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Introduction 

AC1 Compilations are a series of special publications that combine material previously published 
by the Institute to provide compact and ready reference on specific topics. The fifteen papers in this 
compilation on High-Performance Concrete have been selected by a Task Group of the TAC 
Subcommittee on High-Performance Concrete (THPC) with a specific objective of providing technical 
information to readers who would find it useful in practical applications. For readers who may wish to 
pursue the subject further, a recommended reading list is also provided. 

High-performance concrete (HPC) has been broadly defined by THPC as concrete that meets 
special performance and uniformity requirements that cannot always be achieved routinely by using only 
conventional materials and normal mixing, placing, and curing practices. The requirements may involve 
enhancements in ease of placement, compaction without segregation, long-term mechanical properties, 
early-age strength, volume stability, or service life in severe environments. Concretes possessing many 
of these characteristics often achieve higher strength. Therefore, high-performance concrete is often of 
high strength, but high-strength concrete may not necessarily be of high performance. 

Two papers in this compilation are for general reading. In his paper, Forster discusses the 
definition of HPC and the basic considerations of when to use HPC. Factors such as workability, placing, 
and curing are discussed. The paper by Aitcin and Neville points out that HPC is not that different from 
ordinary concrete; but, through the application of special know-how and the judicious use of cementitious 
materials, chemical admixtures, and optimum water-cement ratio, properties of concrete can be enhanced 
and applications of concrete expanded. Changes in the composition, pore structure, and bond of the 
matrix with the aggregate are described as the result of using this know-how in selecting materials and 
proportions. 

To produce HPC, it is essential to have good quality coarse aggregates. Aitcin and Mehta point 
out in their paper the importance of evaluating the characteristics of coarse aggregates to be used in very 
high-strength concrete. Test results of three Canadian and four Californian aggregates producing concrete 
strengths ranging from 85 to 105 MPa (12 to 15 ksi) are summarized. It is shown that coarse aggregate 
mineralogy, strength, and/or bonding with the cement paste play an important role in concrete strenth and 
elastic modulus. Collins discusses proportioning high-strength concrete to control creep and shrinkage. 
Several different high-strength concrete mixtures having compressive strengths ranging from 56 to 65 
MPa (8 to 9.3 ksi) are compared. They show satisfactory creep and drying shrinkage behavior. The use 
of a high-range water reducer does not have a significant effect on deformations, and the factors that 
reduce deformation in normal strength concrete apply also to high-strength concrete. 

Economics drives the use of high-strength concrete, since its load-carrying capacity increases 
more than its cost. Commercial production of high-strength concrete has had a long history. Moreno 
documents in his paper the development of 41 MPa (6 ksi) concrete in 1962 to 96 MPa (13.7 ksi) 
concrete in 1982 and demonstrates the commercial capability of producing 117 MPa (16.7 ksi) concrete. 
To translate laboratory trial mixtures of HPC for use in field applications is not a simple task. In the 
paper by Schemmel et al., lessons learned from field trials with high-early-strength, rapid slump loss 
pavement patching mixtures designed to produce 35 MPa (5 ksi) concrete in 24 hr are discussed. Very 
practical advice and guidelines are given by the authors. 

For HPC, large amounts of cementitious materials are usually used, thus generating more heat 
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of hydration and producing larger thermal gradients in newly cast large-sized HPC members. These 
thermal effects are of serious concern. Cook et al. in one paper and Miao et al. in another present their 
results of laboratory and field studies on large HPC columns. Analytical predictions are confirmed by 
thermocouple measurements. It is demonstrated that HPC is less susceptible to thermal cracking than 
normal strength concrete because of the higher tensile strength of HPC. 

Two papers deal with testing of high-strength concrete. The paper by Lassard et al. examines the 
problems associated with testing high-strength concrete with standard size cylinders. Comparisons are 
made with the smaller size (100 x 200 mm [4 x 8 in.]) cylinders. The capping method is also compared 
with grinding and the effect of the bearing block size evaluated. The paper by Yuan et al. evaluates and 
compares test results for cylinders and cores from a large column with high-strength concrete. Standard 
cylinders were both field- and moist-cured. The effect of core location in large columns and the difference 
between cores and moist-cured and field-cured cylinders are determined. Temperature gradient and its 
effect on large columns are also evaluated. 

Long-term characteristics of a very high-strength concrete are discussed by Aitcin et al. Their 
paper presents an evaluation of an experimental concrete mock column made from 85 MPa (12 ksi) 
concrete. Cores taken from the structure 2 and 4 years after casting showed strength equal to the 28-day 
cylinder strength and durability of 300 coulombs in the rapid chloride permeability test. Strain gages 
showed no internal strains after cooling within 4 days after casting and only surface shrinkage was 
observed. A microstructural examination also confirmed an absence of internal microcracks. In the paper 
by Li et al., freezing and thawing durability of high-strength pastes, mortar, and concretes with and 
without silica fume is discussed. All test samples were non-air-entrained, and the air void spacings in the 
concretes were between 0.75 and 1.3 mm, well above the 0.2 mm normally required for durable 
concrete. In all cases, samples with w/c = 0.24 showed very good freeze-thaw durability (to 1000 cycles) 
despite not being air-entrained. With w/c = 0.27 or higher, the samples did not perform well. The test 
results showed that freeze-thaw performance is independent of silica fume content. 

Finally, three papers are included in this compilation as illustrations of several applications of 
HPC. Ozyildirim describes the experience of Virginia DOT in producing very low-permeability concretes 
for repairs of pavement and bridge decks. He also discusses their experience in producing concretes of 
very high-early-strength and very low permeability for fast-track operations. Test results of both 
laboratory and field concrete are presented. The economic advantage of using HPC for columns of high- 
rise buildings and several design approaches to achieve structural ductility for such applications are 
discussed by Webb in his paper, which covers the continuing development of HPC in Australia. In the 
area of long-span bridges, Malier et al. describe the design and construction of a three-span externally 
post-tensioned bridge using 60 MPa (8.7 ksi) concrete. A comparison with a similar bridge designed for 
35 MPa (5  ksi) concrete revealed a 30 per cent reduction in concrete volume. The bridge is instrumented 
for long-term monitoring of its performance. 

As with any publication of the Institute, the material included in this compilation does not 
necessarily represent the opinion of an AC1 technical committee. It reflects the opinions of the individual 
authors. However, the information presented here is considered to be a valuable source of reference for 
readers interested in the subject. 

THPC Task Group 
C. Raymond Hays 

Richard C.  Meininger 
Harold R. Sandberg 

J. Francis Young 
Paul Zia, Chairman 
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Cores Tested Two and 
Four Years After Placement 

LonpTerm Characteristics of 
a Very High Strength Concrete 
Describes testing on cores taken two 
and four years after construction of an 
experimental high-strength concrete 
column. Core compressive strength 
equalled that of cube specimens cured 
in lime-saturated water at room 
temperature for 28 days, and after four 
years the concrete had retained a very 
dense microstructure without network 
microcracking. Recorded strains show 
very few volumetric changes in the 
concrete in the time since placement. 

n terms of normal-strength con- 
crete, it is generally accepted 
that compressive strength test- I ing of a standard specimen is 

representative of the actual com- 
pressive strength of the concrete 
used in the structural element under 
study. Due to  its nature and com- 
position, high-strength concrete can 
display characteristics quite unlike 
those of its plain, normal-strength 
counterpart. In light of this, com- 
paring the compressive strength of 
specimens and cores takes on a cer- 
tain interest. 

When specimens are cast, their 
relatively low volume, combined 
with the thinness of mold walls, al- 
lows significant heat loss. On the 
other hand, large structures, such as 
columns and shearwalls, provide for 
nearly adiabatic curing conditions at 
much higher temperatures. In other 
words, the curing temperatures of a 

Keywords: chlorides; compressive slrenglh; cores; 
C-S-H; electron microscopes; ettringite; high- 
sirengîh concretes; long-time study; 
microcracking; microstructure; performance: 
permeability; shrinkage; strains. 

given field concrete and its speci- 
mens are significantly different, re- 
sulting in rather disparate curing 
temperature profiles. 

In a previous article,' one of the 
authors proved that the higher tem- 
perature recorded in the field with 
very high strength concrete is in fact 
beneficial when the mix includes 
supplementary cementitious mate- 
rials (pozzolans). In very low water- 
cement ratio concretes, the temper- 
ature rise during initial setting ac- 
tually enhances the pozzolanic re- 
action, which otherwise would have 
been impeded by self-desiccation 
following hydration of the very fine 
cement particles. 

One issue left unresolved in that 
experiment, however, relates to the 
element's internal temperature gra- 
dient during cooling. At this junc- 
ture, it is not clear if the gradient 
generates sufficient tensile stress to 
cause formation of a microcrack 
network that would substanitally 
decrease compressive strength and 
imperviousness. 

Experimental program 
Experimental columns 
To research this important aspect of 
high-performance concrete behav- 
ior, two sets of cores were taken in 
1986 and 1988 from an experimen- 
tal mock column built in Montreal 
in 1984 (Fig. 1) with a high-perfor- 
mance concrete testing at 85.4 MPa 
(12,300 psi) at 28 days. The com- 

pressive strength was derived from 
100 x 200 mm (4 x 8 in.) specimens 
cured in lime-saturated water a t  
room temperature. Earlier detailed 
studies have been cited 

Twelve thermocouples were in- 
serted at various places in the mock 
column and in the active one to  
measure the temperature profile 
during the first 72 hours. Four vi- 
brating wires were also placed in 
both these columns (two pairs of 
vertical and horizontal wires placed 
on the surface and inside the col- 
umns). The surface wires were at- 
tached four days after casting upon 
removal of the forms, at which time 
the center of the elements had al- 
ready cooled. 

