
tially irrelevant. We request that project 
specifications remove all references to 
slump testing and allowable slump 
ranges for HSSFC. 

Columns, core walls, and grade 
beams can be placed and consolidated 
much more efficiently using a high 
slump HSSFC. For these applications, 
contractors prefer flowable concrete 
with a slump over 8 in. (200 mm). This 
high-slump concrete is not appropriate 
for up-turned beams or for column 
mushrooms in slab placements. For 
these applications, a slump of less than 
4 in. (100 mm) prevents the HSSFC 
from flowing into adjacent areas of the 
slab where lower strength concrete 
should be placed. 

Coordination between the concrete 
producer and the contractor is important 
to insure that the HSSFC arrives at the 
site with the appropriate consistency. 
However, if the concrete arrives with a 
slump higher than desired, the truck 
drum is stopped for 10 to 15 minutes to 
allow the concrete to lose slump. If the 
concrete arrives with a slump lower 
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than desired, additional HRWRA is 
added to increase the slump. 

Some engineers and testing agencies 
have expressed concern regarding the 
potential segregation of very high 
slump HSSFC. One such situation oc- 
curred when placement of an 1 1 in. (280 
mm) slump load was reported. Cores 
were obtained from the column in ques- 
tion and no segregation was reported. 
The compressive strength of cylinders 
cast from that load were similar to those 
obtained from lower slump loads. 

It is extremely difficult, if not impos- 
sible, to attain a reasonably flat, steel 
troweled finish with HSSFC. Essen- 
tially no bleed water appears, creating a 
spongy surface prone to plastic shrink- 
age cracking. Fortunately, most of this 
type of concrete is placed in areas that 
do not require finishing of the surface. 
One exception is the concrete used in 
the column mushroom areas of slabs. 
HSSFC used for these applications 
should be placed and floated, and an 
evaporation retardant, fog mist, or cur- 
ing compound should be used to pre- 
vent plastic shrinkage cracking. 

Setting time 
The use of very high dosages of 
HRWRA that are required to produce 
workability and addition of sufficient 
retarder to limit slump loss have made 
control of the setting time of HSSFC 
difficult. Actually, of more concern to 
the contractor is the time at which the 
forms may be removed. Although the 
HSSFC is retarded, once it sets, heat is 
generated, strength gain occurs very 
rapidly, and forms are removed. 

Our first commercial production of 
HSSFC contained a fixed dosage of re- 
tarder that resulted in setting times of 20 
to 48 hours, depending on ambient and 
concrete temperatures. Moreno3 re- 
ported that some column and core wall 
surface defects occurred when forms 
were removed before sufficient strength 
was developed. Subsequently, a tarp 
was placed on the core wall and it was 
heated to 100 F (38 C) to allow for ear- 
lier form removal. 

Optimization of the mix design led to 
the use of variable dosages of retarder 
as discussed earlier. By using a dosage 
of retarder that is appropriate for the 
concrete and ambient temperatures, 

HSSFC setting time is reduced to 16 to 
20 hours while maintaining an accept- 
able amount of slump loss. This ap- 
proach allows for form removal the day 
after placement. 

Due to scheduling demands, a large 
high-rise project required column and 
core wall forms to be removed at an age 
of 14 to 16 hours after placement. 
Therefore, the setting time of the 
HSSFC had to be reduced to approxi- 
mately 12 hours for the contractor to 
remain on schedule. Use of a non-chlo- 
ride accelerating admixture decreased 
the setting time of the concrete to the 
necessary range without significantly 
increasing slump loss or reducing 56 
day compressive strength (Table 3). 

Further optimization of the mix de- 
sign has decreased the setting time of 
HSSFC to approximately 8 hours. This 
has been accomplished by testing vari- 
ous raw materials to find those combi- 
nations that produce the quickest set. A 
compatibility study including over 400 
mixes pointed to specific combinations 
of materials that set Significantly faster 
than the combinations that we were us- 
ing. Again, this has been accomplished 
while maintaining the required engi- 
neering properties. 