Concrete composition 
The main characteristics of the con- 
crete used are: 

water/cementitious ratio: 0.24 
cement dosage (ASTM Type I): 
500 kg/m3 (840 lb/yd3) 
silica fume dosage: 30 kg/m3 (50 
lb/yd3) 
coarse aggregate (10 mm [% in.] 
crushed dolomitic limestone): 
1100 kg/m3 (1850 Ib/yd3) 
sand (natural siliceous; fineness 
modulus of 3.0): 700 kg/m3 (1 180 
lb/yd3) 
A naphthalene superplasticizer 

(14 L/m3 [2.83 gal/yd3]) was used in 
conjunction with a retarding agent 
(1.8 L/m3 [0.37 gal/yd3]). Since de- 
livery took 45 minutes, part of the 

HIGH-PERFORMANCE CONCRETE 3 

Full document details: ACI Compilation 32-96

http://www.avadocuments.com/doc/aci-compilation-32-96
http://www.avadocuments.com/doc/aci-compilation-32-96


~~ ~ 

A C 1  COMPx32 ** m Ob62949 0525833 

Fig. 1 -La Laurentienne experimental columns. 

superplasticizer was added to the 
load upon arrival at the jobsite to 
adjust the slump to  250 mm (10 
in.). 

The concrete was produced in a 
central mixer and placed with a 1.5- 
m3 (2-yd3) bucket in just two lifts 
per column. 

Test i ng 
Compressive strength was tested at 
7, 28, and 91 days as well as at one 
year on 100 x 200 mm (4 x 8 in.) 
specimens cured until testing in 
lime-saturated water maintained at 
room temperature. They were re- 
moved from the lime water 24 hours 
prior t o  testing. Before testing, a 
very thin ( 3  mm [ %  in.]) cap of 
high-strength testing compound was 
applied. 

The cores taken after two and 
four years from the mock column 
measured 100 mm (approximately 4 
in.) in diameter. Care was taken to 
insure an aspect ratio as close to 2:l 
as possible when preparing the  
cores. Capping for testing was the 
same as for the specimens. 

Fig. 2 gives the temperature in- 
crease recorded at three locations in 
the column from which the thermal 
gradient can be calculated during 
the cooling of the concrete. 

As Fig. 2 depicts, the column’s 
maximum gradient was reached just 
a f t e r  t he  su r face  t empera tu re  
peaked at 58 C ( 136 F). This figure 
further shows that the maximum 

thermal gradient occurred in the 
outer portion of the column from 
where the cores were taken. In any 
case, it was lower than 17 Clm. 

Two years after the column was 
cast, two cores were examined by 
SEM on a 2.5 x 2.5 cm (1  x 1 in.) 
basis. At four years, two 100 mm 
(4 in.) cores were evaluated for 
permeability with a chloride-ion 
permeameter. Two sections of the 
concrete, taken from a 2.5 cm di- 
ameter core, the  first being the 
“skin” concrete and the other the 
internal concrete (1 .5  cm inside), 
were also examined by SEM. 

Length changes in the concrete 
are still being monitored by means 
of the internal and surface vibrat- 
ing wires. 

Results and discussion 
Compressive strength 
The compressive strengths of the 
cores and specimens reported in Ta- 
ble l show nearly identical average 
core strengths a t  two and four 
years: 83 and 83.9 MPa (12,040 and 
12,170 psi), respectively. Individual 
values of the compressive strength 
of the cores are given in Table 2. 
These values correspond roughly to 
the 28-day compressive strength of 
the 100 x 200 mm specimens cured 
in lime-saturated water a t  room 
temperature: 85.4 MPa (12,380 psi). 
It should be noted that between 28 
days and 1 year the specimen com- 
pressive strength increased to 97.6 

Fig. 2-Temperature rise of concrete 
inside column.* 

MPa (14,150 psi) due to the addi- 
tional curing. 

Chloride-ion permeability 
Two cores taken in 1988, four years 
after casting, were tested for chlo- 
ride-ion permeability. The averaged 
result, 300 coulombs (Table i ) ,  is 
very low, corresponding t o  the 
range of latex-modified concretes.’ 
This extremely low value suggests 
that very few, if any, microcracks 
developed as the  mock column 
cooled and dried. 

Long-term length changes 
Referring to Fig. 3,  the strains re- 
corded by the vibrating wires indi- 
cate that  the concrete inside the 
mock column experienced no sub- 
stantial change in length from ap- 
proximately the fourth day after 
casting, which coincides with the 
end of the cooling period. How- 
ever, a shrinkage of 250 micro- 
strains due to cement hydration and 
concrete cooling was recorded dur- 
ing the first four days following the 
casting of the column. 

Length change measurements at 
the surface of the column started 
just after this four-day period when 
the  forms were stripped. When 
comparing concrete deformations at 
the surface and inside the column 
after this period (Fig. 4), it is seen 
that the shrinkage of the concrete is 
higher at the surface than inside the 
column. 
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strength 

MPa 

psi 

-160 I 

100 x 2ûûmm 
cores from 

column 100 x 200 mm specimens 
7-day 28-day 91-day 1-year 2-year 4-year 

70.8 85.4 89.7 97.6 83 83.9 

10,270 12,380 13,010 14,150 12,040 12,170 

ERTICAL STRAIN INSIDE VIöRATING WIRE 
ü 
ln 

-240 

-280 

-320 
28 d I Year 2 Yeors 3 Years 4 Yeors 

AGE 

Fig. 3-Strain inside column from O days to four years. 

Chloride ion permeability, coulombs 

Table 1 - Compressive strength over four years 
and average chloride-ion permeability at four 
years 

300 
f: core 
f: 28-day 

x loo 

50 r 

97 percept 98 percent 

o i  

- 50 

% -100 

E -. -150 

28 d 1 Year 2 Yeus 3 Yeors 4 Years 
-400 L. 

AGE 

Fig. 4-Inside and surface shrinkage strain after four days. 

Table 2 - Individual values for 2 and 4 year 
cores, MPa 

Sample number I 2 years 4 years 
I 1 I 84.9 I 81.9 1 

81.6 1 
1 3 I I 82.2 

2 81.0 

Average 83 .O 83.9 

The concrete experienced only 
some superficial drying shrinkage of 
the “skin,” which may have re- 
sulted in tensile stress concentration 
at the surface. However, as seen in 
Fig. 5, the length changes measured 
in the field are still much less than 
the one. measured in the laboratory 
on 100 x 100 x 375 mm (4 x 4 x 15 
in.) specimens. This is obvious 
when one considers the surface/vol- 
Ume ratio of the two concrete ele- 
ments, the one in the laboratory 
specimen being much higher than 
the field concrete. 

The changes in length recorded 
with the vibrating wires were made 
at different temperatures. Due to 
the fact that the thermal expansion 
coefficient of the steel of the vibrat- 
ing wire and that of concrete are 
not the same, all the length changes 
were calculated from a reference 
value: 0- days for the concrete inside 
the column and 4 days for the con- 
crete at the surface of the column; 
the thermal corrections were then 
made using 

At 
P 
- = 625 x 10-5 x K ( N Z - N ; )  

+ At9 (a-/3) 

HIGH-PERFORMANCE CONCRETE 

where 

AP the length change expressed 
e in microstrains 

No = the  init ial  vibrat ion fre-  

N = the measured vibration fre- 

K = the extensometer coefficient 
At9 = the temperature change in  

deg C from the initial tem- 
perature 

a = the thermal expansion coef- 
ficient of steel (11.5 x 

/3 = the thermal expansion coef- 
ficient of  concrete  (9 x 

_ -  - 

quency of the wire 

quency at time t 

10-6) 

Microstructural examination 
The microstructure of this concrete, 
which was first examined in 1986 
two years after construction of the 

was once again examined 
in 1988 to find out if any changes 
had occurred in the microstructure 
or if any deterioration had taken 
place since the last examination. 
Skin concrete - The hardened 
paste was still found to exhibit a 
thin (1-2 mm) porous layer (Fig. 6) ,  
which resulted during the placing of 
the concrete. The placing, done by 
internal vibration, tends to create an 

external layer with a higher water/ 
cementitious ratio, very much like a 
normal water-cement ratio con- 
crete. 

Only a few well crystallized CH 
crystals, though not as large as in a 
normal concrete (Fig. 7), could be 
located in this zone. A few fissures 
(< 1 pm in width) are also present 
(Fig. 8). Otherwise the concrete is 
composed mainly of the C-S-H gel 
(Fig. 8) characteristic of very high 
strength concrete.6 

The  honeycomb structure of 
C-S-H seen in Fig. 8 and 9 proba- 
bly represents the original site of a 
cement grain dislodged during frac- 
turing of the specimen. It indicates 
the presence of water-cement ratio 
gradient in the concrete, the ratio 
being higher at the paste-aggregate 
interface, which has given rise to a 
different type of C-S-H in this re- 
gion. 

Partly hydrated to  unhydrated 
grains of cement (Fig. 10) are still a 
common feature. This is attribut- 
able to the low water-cement ratio 
used to make this concrete, which 
left several grains unhydrated due to 
lack of sufficient water.’ 
Internal concrete - Its microstruc- 
ture is very similar to that of the ex- 
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Fig. 5-Comparison of field and lab drying shrinkage. 

Fig. 7-Small, well crystallized CH crystals associated 
with C-S-H gel in the skin concrete. 

Fig. 9-Honeycomb C-S-H structure in the skin concrete 
and inside. 

Fig. 11 -Microstructure of internal concrete showing 
dense C-S-H and strong paste-aggregate bonding. 

6 

Fig. 6-Skin concrete showing the porous layer 

Fig. 8-Skin concrete showing dense microstructure 
(composed of C-S-H) with the exception of a few fissures. 

Fig. 10-A partly hydrated cement grain in which the 
lamellas of beiite can still be distinguished. 

Fig. 12-Spinai cord structure seen in internal concrete. 
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served is the srinal-cord structure 5. Whiting, D., “In Situ Measurement of 

terna1 part, except that the matrix is 
much more compact (Fig. l i ) ,  as is 
expected in very high strength con- 
crete made with silica fume and su- 
perplasticizer The most noticeable 
fea ture  is t he  s t rong  and  rigid 
bonding between paste and aggre- 
gate, which still holds firm after 
four years of construction (Fig. 11). 

No ettringite crystals were de- 
tected, and CH crystals in this part 
of the concrete are also very rare. 

The partly hydrated lamellar be- 
lite grains (Fig. lo), which are com- 
mon, can be readily distinguished 
from C-S-H and other particles 
from their lamellar structure. A 
comparison of the degree of corro- 
sion of these lamellas in the present 
concrete with the one examined in 
1986 strongly suggests that no fur- 
ther hydration had occurred. 

The honeycomb C-S-H structure 
seen in the external part is also 
present in the internal concrete. An 
interesting, though rare feature ob- 

(Fig. 12), which from EDX probr 
analysis gives a strong Ca signal. It 
is most likely the bidirectional ori- 
entation of CH, formed due to lo- 
calized concentration of superplas- 
ticizer. No definite explanation, 
however, can be presented at this 
stage regarding its formation. 

Conclusions 
The results show that the 28-day 
compressive strength (83 MPa) of 
100 mm cores taken from a mock 
column at two and four years after 
casting are nearly identical to that 
of specimens (85 MPa) cured for 28 
days in  lime-saturated water at 
room temperature. There is no evi- 
dence of strain inside the column, 
and siirface shrinkage is also lower 
than in laboratory concrete. 

From the microstructural study 
of the concrete it is obvious that the 
paste-aggregate bonding in  this 
concrete is still very strong, both in 
the skin layer and in the interior. It 
still retains its dense microstruc- 
ture, especially in the internal part. 
No detrimental microstructural fea- 
tures have developed during the first 
four years that  could affect the 
strength of this concrete. Finally, it 
still can be classified as a very du- 
rable concrete due to its low chlo- 
ride-ion permeability. 
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Economics, Design 
- 

and Ductility 
igh-strength concrete is a 
construction material that has 
been used in increasing vol- H umes in recent years. It is 

popular for two obvious reasons: it is 
economical purely on the basis of cost 
to resist a specified load, and it allows 
the use of smaller columns. 

The American code, AC1 318-89, 
does not have specific upper limits on 
concrete strength. The current Austra- 
lian Concrete Structures Code, 
AS3600, recognizes only the use of 
concrete up to 50 MPa (7500 psi) in 
strength, although a modification al- 
lowing the use of 60 MPa (8600 psi) 
concrete, which has been commonly 
used in Australia for a number of 
years, is expected in the near future. 
More recently, concrete of 70, 80, and 
even 90 MPa (10,000, 11,500, and 
13,000 psi) have been used on a small 
number of projects in Australia. In 
other countries, concrete up to 130 
MPa (19,000 psi) has been used. 

Concerns have been raised that de- 
sign methods and safety factors cannot 
be extrapolated for concretes of this 
strength, principally because of the re- 
duced ductility of the higher strength 
concrete. This article addresses some 
of these concerns and approaches that 
have been or could be followed. 

High-strength concrete (60 MPa 
and above) has been used for various 
reasons,’ including early stripping, 
greater stiffness, durability, and water 
retention, but this article is limited to 
the major reason of higher axial 
strength. And, although axially loaded 
elements include both columns and 
walls, only columns are considered 
here for simplicity. 

The same economic advantages ap- 
ply with high-strength concrete in 
walls as in columns, with the added 
advantage that a saving in wall area 
generally improves net rentable area. 
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This is not the case with columns in 
Australia.2 

Economics: basic 
parameters 

High-strength concrete is the most 
economical way to resist axial load, 
and methods that take advantage of 
this fact are the most economical col- 
umn construction methods. Tradition- 
ally, this has meant conventional 
reinforced concrete columns, but other 
systems also have been developed 
over the last 20 years that utilize the 
material in composite column designs. 

The approximate relative costs of 
30 and 60 MPa (4300 and 8600 psi) 
concrete and Grade 350 steel (50 ksi) 
to resist the same load, as shown in Ta- 
ble l, indicate high-strength concrete’s 
economic advantage. These ratios 
don’t give an absolute feel for the cost 
of the finished product, but two things 
are obvious: an all-steel column can’t 
compete with a column that gets most 
of its strength from 60 MPa (8600 psi) 
concrete, and 30 MPa (4500 psi) con- 
crete is never going to compete with 
60 MPa for columns, as other costs for 
the 30 MPa (4300 psi) column are go- 
ing to be higher than those for the 60 
MPa column. 

The relative cost of 100 MPa 
(14,500 psi) concrete to resist a given 
load extrapolated using current con- 
crete costings could be as low as 0.75. 
This obviously means that developing 
the ability to produce this concrete 
commercially will be an advantage; 
thus, establishing design methods us- 
ing the material must be a priority. 

However, concrete or steel alone do 
not make a finished column in a build- 
ing. Concrete needs reinforcement, 
formwork, and cladding and painting, 
and steel needs fire protection, clad- 
ding, and painting. Combining these 
elements in the most economical way 
leads to economical columns. 

Several exercises have been per- 
formed on the economics of various 
column alternatives.* These have con- 
sistently shown that high-strength rein- 
forced concrete columns are the 
cheapest columns, and that other op- 
tions such as composite columns 
(small steel shafts in a reinforced con- 
crete column), encased struts (a steel 
column with concrete encasement), 
and traditional all-steel columns all are 
more expensive, in general the cost in- 
creases with increasing amounts of 
steel in the column. Some of these 
comparisons are given later. 

The most recent studies have shown 
that the system currently being used on 
the 43-level Casselden Place project 
(Fig. 1) in Melbourne, Australia - a 
fire-protected steel tube filled with 
plain concrete - can be built for 
around the same cost as a reinforced 
concrete column. This is perceived to 
be a technological breakthrough, as it 
allows a steel-framed building to be 
constructed without the cost penalties 
associated with traditional steel col- 
umns, while still providing all the con- 
structability  advantage^.^ 

This type of column is also the ideal 
vehicle for very high-strength con- 
crete, and possibly would be cheaper 
than reinforced high-strength concrete 
columns because of the design advan- 
tages of this solution. These are dis- 
cussed further later. 

Design 
As mentioned earlier, some con- 

cerns have been expressed about ex- 
trapolating design methods for normal 
strength concrete to high-strength con- 
crete. There are three principle areas of 
concern: ductility, consistency of the 
strength of the material in place, and 

*Research done at Conne11 Wagner (Vic). Pty. 
Ltd., South Melbourne, Australia. 
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SHADED AREA IS CORE OF 
COLUMN WHICH RETAINS 
STRENGTH AFTER OUTER 
CONCRETE IS SPALLED OFF 

Fig. 2 - Column showing core 
section. 

Table 1 - Relative costs for different 
materials to resist the same load 

1 30MPacoxrete: I 6oMPaconcrete: 1 Grade 3.50 steel 

Fig. 1 - (left) Casselden Place, Melbourne, Australia, un- 
der construction. 

fire safety. The first area is discussed 
here in some detail, and the others pe- 
ripherally. 

Ductility 
Plain concrete is not a particularly 

ductile material. Different reinforced 
and prestressed concrete elements 
have varying degress of ductility; this 
is recognised in a variety of ways by 
codes, including using different 
strength-reduction factors. For exam- 
ple, in AS3600, the strength-reduction 
factor for beams is 0.8, as compared to 
that of 0.6 for the less ductile, axially 
loaded columns. In AC1 318-89, the 
same effect is reflected in the strength- 
reduction factors, with the factor for 
beams being 0.90 and 0.70 for col- 
umns. 

Plain high-strength concrete is less 
ductile than lower strength concrete, 
although the relative ductilities of the 
two materials when reinforced is less 
well understood. 

The approach that can be used to 
improve the ductility of concrete col- 
umns substantially is the use of addi- 
tional tie reinforcement. This approach 
already is used in designing columns 
in buildings required to be designed 
for earthquake 10ads.~ 

The current AC1 and AS3600 tie re- 
quirements address only the problem 
of buckling of longitudinal reinforce- 
ment and can be shown to have a small 

effect in confining the column’s con- 
crete core. A much more ductile col- 
umn can be provided by increasing the 
volume of ties in the column. If suffi- 
cient ties are used, substantial residual 
strength will remain after the outside 
shell of the concrete has completely 
spalled off. 

Therefore, it seems logical that an 
increased strength-reduction factor 
would be appropriate if additional ties 
were provided to a normal strength 
column. This logic can be followed 
through for high-strength columns, at- 
tempting to provide comparable ductil- 
ity for the same factor, or varying both 
to provide suitable capacity-reduction 
factors for the column ductility. 

Code authors have a number of op- 
tions to provide a suitable design 
method for high-strength columns: 

1. Determining an appropriate 
strength-reduction factor for use with 
high-strength concrete. This may need 
to vary with strength, and be less than 
the current factors, e.g., 0.6 in AS3600. 

2. Determining the amount of ties 
that would be required to provide com- 
parable ductility to that provided by 
the existing tie requirements for 50 
MPa (7500 psi) concrete. 

3. Allowing designers to design col- 
umn ties to provide increased ductility 
and use increased strength-reduction 
factors because of this ductility im- 
provement. 

Obviously Options 1 and 2 are 
more desirable to maintain a consistent 
approach within the code. 