Several methods have been devel- 
oped to determine when forms may be 
safely removed. Maturity meters have 
been used when a specific stripping 
strength has been required. Some con- 
tractors have placed a thermometer in 
the concrete in the forms. After a no- 
ticeable rise in temperature occurs, the 
HSSFC has set and forms are removed. 
Other contractors use a less scientific 
but equally effective method. If the 
forms feel warm to the touch, set has 
occurred and the forms are removed. 

Burg4 has reported that the peak in- 
ternal temperature of our HSSFC typi- 
cally occurs at an age of 24 to 48 hours 
from time of placement. Thermal crack- 
ing is most likely to occur if forms are 
removed when the internal concrete 
temperature is near its maximum. 
Forms are typically removed well be- 
fore the peak temperature is reached 
and essentially no thermal cracking has 
been reported. In cold weather condi- 
tions, forms have been released but left 
in place for a few hours before being 
completely removed. This system ap- 

pears to prevent thermal shock of the 
columns and shear walls and reduces 
the possibility of thermal cracking. 

Conclusions 
The successful development of HSSFC 
is dependent on more than the ability to 
achieve the required strength. The con- 
crete must be designed to tolerate a 
wide variety of production, delivery, 
placement, and ambient conditions to 
insure that this material is economically 
viable. 

The performance design concept al- 
lows for the fine tuning of the mix de- 
sign in actual field conditions. The base 
mix design is the foundation of a family 
of similar concrete mixes whose com- 
pressive strength is controlled by vary- 
ing the silica fume and water content. 
By adjusting the HRWRA, retarder, and 
non-chloride accelerator dosages, the 
placeability, slump loss, and setting 
time can be optimized for varying con- 
ditions while maintaining the required 
engineering properties. 
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Long-Term Behavior 
of Silica Fume Concrete 

he experimental sidewalk 
constructed in autumn 1980 
in the SKW silicon plant in T Bécancour in Quebec prov- 

ince, Canada represents one of the 
first reported field applications of 
silica fume concrete in Nor th  
America. The 11 sidewalk sections 
each have a different cement con- 
tent, and silica fume additions 
ranged from 10 to 20 percent in ad- 
dition to the cement content [195 to 
405 kg/m3/(330 to 680 lb/yd3)]. One 
segment that contained only 140 
kg/m3 cement and as much as 56 
kg/m3 (95 lb/yd3, or 40 percent) sil- 
ica fume had to be replaced after 
five years of service life due to se- 
vere deterioration, although it 
yielded a high compressive strength 
[40 MPa (5800 psi)] after one win- 
ter. The first results of this experi- 
ment were reported elsewhere.' 

A series of seven concrete testing 
programs undertaken at regular in- 
tervals over the last 10 years in- 
cluded compressive strength tests on 
a number of core cylinders. Addi- 
tionally, the microstructural char- 
acteristics of four concrete sections, 
each containing 10 percent silica 
fume, were studied after one winter 
exposure.' The bubble-spacing fac- 
tor was determined after three 
years. 

In the present testing program 
(1990), the compressive strength, 
bubble-spacing factor, chloride-ion 
permeability, and the microstruc- 
tural characteristics were reeval- 
uated after 10 years. Three 95 mm 
(3.7 in.) diameter cores were used 
for the strength tests. 

The experimental sidewalk has 
been continually exposed to the ex- 
tremely severe climatic conditions 
that prevail in Quebec province [an- 
nual temperatures range from 30 C 
in summer to -30 C in winter (86 

to -22 F)] over the last 10 years. In 
addition to this, deicing salts are 
generously applied to the sidewalk 
surface every winter, together with 
occasional hot water spray. A 30- 
Mg (33-ton) loader is used on the 
sidewalk for snow removal as well, 
and because the sidewalk is not re- 
inforced, this resulted in the prompt 
appearance of surface cracks in 
some sections. 