The key questions here are how to 
measure ductility and how to calibrate 
an appropriate capacity-reduction fac- 
tor to this measure of ductility. 

Crawley4 has suggested that the ca- 
pacity of the confined core (Fig. 2) af- 
ter the spalling of the outer concrete 
should be 0.9 times the ultimate capac- 
ity. He calculated the capacity of the 
core using the method proposed by 
Mander, Priestley, and Park.s 

Although spalling of the outer layer 
is more likely in high-strength con- 
crete, the proposed requirement is con- 
sidered excessive, as it demands a far 
higher residual strength than would be 
the case for columns designed to the 
requirements of current codes. Con- 
sider a 600 x 600 mm (24 x 24 in.) 
column with 1 percent reinforcement 
and 2 closed ties, as shown in Fig. 3. 
The minimum tie requirement for this 
column from AS3600 would be R10 
ties at 360 mm (3/s in. ties at 14 in.) 
centers, which would have a residual 
core capacity of 0.73 times its maxi- 
mum strength. The core of the same 
column in 120 MPa (17,300 psi) con- 
crete would have 0.70 times its maxi- 
mum strength. 

The ties are minimal and have a 
small confining effect, slightly en- 
hancing the strength of the core of the 
30 MPa (4300 psi) column. They have 
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I 
I AC11 318-83 tie 1 

Table 2 - Column tie 
requirements for a 600 x 
600 mm column, 8Y24 

Concrete compressive strength 
30MPa 60 MPa 120 MPa 

(4300psi) (8600 psi) (17,300 psi) 
RIO-300 R10-300 R10-300 

requirement 
AS 3600 tie requirement 

Confined section ca acity/ 
full section capacity 

provide 0.9 capacity ratiot 
(as recommended by 
Crawley) 

provide 0.8 capacity ratiot 

4! 
Tie requirement to 

Tie requirement to 

Yg in. at 12 in. 3/8 in. at i2  in. Yg in. at 12 in. 
R10 - 360 RIO - 360* R10 - 360* 

3/s in. at 14 in. % in. at 14 in. 3/s in. at 14 in. 
0.73 0.72 0.70 

Y16-200 Y24-200 Y32-200 
5/s in. at 8 in. 1 in. at 8 in. 1% in. at 8 in. 

Y12-200 Y16-200 Y24-200 
'/2 in. at 8 in. 5/s in. at 8 in. i in. at 8 in. 7 ['CI 

Fig. 3 - Effect of temperature on the compressive strength 
of concrete. 

virtually no enhancing effect on the 
core of the 120 MPa column. The ef- 
fect of providing heavier ties is to en- 
hance the strength of the core. To 
achieve enhancement to a capacity ra- 
tio of 0.9, the ties in the 30 MPa (4300 
psi) column must be increased to Y 16 
at 200 mm in. at 8 in., or about 8 
times as much reinforcement), while in 
the 120 MPa column they must be in- 
creased to Y32 at 200 mm (1 '/4 in. at 8 
in.) to achieve the same effect. This re- 
inforcement requirement seems severe, 
especially given that current column 
designs would not achieve the required 
measure of ductility. Ties to achieve a 
capacity ratio of 0.8 also are shown. 
The ties found using Crawley's 
method are almost identical to those 
required by AC1 318-896 for earth- 
quake-resistant construction. 

The need to provide additional ties 
in high-strength columns is probable, 
though not clear cut. The level of duc- 
tility implicit with the current tie re- 
quirements and strength-reduction 
factors also is not clear to the user of 
current codes of practice. 

There is an obvious lack of com- 
patibility between the numbers result- 
ing from Crawley's method and 
current practice in lower strength con- 
cretes. This suggests a vacumn exists 
in the information available on the 
ductility of columns, particularly those 
of high-strength. No doubt, this is par- 
tially due to the difficulty of testing re- 

10 

inforced columns of reasonable size, 
particularly in recording their unload- 
ing behavior. The most appropriate 
measure of ductility for columns needs 
to be determined, and the level of duc- 
tility provided by columns currently 
used in practice needs to be thoroughly 
understood. 

Some ductility criteria for compos- 
ite beams related to the amount of de- 
formation before failure have been 
developed by Patrick and Bridge.' The 
deformation is such as to provide a 
certain amount of load redistribution. 
Perhaps a more suitable criterion could 
be evaluated on this basis. Having es- 
tablished the criteria, the amount of 
ties required to provide similar levels 
of ductility in higher strength columns 
can be established. 

Undoubtedly, considerable testing is 
required, and careful evaluation of the 
answers is needed. Design practitio- 
ners must participate in this evaluation 
if the most suitable answer is to be 
achieved. The potential economic ad- 
vantage means that additional costs 
(such as increased ties) or reduced 
gains (by reduced strength-reduction 
factors) can be absorbed and still pro- 
duce a substantial cost advantage. If 
ties of the order of Y32-200 (1 '/4 in. at 
8 in.) are necessary to allow the use of 
the example 120 MPa (17,300 psi) col- 
umn with the same capacity-reduction 
factors, the likely best economic an- 
swer may not be this type of tie, but 

rather using smaller strength-reduction 
factors. 

Obviously, more thinking, research, 
and testing is necessary to determine 
the correct answer, but the likely solu- 
tion will probably involve: 

limits on longitudinal reinforcement 

limits on spacing of longitudinal 

detailing requirements at joints; 
some calculated volume of tie rein- 
forcement that depends on the con- 
crete strength; and possibly 
changes in strength-reduction fac- 
tors. 

ratios; 

bars and ties; 

Fire engineering 
Apparently, spalling of the concrete 

occurs more easily in higher strength 
concretes because of their lower water 
contents. This problem has been re- 
searched in various countries. For ex- 
ample, according to Inha et al.,' the 
Finnish Code shows the degradation of 
high-strength concrete to drop off at a 
lower temperature than that of conven- 
tional concrete, as shown in Fig. 4. 
More research is needed to verify this 
performance for high-strength con- 
crete. 

Ideal environment for 
high-strength concrete? 

A fire-protected steel tube filled 
with plain concrete provides the per- 
fect way to use high-strength concrete. 
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Fig. 4 - Concrete being placed into tubes at Casselden Place. A pump hose is 
connected to the base of the  column and pumped up as far as six stories at a time. 
No vibration of the concrete or scabbiing of the  interface between placements is re- 
quired. 

The confining action of the tube on the 
concrete provides the column with 
ductility far in excess of the require- 
ment suggested by Crawley? as well 
as boosting concrete strength.' The fire 
protection is an added advantage. 

These columns also provide a better 
environment for very high-strength 
concrete because: 
0 Excellent compaction is possible us- 

ing pumping techniques, as used re- 
cently at Casselden Place, 
perfect curing conditions exist inside 
the tube, and 
minimal creep and shrinkage occur 
in the effectively sealed conditions, 
causing minimal moisture loss. 

Eurocode 49 recognizes the im- 
proved quality of concrete in a filled 
tubular section by removing the 0.85 
factor on the concrete strength in the 
rectangular stress block." 

This form of column is seen as a 
technological breakthrough because it 
provides the ability to construct a steel 
building without the cost penalties as- 
sociated with traditional steel columns. 
It is a natural cutting-edge method for 

*Research done at Conne11 Wagner (Vic). Pty. 
Ltd., South Melbourne, Australia. 
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using very high strength concrete. Re- 
search is now under way using these 
columns with 100 to 120 MPa (14,500 
to 17,300 psi) concrete.* 

Placing concrete for these columns 
using a pumping technique has been 
pioneered on the Casselden Place pro- 
ject. The concrete is pumped into the 
steel tubes through a nozzle connec- 
tion (Fig. 5). In any one lift, concrete 
is placed from the bottom and pumped 
up as many as six stories at a time. The 
placement method, which eliminates 
the need to vibrate the concrete, was 
validated by a full-scale prototype test. 

The tube is erected much like a tra- 
ditional steel column, with floor rein- 
forcing, concreting, etc. occurring in 
an identical fashion. The tubes are 
erected in either two- or three-story 
lengths and connected temporarily by 
turnbuckles. These allow the crane to 
get away quickly from erecting a col- 
umn, and also facilitates plumbing and 
alignment. Plumbing and alignment 
are easy using this method and excel- 
lent tolerances have generally been 
achieved at Casselden Place. The 
splice (Fig. 6) is completed using butt- 
welding, and the turnbuckles are then 
removed. 

Concrete with strength up to 70 
MPa (10,000 psi) is being used on the 
project. The superplasticised concrete 
mix contains silica fume, principally to 
eliminate bleeding, thereby providing 
consistency over the height of the 
placement and eliminating the need to 
scabble the interface between place- 
ments. The method is extremely effi- 
cient, and large numbers of columns 
can be filled at a time by a small work- 
force and with minimal material 
waste. 

The bare steel tube is capable of 
supporting six floors of construction, 
giving the contractor many options for 
time of concrete placement, which can 
be done whenever concrete pumplines 
and two workers are available. 

Cost of column types 
The costs of different column types 

are compared in Fig. 7. Three different 
columns using 120 MPa (17,300 psi) 
concrete are included, two conven- 
tional reinforced concrete columns and 
one concrete-filled steel tube. The first 
120 MPa concrete reinforced column 
option uses Crawley's recommenda- 
t i o n ~ ~  for ties and a strength-reduction 
factor of 0.6 (as required by AS 3600). 
In the second option, the strength-re- 
duction factor is notionally reduced to 
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60MPa 18600psiI CONCRETE IN 
GRADE 250 STEEL TUBE 

740 x 10 CHS 1 2 9 "  dia I %" thick I 
I Oc = 0.6, Øs = O 85 ) 

Fig. 5 - Splice between two tubular sections. Columns are 
supported temporarily on turnbuckles, which facilitate 
plumbing and alignment. The splice is completed by butt 
welding. 

0.98 
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I CRAWLEY (19891 TIES (Y32-2001 
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IO = O 5 )  

AS3600 TIES ( R i o -  360) 
660 X 660 8'124 I26"rq 6 - 1 "  barsl 

120 MPa 117,300 psi I CONCRETE I N  
GRAOE 250 STEEL TUBE 

í 0, I O 6. O, = 0-85 I 
570 x 8 CHS i 23" dia x 5/ , /  th ick 1 

0.7 1 

STEEL COLUMN GRADE 350 
í Ø = O 9 ì  

600 x LO FLANGES 
520 I 40 WEB 

124" L 1 ' 5 "  1 
[ 21" x 1%" 1 

221 

RELATIVE COST OF DIFFERENT COLUMN 
TYPES TO RESIST THE SAME LOAD 

Fig. 6 - Relative costs of different column types to resist 
the same load. 

0.5, with minimal ties provided as per 
the current code. The validity of the 
assesment is dependent on the validity 
of the costing of the high-strength con- 
crete. 

The following conclusions can be 
drawn readily from the data show in 
Fig. 7: 

Steel columns are far more expen- 
sive than any other column type. 
The tube-column can be built for 
roughly the same cost as the conven- 
tional reinforced concrete column. 

0 The 120 MPa (17,300 psi) columns 
provide a 20 to 25 percent saving 
even with either the heavy ties or the 
substantial drop in strength-reduc- 
tion factor to 0.5. 

0 The additional ties are a substantial 
cost penalty and make a column 
with 21 percent more area slightly 
cheaper. In fact, they represent 
around 18 percent of the finished 
cost of Column 2, compared with 
less than 1 percent of Column 3. 
The tube-column becomes relatively 
more competitive as the concrete 
strength increases. 
The messages here are that very 

high-strength concrete can provide 
economies even with cost penalties not 
associated with conventional strength 
12 

columns, and that the tube-column is 
an ideal first step for using this mate- 
rial. 

One further note is that using high- 
strength concrete means that very little 
real gain can be made trying to reduce 
column size by adding reinforcement. 
This can be seen in Fig. 8, which 
shows that an 800 x 800 mm, 80 MPa 
(32 x 32 in., 11,500 psi) column with 1 
percent steel is as strong as a 750 x 
750 mm, 80 MPa (30 x 30 in., 11,500 
psi) column with 4 percent steel. How- 
ever, the latter column costs 35 percent 
more. Therefore, using reinforcement 
rates higher than about 1 percent steel 
in very high-strength columns is diff- 
cult to justify unless there is improved 
performance (e.g., ductility). 

The tube-column offers the poten- 
tial for reducing column sizes more 
cheaply. Compare the graph in Fig. 9 
to the line for 60 MPa concrete in Fig. 
8. To reduce the size of the concrete 
column to 700 mm (28 in.), 6 percent 
steel must be used at a cost penalty of 
50 percent, but the tube-column can be 
reduced to 700 mm diameter by in- 
creasing the plate thickness to 16 mm 
(5/8 in.), incurring a cost penalty of 
only 20 percent. This is due to a num- 
ber of reasons; in particular, adding 

further steel not only gives additional 
squash strength, but enhances the con- 
fining effect on the concrete. 

Conclusions 
High-strength concrete offers sub- 

stantial benefits over lower strength 
concretes and over structural steel as 
an axial load bearing construction ma- 
terial. As well as reducing the cross- 
sectional area of columns, it provides 
cheaper columns. 

Concrete of 60 MPa (8600 psi) has 
been used extensively, but higher 
strengths of concrete will be used in- 
creasingly. A coordinated research pro- 
gram to determine what we have to 
show to allow the use of 100 to 120 
MPa (14500 to 17300 psi) concrete in 
columns needs to be undertaken. This 
program should involve both design 
and construction practitioners. Some 
relationship between the quantities of 
longitudinal and tie reinforcement, 
concrete strength, and ductility needs 
to be established. To achieve accept- 
able structural design, it may be neces- 
sary to tune the strength-reduction 
factors for the columns to the amount 
of ductility achieved. Design input 
with regard to construction cost and 
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Fig. 8 - Cost to reduce the size of an 800 x 800 
mm RC column with 1 percent reinforcement by 
adding reinforcement. 

constructability will be needed to pro- 
duce the optimum result. 

The first step in using higher 
strength concretes will be its use in 
steel tubes, and research is under way 
to justify this use of the material. 
Tube-column construction is a con- 
struction breakthrough that provides 
great constructability and economy. 
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The State of the Art 
of Hig hSt rength Concrete 
in Chicago 

225 W. Wacker Drive 
The development of high-strength 
concrete began in Chicago in 1962 with 
6000 psi (41 MPa) concrete, culminating 
in 1989 with the delivery of silica fume 
mixtures of 14,000 psi (96 MPa) for six 
stories of columns and one 17,000 psi 
(117 MPa) experimental column to the 
225 W. Wacker project. The 
experimental column has provided 
information on structural properties of 
this new concrete strength. This project 
is representative of the state of the art 
of high-strength concrete in terms of 
strength, concrete quality, testing, 
construction techniques, and structural 
design. 

trength is one of concrete’s 
structural properties that the 
concrete construction indus- S try has  been continually 

striving to improve. This has been 
to satisfy developers’ need for  
higher structures as  well as for  
larger rentable floor areas, which is 
accomplished by using smaller col- 
umns. 

Keywords: chlorides; creep properties; heat of 
hydration; high-rise buildings; high-strength 
concretes; mix proportioning; modulus of 
elasticity; performance; permeability; reviews; 
shrinkage; silica fume; tests. 

In the Chicago area, the race for 
higher and higher compressive con- 
crete strengths began in 1962, and 
Material Service Corporation was 
the first supplier to develop and de- 
liver to the job site the strengths 
shown in Table 1. Other suppliers 
subsequently have delivered con- 
crete of strengths up to 12,000 psi 
(83 MPa) in the Chicago area. 

The 17,000 psi (117 Mpa) con- 
crete listed in Table 1 has been de- 
livered on four different occasions 
to Construction Technology Labo- 
ratories for investigation of shear 
strength,  bond ,  a n d  s t ruc tura l  
properties testing of high-strength 
concrete. As of 1989, this strength 
is not yet commercially available; 26 
years of research and development 
have culminated in technology that 
can produce and deliver these high- 
strength concretes in ready-mixed 
concrete trucks. 

Structural design 
The columns that support the 31 
stories at 225 W. Wacker Dr. were 
designed with concretes from 4500 
to 14,000 psi (31 to 96 MPa). High- 

strength concrete was used in the 
columns as an economical means of 
satisfying the structural require- 
ments for the job. 

The book price for 3000 psi (21 
MPa) concrete is $45/yd3; the price 
is $140/yd3 for 14,000 psi (96 MPa) 
concrete. This increase of only 3.1 
times in price for an increase of 4.7 
times in load-carrying capacity 
clearly demonstrates the economy 
of using high-strength concrete in 
multistory building columns. 

The first five stories and the  
basement columns of the building 
contain 14,000 psi (96 MPa) con- 
crete. Concrete strengths change 
from 14,000 to  4500 psi (96 to  3 1  
MPa) at the appropriate floor levels 
t o  obtain close to  1 percent rein- 
forcing in the columns. This tech- 
nique produced the most economi- 
cal columns. 

To satisfy strength requirements, 
column mixtures of over 10,000 psi 
(69 MPa) were designed with silica 
fume, which lends a dark color to 
the concrete as compared t o  the 
light color of the mixtures that were 
used in the slabs (Fig. 1). 
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Fig. 1-Color contrast of column silica fume concrete with 
slab concrete. 
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14,000 psi % MPa 

108 MPa 15,687 psi 
16,139 psi 111  MPa 

6.5 MPa 
5.8 percent - 
18,040 psi 124 MPa 
14,165 psi 98 MPa 
40 - 
Passes - 

939 psi 

For esthetic reasons, the architect 
requested that the same color be 
provided where the slab and col- 
umn concrete are both visible, as is 
the case in the garage. To satisfy 
this requirement, a 14,000 psi (96 
MPa) mixture with no silica fume 
was delivered for 18 columns, a to- 
tal of 52 yd3. Optimum use of ce- 
ment, flyash, additives, and granu- 
lometry in the mixture resulted in 
concrete strength of over 14,000 psi 
(96 MPa) without the use of silica 
fume. (A similar mixture using su- 
perplasticizer for the first time was 
delivered to the Chicago Mercantile 
Exchange in 1982.) 

Mix design 
Continuous monitoring of cementi- 
tious materials and additives and a 
thorough understanding of concrete 
technology have enabled quality 
control personnel to  develop a se- 
ries of optimum mixtures, all of 
which have been designed to  per- 
form specific functions, and to en- 
hance the physical properties of 
concrete. These mixtures are called 
“performance concrete. ” 

Maintaining a statistical history 
of test records from the production 
facility in accordance with Section 
4.3.1 of AC1 318-83 allows this type 
of procedure for the acceptance of 
performance concretes. Generally, 
the specifications that stipulate the 

HIGH-PERFORMANCE CONCRETE 

Table 1 -High-strength concretes delivered for 
the first time to Chicago prc 

~i:  
1988 

Outer Drive East 

Lake Point Tower 

Mid-Continental Plaza 

River Plaza 

Chicago Mercantile E. 