Sidewalk construction 
The sidewalk was constructed as 

follows: 
1. A nonsilica-fume ready-mix 

concrete prepared by a local manu- 
facturer was transported in trucks 
to the job site 45 minutes away. 
2. The nonsilica-fume concrete 

mix was tested for slump loss and 
air content upon arrival at the con- 
struction site before a calculated 
amount of silica fume was added 
directly to the mix from a bin by 
means of a rather primitive weigh- 
ing scale. 

3. The concrete was then remixed 
for 5 to 10 minutes while water was 
added simultaneously to obtain a 
slump of 90 to 120 mm (3.5 to 4.7 
in.). The dispersion of these ultra- 
fine particles was deemed satisfac- 
tory when a homogeneous color was 
observed. 

Since the concept of using super- 
plasticizer, or high-range water-re- 
ducing admixture, had not fully 
evolved 10 years ago, these mixes 
contained no superplasticizer, and 
their slumps were controlled by 
adding water. Because it was not 
possible to control the amount of 
water, these concretes contain a 
high water-cement ratio. 
4. The concrete was then directed 

to the actual jobsite, where it was 
retested for slump and air content. 
However, the desired air content of 

6 percent could not be obtained due 
to difficulties encountered adding 
the silica fume in the concrete 
mixer. These difficulties included 
time lag in transportation, time re- 
quired for proper introduction of 
silica fume, a very low density ma- 
terial, and placing the mix 2 hours 
after the initial mixing. 

Visual inspection 
Table 1 gives the cement content 
and corresponding thickness of the 
sidewalk sections tested. Surface 
cracking determined from visual in- 
spection indicates that the number 
of cracks is directly related to the 
section thickness. However, this is 
normal for nonreinforced concrete 
that regularly bears a 30-Mg (33- 
ton) load during winter. 

Test Results 
The results obtained for the 10 
years testing period are given in Ta- 
bles l through 3. 

Air content and bubble.spacing 
factor 
The air contents presented in Table 
2 range from 2.1 to 8.3 percent, and 
the bubble-spacing factor be- 
tween 220 and 490 pm. 

Comparing the 3-year and 10- 
year i5 values reveals no significant 
difference in D-260 and E-200 con- 
cretes, but there is a greater differ- 
ence in A-315 and B-405. This dif- 
ference, which is within the accept- 
able range, can be attributed to the 
mix homogeneity factor, which was 
extremely difficult to control when 
placing the concrete. 

Chloride-ion permeability 
Table 2 shows that, regarding chlo- 
ride-ion permeability, there are two 
distinct families of concrete. One is 
A-315 and B-405, with extremely 
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Table 2 - Air content, bubble spacing, and 
chloride-ion permeability results 

Table 1 - Visual characteristics of 
sidewalk after 1 O years 

Table 3 - Compressive strength at different ages 

low chloride permeability (450 and 
425 coulombs, respectively). The 
other - D-260 and E-200 - exhib- 
its somewhat higher permeability 
(1250 and 1550 coulombs, respec- 
tively). The results obtained for A- 
315 and B-405 are in accordance 
with the findings of Perraton, Kit- 
cin, and Vezina2 and Aitcin and La- 
~ l a n t e . ~  

According to  Whiting,4 a very 
low chloride-ion permeability (as in 
concretes A-315 and B-405) is ob- 
teiced in latex concrete, whereas the 
permeability of D-260 and E-200 
corresponds to concrete with w / c  
lower than 0.40, although the initial 
nonsilica-fume concrete mix had a 
high w/c, and water also was added 
later to the mix to introduce the sil- 
ica fume. However, the chloride-ion 
permeability of all four sections is 
much lower than that of a nonsil- 
ica-fume concrete with a high w/c. 

Compressive strength 
At the end of the 10-winter expo- 
sure, the compressive strength of 
the four concretes varied from 47 to 
88 MPa (6800 to 12,800 psi) (Table 
3), and is directly proportional to 

the cement content. Interestingly, 
the compressive strength in each 
case increases at age 10: 9 percent 
for A-315 and B-405, 17 percent for 
D-260, and 4 percent for E-200. A 
certain degree of variation in 
strength values was recorded for 
each section over the 10-year period 
as well. 

Several factors, or a combination 
thereof, can explain the variation in 
strength values over the years. One 
is the low length/diameter ratio (less 
than 1) of some of the cores used 
for testing. Alternatively, variations 
can arise from minor differences in 
experimental conditions, since it is 
difficult to  control all the testing 
parameters precisely over a long pe- 
riod of time. Lack of homogeneity 
of the mixes due to the difficulty in 
placing these concretes (stated ear- 
lier) may also have been a factor. 

Additionally, the suggested cor- 
rection factor of 0.87 used for cores 
with length/diameter ratios smaller 
than 1 may not represent the true 
correction factor. According to  
ASTM C 39-86, this factor was es- 
tablished for concrete with com- 
pressive strengths between 13.8 and 

41.4 MPa, whereas the present se- 
ries of concretes has compressive 
strengths greater than 41.4 MPa. 

Microstructure at age 10 
The objective of microstructural 
characterization of these concretes 
by SEM/EDXA, XRDA, and opti- 
cal microscopy was to determine if 
any deterioration had taken place 
over a period of 10 years. Thus, the 
state of the aggregates also had to 
be carefully examined. 

Petrographic examination of 
aggregates and concrete 
Petrographic examination of thin 
sections under a transmitted light 
polarizing microscope revealed that 
the concrete comprises 95 percent 
limestone as coarse aggregates, the 
remainder being clayey gravel. 

Because the limestone is mostly 
composed of extremely fine, often 
cryptocrystalline, anhedral calcite 
(Fig. i) ,  the characteristic calcite 
cleavage was rarely observed. A 
small quantity of medium subhed- 
ral to  anhedral calcite crystals is 
present, but these crystals do not 
show any disjointing with their finer 
 counterpart^.^ Medium-size anhed- 
ral quartz crystals, though not pro- 
fuse, are associated mostly with the 
calcite. Graphic intergrowth of p- 
quartz and feldspar was observed in 
some parts, but a reddish tint was 
more common, giving the rock a 
ferruginous appearance. 

The fine aggregate is composed 
of quartz and feldspar, the latter 
with its characteristic twinning fea- 
ture. The feldspar does not exhibit 
any mineral alteration, nor does the 
quartz have a high extinction angle 
that can make it a potential candi- 
date for alkali-aggregate reaction.6 
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Fig. 1 - Extremely fine textured limestone comprising 
anhedral calcite in coarse aggregate. 

Fig. 2 - Fine fissures in the hydrated cement paste of the 
B-405 concrete. 

No reaction rims have appeared to 
suggest alkali-aggregate reaction, 
and inter- and intragranular fis- 
sures are rare in these aggregates. In 
general, there is no evidence of the 
disruptive action of repeated expo- 
sure to freeze-thaw conditions upon 
the aggregates.? 

The  hydrated cement paste 
(HCP) of the B-405 concrete, con- 
tains a number of fine fissures (Fig. 
2), as contrasted to the HCPs of the 
other three concretes. 

SEMIEDX analysis 
Based upon the frequency of mi- 
crofissures, determined qualita- 
tively from optical microscopy that 
follows the order: B-405 > D-260 

examination of the two extreme 
cases, B-405 and and E-200, was 
carried out. 

The microfissures in B-405 were 
also clearly visible under the SEM 
(Fig. 3) .  Though less than 1 pm 
wide, they are frequent in the paste. 
Partly hydrated cement grains are 
still present (Fig. 4). Hexagonal 
plates of AFm phase also occur in 
abundance, either in the larger 

> A-315 > E-200, SEM/EDXA 

Fig. 3 - Fissures in the hydrated cement paste of 8-405 
concrete. 

Fig. 4 - Partly hydrated cement grains in 8-405 concrete. 

pores (Fig. 5 )  or in the paste. Ex- 
cept for the presence of microfis- 
sures, the HCP has retained its den- 
sity (Fig. 6) and is composed of 
amorphous C-S-H gel with low Ca/ 
Si, which is characteristic of pastes 
containing silica fume. Stacked-type 
CH crystals, though not perfect 
morphologically, are also visible 
(Fig. 7). Some oriented CH crystals 
have developed in parts of the 
paste-aggregate interface (Fig. 8). 