Construction Technology 
Laboratories 

ects 

6,000 Psi 
7,500 psi 

9,ooO psi 

1 1 ,ooO psi 

14,000 psi 

17,000 psi 

Table 2-Statistical historv of 14.000 D 

41 Mpa 

52 MPa 

62 Mpa 

76 MPa 

96 MPa 

117 MPa 

i 

parameters of performance are 
more successful than those attempt- 
ing to prescribe ingredients. For 225 
W. Wacker Drive, the test results 
provide the statistical history shown 
in Table 2. 

Table 3 is a summary of the sta- 
tistical history of the high-strength 
concrete used in this project deliv- 
ered from the same production fa- 
cility. 

The total amount of concrete de- 
livered was 40,100 yd3 (30,476 m’). 
The volumes of 14, 12, 10, and 
8,000 psi (96, 83, 69, and 55 MPa) 
concrete were 3.6, 2.5, 5.2 and 4.5 
percent of the total, respectively. 
These percentages of high-strength 
concrete are larger than the 2 to 2.5 
percent previously delivered to sim- 
ilar jobs. 

Although they are small percent- 
ages of the total, they are commer- 
cially important to the producer be- 
cause they indicate performance 
ability for future contracts and the 
experience increases the knowledge 
of quality control personnel, im- 
proves consistency of low-strength 
concrete, and enhances the techno- 
logical image and credibility of the 
company in the industry. Also, the 
profit  is higher than with low- 
strength concrete. 

For economical reasons, high- 
strength concrete mixtures for col- 
umns and shearwalls are designed 
for structural strength at 56 or 90 

days. The price of the mixture is 
that of a lower strength mixture at 
28 days but it will develop the spec- 
ified strength at 56 days. The code 
variation from the traditional 28 
days is justified because load-sup- 
port ing members are  not  fully 
loaded until several months after 
the concrete is placed. In this proj- 
ect, the strength requirements were 
specified at 56 days. 

Another performance require- 
ment specified by the contractor 
was a concrete that would develop 
such strength as to  permit the re- 
moval of the forms 16 hours after 
the concrete had been placed. This 
requirement was met by means of a 
compromise between the amount of 
retardant used (to reduce the heat 
of cement hydration) and the ten- 
sile strength in the concrete needed 
to surpass the cohesive force be- 
tween the forms and the concrete. 

Silica fume mixture 
Silica fume was used with cement 
and fly ash as one of the cementi- 
tious materials in most of the con- 
crete over 10,000 psi (69 MPa) de- 
livered to  this project. The high 
content of silica in this product 
makes it an  excellent pozzolanic 
material, reacting with calcium hy- 
droxide and water to  form addi- 
tional cementitious material. Silica 
fume is commercially available as a 
dry densified granular product or as 
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Fig. 2-Strength gain of 17,000 psi (1 19 MPa) concrete. Fig. 3-Measured temperatures. 

a liquid slurry. The liquid form was 
used in this project. 

The high densities of silica fume 
concrete and high-strength concrete 
columns prevent saturation of the 
concrete surface when exposed to 
occasional wetting. Also, the verti- 
cal position of the columns elimi- 
nates the possibility of water pond- 
ing. Consequently, there is no wa- 
ter available on the concrete to  
freeze and damage the concrete sur- 
faces. Because of these factors, no 
air has been added to high-strength 
concrete columns. 

Low electrical conductivity in sil- 
ica fume mixtures inhibits the elec- 
trolytic reaction, greatly diminish- 
ing corrosion in the reinforcement. 
Results of conductivity tests per- 
formed according to the AASHTO 
T277-83T and reported by Con- 
struction Technology Laboratories 
are shown in Table 4. 

Because silica fume mixtures 
show very low chloride permeabil- 
ity they are well suited for use in 
structures in corrosive environ- 
ments. The availability of silica 
fume and high-range water reducers 
has allowed the ready-mixed con- 
crete industry to attain strength lev- 
els previously delivered only by 
producers with outstanding tech- 
nology and quality control. Mate- 
rial Service has delivered experi- 
mental performance concretes with 
strengths up to 17,000 psi (117 

MPa). These concrete strengths ex- 
ceed the present structural market 
requirements for most high-rise 
buildings. 

Strength testing 
A set of 6 x 12 in. (15 x 30 cm) cyl- 
inders were made in plastic molds 
according to the ASTM C 31 rec- 
ommendations and were tested for 
strength, creep, and shrinkage. The 
compressive testing of the cylinders 
was p e r f o r m e d  us ing  a h igh-  
strength capping compound. Due to 
the amount of retardant in the 
14,000 psi (96 MPa) mixture, cylin- 
ders were left in the field for 40 
hours to obtain adequate concrete 
setting, then moved to  the testing 
laboratory. 

A parallel set of 4 x 8 in. (10 x 20 
cm) 14,000 psi (96 MPa) cylinders 
was tested and compared with the 
standard 6 x 12 in. (15 x 30 cm) cyl- 
inders. The results can be seen in 
Fig. 2. Also, a parallel set of 4 x 8 
in. (10 x 20 cm) 12,000 psi (83 MPa) 
cylinders was tested and compared 
with 6 x 12 in. cylinders. Table 5 
gives the statistical history of the 
comparison. 

Placing the concrete 
The contractor elected to have high- 
strength concrete mushrooming in 
the slabs as a way to  transfer the 
load throughout (Fig. 1). This 
method is more reliable and eco- 

nomical than using dowels and spi- 
ral reinforcement. The column and 
shearwall concrete and the concrete 
for  the slab mushrooming was 
placed using 2 yd’ construction 
buckets. Two different strengths 
and careful scheduling were re- 
quired to place the concrete in the 
slabs to  comply with the AC1 re- 
quirement. All of the 4000 psi (28 
MPa) concrete for the slabs was 
pumped. 

There were two variations in con- 
struction techniques at the job site 
due to the use of high-strength con- 
crete: 

There was some difficulty releas- 
ing the form wedges that was at- 
tributed to concrete expansion due 
to the high increase in temperature 
during cement hydration. 

The contractor requested a per- 
formance mixture that would allow 
column form release 16 hours after 
concrete placing. The original mix- 
ture did not have this capability. 
The cohesive force between the 
concrete surfaces and form surfaces 
in some areas were larger than the 
internal cohesive concrete force. 
This condition produced spalling of 
some column and shearwall sur- 
faces when the  forms were re- 
moved. These unexpected condi- 
tions were corrected by reducing the 
amount of retardant in the original 

Variations in site conditions 
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Table 3-Summary of statistical history for high-strength concrete 
for 225 West Wacker Dr. Project 

Table 4-Results of conductivity tests on high- 
strength concretes 
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Fig. 6-Measured shrinkage. 

Table 5-Comparison of test results on cylinders 
of 12,000 psi (83 MPa) concrete at 56 days 
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Fig. 5-Measured creep. 
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mixture. Subsequently, forms were 
consistently removed after 16 hours 
without spalling of the concrete 
surface. 

Research project 
To continue the research initiated 
with strengths of 7 . 5 ,  9, 1 1  and 
14,000 psi (52, 62, 76 and 96 MPa) 
concretes, a new concrete strength 
of 17,000 psi (117 MPa) was placed 
in a column at the basement level. 
The strength development of this 
mixture is shown in Fig. 2. Strain 
and temperature meters were placed 
inside the column and cylinders 
were made to obtain data on the 
physical and structural properties of 
this new strength as follows: 

Heat of hydration was dimin- 
ished to about 100 F (38 C) with by 
using a retardant from the more 
than 150 F (66 C) recorded at  the 
Chicago Mercantile Exchange (Fig. 
3). High temperatures due to  ce- 
ment hydration usually necessitate 
variations in construction proce- 
dures because of effects such as 
form removal problems or excessive 
shrinkage cracks after removal of 
the forms. The graph also shows 
that the concrete temperature ap- 
proximates the air temperature af- 
ter about 20 days. 

Shortening in columns has been 
measured in high-strength concrete 
columns using strain meters. Fig. 4 
shows that after a few days the 
strains are about the same for 14 
and 17,000 psi (96 and 117 MPa) 
concrete. Measurements for more 
than five years of 14,000 psi (96 
Mpa) concrete show the columns 
becoming stable at a strain of about 
1000 in./in. 

Creep and shrinkage testing have 
been carried out on cylinders ob- 
tained from concrete delivered to  
projects where high-strength con- 
crete has been used. Fig. 5 and 6 
show the decrease of creep and 
shrinkage with the increase of con- 
crete strength. 

Modulus of elasticity of high- 
strength concretes including this 
new strength of 17,000 (1 17 Mpa) is 
shown in Fig. 7. These results are 
less than values given by the tradi- 
tional AC1 equation, however, they 
exceed those produced by the new 
equation proposed by the  AC1 
Committee 363, High Strength 
Concrete. This suggests that  the 
equation recommended by Com- 

mittee 363 is more representative for 
high-strength concrete. 

Conclusions 
The experience and information ob- 
tained from this project have pro- 
vided the following conclusions: 

1 .  This project is representative of 
the state of the art of high-strength 
concrete in Chicago in terms of 
strengths, concrete quality, testing, 
construction techniques, and struc- 
turai design. 

2. The statistical history of test 
results assures that the 14,000 psi 
(96 MPa) concrete mixture deliv- 
ered to this project is reliable for 
delivery in the Chicago area. 

3 .  The existing physical and  
structural properties of this mixture 
allow structural engineers to  use 
concrete of this strength. 

4. No critical problems con- 
fronted the contractor at the job site 
with the handling, placing, and cur- 
ing of concrete of this strength. 

5.  Information on 17,000 psi (1 17 
Mpa) concrete is being developed 
for safe use of this material in the 
near future by the construction in- 
dustry. 