In contrast to B-405, the CH ap- 
pearing at the E-200 concrete paste- 
aggregate interface is much more 
granular in nature, smaller in size, 
and less oriented, (Fig. 9), i.e., its 
degree of crystallinity is lower than 
that of B-405. The interface is 
strong, with no visible signs of de- 
bonding. CH crystals of similar 
morphology as B-405. The interface 
is strong, with no visible signs of 
debonding. CH crystals of similar 
morphology as B-405 are also pres- 
ent in the paste. Some large un- 
reacted silica fume particles remain 
in the paste (Fig. 10); however, in 
place of AFm, this concrete dis- 
plays an abundance of AFt (Fig. 
i l ) .  There is evidence of hollow- 

shell hydration with ill-crystallized 
chloroaluminate in the center (Fig. 
12), but partly reacted cement 
grains are much less frequent in this 
concrete. 

XRDA 
Confirmation of chloroaluminate in 
E-200 concrete was obtained by 
XRDA. The quantity of AFm was 
also found to be highest in B-405. 

Analysis of CH generated as a 
function of cement content in these 
concretes was performed using the 
integrated intensity of CH peaks at 
18.10 and 34.08 deg 2 8 .  Fig. 13 
clearly shows that an increase in ce- 
ment volume from 200 t o  3 1 5  
kg/cm3 (337 to 530 lb/yd?) gives rise 
to higher CH, irrespective of the 
w/c + s, which decreases from 0.80 
to  0.52. Interestingly enough, a 
lesser quantity of CH is generated 
at 400 kg/cm3 (675 lb/yd3) cement 
content, or the B-405 concrete. 

Discussion of concrete 
microstructure 
None of these concretes can be des- 
ignated as low w/c  + s, which ex- 
plains the appreciable quantity of 
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Fig. 5 - Hexagonal AFm plates in a large pore. Fig. 9 - Granular and smaller CH crystals at the paste- 
aggregate interface of E-200 concrete. 

Fig. 6 - Dense paste composed of amorphous C-S-H gel. 

Fig. 7 - Stacked type of CH crystals in the paste of B-405 
concrete. 

Fig. 8 - Oriented CH crystals in parts of the paste- 
aggregate interface. 

Fig. 1 O - Large unreacted silica fume particle. 

Fig. 11 - AFt needles in a vacant space. 

Fig. 12 - Hollow-shell hydration with chloroaluminate in 
the center. 
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well-crystallized CH in these con- 
cretes, including the E-200 concrete 
with its relatively low cement con- 
tent. An abundant supply of water 
led to  the rapid hydration of ce- 
ment grains and the simultaneous 
generation of CH, and the speed of 
CH evolution obviously exceeded its 
rate of consumption by silica fume. 
The trend of CH generation seen in 
Fig. 13 indicates it to be a function 
of cement content; it also suggests, 
but cannot confirm in the absence 
of w/c  + s data on B-405 concrete, 
that it is somewhat interdependent 
on the w/c  + s. 

Microscopic evidence of micro- 
fissures in B-405 concrete is a result 
of the high volume of cement used 
to make this concrete, which could 
have caused the shrinkage cracking. 
Also, no curing compound was ap- 
plied to the concrete placed on the 
first day, although it was a part of 
the specification. Curing compound 
was applied as drying shrinkage 
cracks began to develop within the 
first 24 hours, but it proved to be 
too late. This also could have led to 
plastic shrinkage cracks due to a 
lack of bleed water. However, in 
the other sections curing compound 
was applied immediately after fin- 
ishing of the surfaces. The presence 
of partly hydrated cement grains in 
this concrete can also be related to 
its high cement content. 

The presence of chloroaluminate 
arises from the percolation of C1- 
ions from deicing salts.8 Although a 
precise explanation cannot be given 
at this stage as to why its occur- 
rence is higher in the E-200 con- 
crete, it is possible that its specific 
location in the field makes it more 
vulnerable to C1- ion permeation, 
i.e., either this section received a 

greater application deicing salts or 
there is greater accumulation of salt 
where the E-200 concrete is located. 
This needs further investigation. 
Nonetheless, the appearance of AFt 
in this concrete can be explained in 
terms of the unstable nature of 
chloroaluminate that results in con- 
version to AFt.9 On the other hand, 
the formation of AFm in the B-405 
concrete can be said to be a natural 
phenomenon, arising from the hy- 
dration of ASTM Type 1/11 ce- 
ment.Io 

Conclusions 
Although the compressive strength 
measurements exhibit some differ- 
ences in values over the total testing 
period of 10 years, it is clear that 
compared to the 1-year values the 
strength of cores increases from 4 to 
17 percent at 10 years. The chlo- 
ride-ion permeability of two con- 
crete sections (A-315 and B-405) is 
very low and comparable to  latex 
concrete, whereas in the other two 
(D-260 and E-200) it is low in com- 
parison to nonsilica fume concrete, 
despite its high w/c + sf. 

The hydrated cement paste of 
these concretes, even after such a 
long field exposure under severe cli- 
matic conditions and regular deic- 
ing salt application, is relatively 
dense and unaffected, with the ex- 
ception of the B-405 sample, which 
manifests an unusually high degree 
of microcracking. 

When comparing the present mi- 
crostructure with that at age l year,’ 
it can be stated that mineralogical 
alteration has indeed occurred. For 
example, the B-405 concrete has de- 
veloped AFm phase (not observed 
at 1 year), whereas E-200 shows ev- 
idence of AFt and chloroaluminate, 

the la t te r  mineral  most likely 
formed due to the percolation of 
deicing salts, though this is not a 
cause for major concern. 

The aggregates show no evidence 
of deterioration, and the paste-ag- 
gregate bonding is still strong. 
There is no evidence of cement 
components leaching out due to in- 
creased permeability. As a matter of 
fact, the permeability is still very 
low. 

It can be said that these four field 
concretes in which silica fume was 
used are still in very stable condi- 
tion, with statisfactory durability 
properties even after 10 years of 
service life in severe exposure con- 
ditions. 
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New ... 
Eighth €dition! 

Manual Of 
Concrete 
Inspection 
The New ACI Manual of Concrete Inspection, 
(SP-2) was revised to include changes in refer- 
ence documenta and recognize new technology. 
Theeighth edition includes recent developments 
in materials, equipment and processes such as 
shrinkage-compensating cement, sophisticated 
admixtures, fibrous concrete, epoxy resins, high 
capacity and automated concrete production 
equipment, very high strength concrete, and 
systems building. 

The chapters include the changes resulting fkom 
the drastically expanded field of inspection. 
Chapters cover inspection processes and organi- 
zation, statistical concepts on quality assurance, 
inspection and testing of materials, handling 
and storage of materials, concrete fundamen- 
tals, proportioningand control ofconcretemixes, 
batching and mixing, inspection before concret- 
ing, concreting operations, form removal and 
curing, correction of defects and repairs, slabs 
for buildings, pavement slabs and bridge decks, 
architectural concrete, special concreting meth- 
ods, special types of concrete, precast and pre- 
stressed concrete, grouting, testing of concrete 
and aggregates, inspection records and reports, 
and a check list of inspection. 

The New ACI Manual of Concrete Inspection is 

k r  the guidance, assistance, and instruction of 
concrete inspectors and others engaged in con- 
crete construction, such as field engineers, con- 
struction superintendents, supervisors, labora- 
tory and field technicians and inspectors, and 
workers. Journeymen may find it valuable as a 
reference for improving their work, while ap- 
prentices can use it as an effective instruction 
manual. Designers will find the manual a 
valuable tool which provides a ready descrip- 
tion of the various details of concrete construc- 
tion. 

The New ACI Manual of Concrete Inspection is 
now available. Order your copy Today! 