6. The use of any new concrete 
strength is a team effor t  of the 
whole concrete industry: the ready- 
mixed concrete company has t o  
produce it, the designer has to spec- 
ify it, the contractor to handle it, 
and the city and code officials to  
accept it. Any reluctance on the 
part of any hember  of this team 
would strongly inhibit the use of a 
new concrete strength. 
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Proportioning High-Strength Concrete to Control Creep 
and Shrinkage 

by Therese M. Collins 

Results of an experimental creep and shrinkage program on high- 
strength concrete are presented. Variations in paste content and max- 
imum aggregate size also are investigated. Five test mixes were pre- 
pared based on historical data. These mixes varied in paste content, 
aggregate size, and the use of high-range water-reducing admixtures. 
The creep test conditions varied only in intensity of load. 

The results of the test program showed that creep and shrinkage 
deformations are somewhat less for  concrete mixtures with lower 
paste contents and larger aggregate size. Although creep and shrink- 
age may be reduced by careful mix proportioning and aggregate se- 
lection, the applied stress level (creep load) has a much more signifi- 
cant effect on column shortening. 

Keywords: aggregate size; cement content; creep properties: creep tests; high- 
strength concretes; mix proportioning; shrinkage; strains. 

Concrete is commonly used in constructing building 
frames. Recent developments in high-strength concrete 
have extended its use to tall buildings. As taller build- 
ing frames are being constructed with high-strength 
concrete, creep and shrinkage deformations have be- 
come an important concern. In very tall buildings, 100 
to 150 stories, creep may be as important as strength 
for floor levelness and exterior skin movement. How- 
ever, little information is available on the creep and 
shrinkage characteristics of high-strength concrete, and 
the information that is available is inconclusive. This 
lack of information makes it nearly impossible to draw 
direct conclusions and make design judgments on the 
resulting deformations of high-strength concrete in tall 
buildings. In the future, concrete technologists will be 
faced with the design of concrete with the most desir- 
able creep and shrinkage characteristics while still 
meeting strength requirements. 

Creep is defined as the ”time dependent increase in 
strain in a solid resulting from force.”’ Concrete creep 
is the deformation and flow of matter associated with 
the gel structure of the cement paste. The shrinkage and 
swelling of concrete is produced by the movement of 
water into and out of the gel due to external load and 
drying. Concrete creep is influenced by mixture pro- 
portions, type of aggregate, and age at loading. Con- 

HIGH-PERFORMANCE CONCRETE 

Crete shrinkage is directly related to water-cement ra- 
tio, mixture proportions, type of aggregate, and curing 
conditions. 

Many concrete investigators believe creep and 
shrinkage are closely related. While shrinkage of con- 
crete can be associated with changes in ambient humid- 
ity and differences in moisture conditions between the 
concrete and the environment, creep is associated more 
with the effect of applied pressure and the resulting gel 
water movement. Shrinkage is generally an undesirable 
quality of concrete, while in some instances creep may 
be considered desirable. If the creep is predicted accu- 
rately and design compensations are made, the result 
will be better distribution of stresses in reinforced con- 
crete structures. Unfortunately, when the deformations 
and deflections due to creep are excessive, or design 
compensations are not made, the result can be expen- 
sive repairs and possible loss of prestress in prestressed 
concrete members. 

The amount of information available on the creep 
characteristics of high-strength concrete is limited. 
Some creep data on normal strength concrete is avail- 
able; however, the structure of high-strength concrete 
varies significantly with that of normal strength con- 
crete, thus making direct comparisons invalid. Because 
the creep of high-strength concrete is associated di- 
rectly with the degree of hydration (concrete creep will 
decrease as cement hydration increases), creep mea- 
surements must be made over a long period of time. 
The majority of creep testing performed to date has 
elapsed over a short period of time (90 days or less), 
thus providing information while the cement is still hy- 
drating at a relatively rapid pace. This information is 
less accurate than creep testing performed over a longer 
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period of time (i year or more) that allows the cement 
to hydrate more completely. 

The relationship of paste content to creep in the field 
of high-strength concrete has long been of interest. 
Several sources suggest that the lower the paste con- 
tent, the lower the resulting creep. Also, the creep of 
concrete will decrease as the water-cement ratio de- 
creases. 

For low creep and shrinkage, a hard, dense, low ab- 
sorption aggregate such as dolomitic limestone is de- 
sired. Studies have shown that creep and shrinkage 
generally decrease as maximum coarse aggregate size is 
increased. Generally, the lower the water-cement ratio, 
the larger the aggregate size . . . and the lower the 
paste content of the concrete mixture, the more desir- 
able the creep and shrinkage characteristics will be. 

An experimental investigation was conducted on 
high-strength concrete produced in the St. Paul-Min- 
neapolis area. The test program consisted of preparing 
five concrete mix designs and documenting the 
strength, modulus of elasticity, creep, and shrinkage 
characteristics. 

MATERIALS 
The materials used in the test program consisted of 

the following: 
Portland cement-According to the Chicago Com- 

mittee on High Rise Building, the choice of a brand and 
type of cement is probably the most important factor in 
the selection of materials for high-strength concrete. 
Variations in the properties of the cement will cause the 
concrete compressive strength to fluctuate more than 
any other single material. The portland cement used 
was a regular Type I portland conforming to ASTM 
C 150 specifications. From February 1976 to February 
1977, the National Ready Mix Concrete Association 
conducted a test program on portland cement. Grab 
samples were taken from 25 ton (22.68 Mg) lots of ce- 
ment from approximately 100 cement plants over a 
wide geographic area in the United States and Canada. 
The information from the test program shows the uni- 
formity of the cement used in the testing program is 
within the top 5 percent of the 100 cement mills tested. 

Fiy Ash-The fly ash used was Class C, and the plant 
burned 100 percent nontreated Western coal. 

Fine aggregate-The high-strength concrete pro- 
duced for this study incorporated two local sources of 
fine aggregate. Both fine aggregates are processed nat- 
ural sand of glacial origin. Fine aggregate #I was a nat- 
ural sand with a fineness modulus of approximately 
2.6. Fine Aggregate #2 was a mined gravel deposit with 
a fineness modulus of about 2.80. 

Coarse aggregate-The aggregate used was a crushed 
dolomitic limestone. The aggregate was similar to that 
used in the Chicago and Dallas areas for high-strength 
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Fig. 1 - Historical data 

concrete. Two local sources of coarse aggregate were 
used in the program. Coarse aggregate #1 was mined 
southeast of the metropolitan area. In making a mate- 
rial t o  meet #67 size, the material from #6 and #7 
stockpiles were combined at  the proper ratio. The 
crushed stone was washed immediately before loading 
onto barges, which were shipped to the metropolitan 
plants. Coarse aggregate #2 was a dolomitic limestone 
from a quarry in Burnsville, a southern suburb. The 
dolomitic limestone was from the Shakopee formation. 

The high-strength concrete for the test program con- 
tained aggregate with a maximum size of 1-% and 1 in. 
(3.81 and 2.54 cm). The 1% in. (3.81 cm) aggregate 
was a blend of dolomitic limestone meeting MN/DOT 
CA3 gradation requirements and ASTM C 33, size #67 
materials. The aggregate was blended at a ratio of 30 
percent CA3 to 70 percent #67. 

Chemical admzktures-Chemical admixtures play an 
important part in consistently attaining high strength in 
concrete. The concrete batch contained two admixtures 
meeting ASTM C 494 requirements for a Type A wa- 
ter-reducing admixture. Also, a high-range water-re- 
ducing admixture meeting ASTM C 494 requirements 
for a Type F admixture was used. 

EXPERIMENTAL PROGRAM 
The mix designs used in the test program were based 

on field experience. In selecting the proportions of 
concrete, a concrete production facility must have a re- 
cord based on at least 30 consecutive strength tests that 
represent similar materials and conditions to those ex- 
pected. After reviewing the available historical infor- 
mation, a design average strength of lo00 psi (7 MPa) 
over thef,' [SOO0 psi] (55 MPa) was selected. 

A review of the historical data indicated water/ce- 
ment + fly ash ratios of 0.33 and 0.40 have been used 
in making high-strength concrete in the St. Paul-Min- 
neapolis area. Fig. 1 is a composite of this test infor- 
mation. The figure indicates water/cement + fly ash 
ratio of 0.36 would yield an average compressive 
strength of 9000 psi (62 MPa) at an age of 56 days. 
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Table 1 - Concrete mix proportions 

Course aggregate, Ib 
1% to % in. 
% in. - #4 
Total 

Admixture, oz 
Water reducer 
HRWR 

Water, net lb 

Waterícement + fly ash ratio 

Mix number 1 1 1 2 1 3 1 4 l 5  

- 555 
1760 1760 1295 
1760 1760 1850 

33 - 32 
90 

295 265 280 

- 

- - 

0.36 0.36 0.35 

Cementitious material 
Type I portland, lb 
Fly ash, Class C, Ib 
Total 820 740 

Fine aggregate, lb 1145 1295 

Slump, in. 
Cement factor, sxíyd’ 
Air content, percent 
Unit weight, Ib/ft3 

680 
120 
800 

1135 

3% 4% 3% 2% 
817.8 742.6 789.6 714.4 

1.8 1.1 1.6 1.8 
149.7 152.9 151.4 151.0 

620 
110 
720 

1275 

700 
120 
820 

1140 1 17: 
1;; 

1850 1750 

250 295 

- 

0.35 0.36 
1 Ib = 0.4536 kg: i oz = 29.57 cm’. 

Table 2 - Plastic concrete test results 
Mix number 1 1 1 2 1 3 1 4 l 5  

4% 
808.4 

1.7 
149.3 

The five mix designs used in the test programs had a 
targeted waterlcement + fly ash ratio of 0.36. Mix #1 
was a commonly used high-strength mix that gave an 
average strength of 9019 psi at an age of 56 days. Mixes 
#2, #3, and #4 contained a lower paste content while 
maintaining a watedcement + fly ash ratio of 0.36. 