1992,8 1/2 x 11" format, soft cover, 200 pages 

Place your order through: 
The American Concrete Institute 
Member/Customer Services Department 
P. O. Box 19150 
Detroit, MI 48219-0150 
Tel. (313) 532-2600 
Fax (313) 533-4747 

Full document details: ACI Compilation 22-93

http://www.avadocuments.com/doc/aci-compilation-22-93
http://www.avadocuments.com/doc/aci-compilation-22-93


A C 1  COMP*22 ** 0662947 0508024 035 

in MeIbourne, Australia 
uring the latter part of the 
1980s, construction in Mel- 
bourne, particularly in the D central business district, was 

at an all time high. Much of the 
concrete was specialized, such as 
high strength concrete for pumping 
to 50 Storys, general concrete for 
pumping to 55 Storys, and shotcrete 
for site retention and other applica- 
tions. Silica fume concrete (SFC) 
was being used in Australia - it 
had been produced in Tasmania 
since 1977, mainly for economic 
reasons - but it was not being used 
in Melbourne or anywhere else on 
the mainland. 

At the Concrete Institute of Aus- 
tralia (CIA) Conference on Supple- 
mentary Cementing Materials in 
Sydney in 1988, the significant ben- 
efits and potential of SFC were 
clearly illustrated. This conference 
and the high level of construction 
activity in Melbourne provided the 
impetus to spur the development of 
SFC for a variety of applications, 
including: 

Shotcrete for site retention. 

High strength and very high 
strength concrete (HSC and 
VHSC). 
Pumped concrete for tall build- 
ings. 
Increased resistance to aggres- 
sive ground waters. 
Tunnel linings. 
Vertical shotcrete walls. 
High rise pump blowback. 
Precast concrete piles. 

SFC in Australia 
The Readymix Group and Pioneer 
Concrete Services began producing 
SFC in Tasmania in 1977 using sil- 
ica fume (SF) supplied by the Tas- 
manian Electro Metallurgical Com- 
pany (TEMCO) at Bell Bay. This 
fume typically contains approxi- 
mately 90 percent amorphous Sioz, 
3 percent Fe,O,, and 2.5 percent 
each of C and Alzo,. 

The TEMCO SF available from 
then until now has been uncon- 
densed and has a density of 200 to 
300 kg/m3 (300 to 5 0 0  lb/yd3). It's 
handling characteristics had been 
variable. It normally is transported 

The Melbourne central business district. 

22 

in bulk cement tankers and blown 
into conventional cement silos. Oc- 
casionally it takes some hours to 
unload the bulk cement tanker be- 
cause the SF packs and contains a 
very small proportion of condensed 
moisture. Despite its handling diffi- 
culties, it has generally been of good 
quality and produces good quality 
concrete. In some instances it has 
been used in special applications, 
for example fiber-reinforced shot- 
Crete in tunnelling by the Hydro 
Electric Commission. 

On the Australian mainland, SFC 
production was extremely small and 
restricted to a very few applications 
until the late 1980s. In early 1990, 
Barrack Silica (now Microsilica Pty. 
Ltd.) in Western Australia began 
the collection and densification of 
S F .  This SF was used in some of the 
work described in this article. 

Potential of SFC 
SFC has always had significant po- 
tential. The papers presented at the 
CIA Supplementary Cementing 
Materials Conference in Sydney in 
1988, and the Trondheim, Norway, 
Conference in 1989, highlighted its 
numerous practical applications and 
benefits. 

In the building boom in Mel- 
bourne in the latter half of the 

Table 1 - Condensed silica 
fume properties. 

Chemical properties 

SiO, 
C 
Fe24 
A1203 
Na,O 
K O  
MgO 
so, 

88% (min) 
2.5% (max) 
2.2% (max) 
2.2% (rnax) 
1.8% (max) 
2.5% (max) 
3.5% (max) 
1 .5% (rnax) 

3.5% (max) Loss on ignition 

Physical properties 

Specific surface 
Particle size 

15 to 20 rn*/gm 
0.13 to 0.16 pm 
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