Mix #2 incorporated a high-range water-reducing ad- 
mixture conforming to ASTM C 494, Type F require- 
ments, which permit a reduction in cementitious mate- 
rials of 80 lb (36 kg). Mix #3 used a larger maximum 
size aggregate, permitting a reduction in the cement 
factor of approximately 20 lb (9 kg). Mix #4 incorpo- 
rated a combination of the high-range water-reducing 
admixture and a large coarse aggregate to reduce the 
cement and paste content 90 lb/yd3 (41 kg/yd3). Mix #5 
was similar to Mix #1, with the exception of an alter- 
nate crushed dolomitic limestone source. Table 1 sum- 
marizes mix proportions used in the test program. 

Concrete batching 
The five concrete test batches were prepared at two 

local ready-mix concrete plants. The concrete was 
batched in two yd3 batches. The concrete was delayed at 
the plant for 15 min to simulate transit to the jobsite. 
The slump, air content, unit weight, and the tempera- 
ture of each test mix were recorded and are shown in 
Table 2. At the completion of testing, forty 6 x 12 in. 
(15.2 x 30.5 cm) standard cylinders were cast for each 
mix for use in compressive strength testing. The com- 
pressive strength specimens were cast in steel molds. 
For each mix, eighteen 6 x 12 in. (15.2 x 30.5 cm) stan- 
dard cylinders were cast in plastic molds for use in 
creep and shrinkage testing. The concrete test speci- 
mens remained at the ready-mix concrete plant for 1 
day prior to shipment to a testing laboratory. 

HIGH-PERFORMANCE CONCRETE 

The cylinders were then placed in a moist-curing 
room [73 F, 100 percent relative humidity (R.H.) 
(23 C) ] prior to further testing. The compressive 
strength as documented at 3, 7, 28, 56, and 180 days. 
The modulus of elasticity at 28 days was also docu- 
mented. 

Creep and shrinkage testing 
Creep and shrinkage testing was performed in ac- 

cordance with ASTM C 512, “Standard Test Method 
of Creep of Concrete in Compression’’ at the Univer- 
sity of Texas at Arlington. The test program was con- 
ducted in an environmental room maintained at 70 F 
(21 C) and 50 percent R.H. Shrinkage testing was per- 
formed on concrete specimens after moist curing for 7 
and 28 days, while creep testing was performed only on 
specimens after moist curing for 28 days. Gage points 
were attached to the test specimens at 90-deg angles. 
The longitudinal deformations of creep and shrinkage 
were measured using a 10-in. (25.4-cm) mechanical 
strain indicator. For each set of creep and shrinkage 
specimens, an electrical strain gage was mounted on 
one cylinder. 

Three test specimens were loaded in each creep rack. 
A total of 20 racks were used for the test program. 
Creep loads of 0.2 ff, 0.3 E, and 0.4 f: were applied to 
28-day-old unsealed test specimens. An additional set 
of sealed 28-day-old test specimens was loaded at 0.3 
f,’. 

Elastic strains were measured immediately after 
loading, and creep strains were measured at  intervals 
proportional to the rate of deformation (see Table 3). 

EXPERIMENTAL RESULTS 
Compressive strength testing 

A review of the test data indicates that the compres- 
sive strengths of Mixes #1 and #5 were higher than the 
remaining three mixes. The 28-day strengths ranged 
from 8050 to 9280 psi (56 to 64 MPa) for Mixes #4 and 
#5, respectively. The 56-day strengths ranged from 8650 
psi (60 MPa) for Mix #3 to 9290 psi (64 MPa) for Mix 
#1. A summary of the compressive strengths for all five 
mixes appears in Table 4. 
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Mix number I 1 2 3 4 5 

Table 4 - Compressive strength results 
Mix number I l  1 2  1 3 1  4 1 5  

Stress-strength 
ratiof,/f: 

Appliedstress 

Elasticstrain, 
10-6 inAn. 

f0 psi 

3-day compressive strength, psi 
Cylinder #1 5130 4450 4320 5010 5400 
Cylinder #2 1 52001 4320144801 51301 5310 
Average 5170 4390 4400 5070 5360 

0.4 0.3 0.3' 0.2 0.4 0.3 0.3' 0.2 0.4 0.3 0.3* 0.2 0.4 0.3 0.3' 0.2 0.4 0.3 0.3' 0.2 

3514 2635 2635 17573294 2470 2470 16473422 2566 2566 17113218 2414 2414 16093712 2784 2784 1856 

808 644 572 405 593 488 509 287 801 553 570 416 750 545 538 409 814 636 639 364 

7-day compressive strength, psi 
Cylinder #1 6580 6190 6320 6160 6360 
Cylinder #2 6070 6180 6370 6010 6470 
Average 1 63301 61901635j 60901 6420 

28-day compressive strength, psi 
Cylinder #1 8760 8300 8560 7880 9140 
Cylinder #2 1 8810 87901 8170 824018551 8550 8210 80501 9420 9280 Average 

56-day compressive strength, psi 
Cylinder #1 9360 8940 8300 8850 9230 
Cylinder #2 I 92101 9200185901 90101 9310 
Average I 92901 9070184501 89301 9270 

108-day compressive strength, psi 
Cylinder # 1 
Cylinder #2 
Average ~10.440~10,280~9860~10.050~ 10.870 
1 psi = (1.45E - 04)Pa; 1 in. = 2.54 cm. 

Shrinkage testing 
The shrinkage deformation of 7-day moist-cured 

specimens was higher than the deformation of 28-day 
moist-cured specimens. For Mix #1, the shrinkage 
strain at 90 days was 431 p-in./in. and 280 p-in./in. for 
7 and 28-day-old specimens, respectively. 

Mix #5 showed the highest shrinkage deformation, 
while Mix #3 showed the lowest. At 90 days, the 
shrinkage strain of the 28-day moist-cured specimens 
was 344 p-in./in. for Mix #5 and 258 p-in./in. for Mix 
#3. A summary of shrinkage data is shown in Table 5. 
Shrinkage-time curve for Mix #1 appear in Fig. 2. 

Creep testing 
The creep-time test data indicate that the creep 

strains increase with an increase in stress levels. At 90 
days, Mix #5 had creep strain at 1482 @-inJin., 1031 p- 
inJin., and 614 p-in./in. for creep loads of 0.4f:, 0.3 
fe', and 0.2 f,' , respectively. These values represent the 
highest creep strain of the five test mixes. Mix #2 ex- 
hibited the lowest creep strains. At 90 days, Mix #2 and 
creep strains of 275 p inJ in . ,  880 p-in./in., and 539 p- 
in./in. for creep loads of 0.4, 0.3, and 0.2, respec- 
tively. A summry of creep data is shown in Table 6. 

CONCLUSIONS 
The following conclusions are based on the test pro- 

gram described in this paper: 
22 

Table 5 - Shrinkage strain data, 10-6 in./in. 
Mixnumber I 1 1 2 1 3 1 4 1 5  .-. ... .~~--. - 

Time. davs I28U* I 7U 128s' I28U 128s I28U 128s I28U 128s I28U 128s 
1 12 30 9 16 16 15 17 10 12 19 12 

37 79 26 29 28 21 30 24 25 23 24 
7 1 55 I l14  481 5'71 h i  501 56/ 481 4 6  611 59 

170 277 175 169 178 156 161 182 169 182 214 
262 389 262 266 267 230 241 262 253 269 306 1 280 14311 291 1289 i2951 258 12731 318 13Ml344 I383 '' 90 

I I ! I , O 1 I I I  

1 in. = 2.54 cm. 
*U = Unseaied. 
+S = Sealed. 

Table 6 - Creep strain at various stress-strength 
ratios, 10.6 in./in. 
Mix number1 1 1 2 1  3 1  4 1  5 
Time, days 10.4 10.310.210.410.310.2I 0.4 10.310.21 0.4 10.310.21 0.4 10.3 10.2 

90 ~1391~872~590~975~8~~539~1155~810~558~1310~812~585~1482~1031~614 

1 in. = 2.54 cm. 

Fig. 2 - Shrinkage strain versus time curves: Mix #I  

1. Considering all factors outlined in the test pro- 
gram (compressive strength, creep, and shrinkage char- 
acteristics), Mix #1 and Mix #3 would be the optimal 
choices to provide the most desirable creep and shrink- 
age characteristics while meeting strength require- 
ments. 
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2. The shrinkage deformation is inversely propor- 
tional to the moist-curing time. The longer the moist- 
curing time, the lower the shrinkage deformation. For 
Mix #I,  the shrinkage of a 7-day moist-cured specimen 
is approximately 50 percent higher than that of a 28- 
day moist-cured specimen. 

3. The creep deformation increases directly with an 
increase in the applied stress level. For the five test 
mixes, the average creep strain at 0.3 fE’ is approxi- 
mately 50 percent higher than that of 0.2 fi, and the 
average creep strain at 0.4fc is 125 percent higher. 

4. The creep and shrinkage deformations are lower 
for Mix #3 than for Mix #1. The mix proportions of the 
two mixes are relatively the same, except that Mix #3 
utilizes a larger maximum aggregate size and a lower 
paste content. This suggests that a concrete with a large 
maximum aggregate size Il-% in. (3.81 cm)] and a low 
paste content will provide more desirable creep and 
shrinkage characteristics. 

5 .  The use of a high-range water-reducing admixture 
did not have a significant effect on the creep and 
shrinkage deformations. 

6. By lowering the paste content and maximizing the 
coarse aggregate, a high-strength concrete can be pro- 

duced with a modest improvement in creep and shrink- 
age deformations. However, the reduction in stress 
level has a much more significant effect on the result- 
ing creep and shrinkage strains. To lower the stress 
level, a concrete facility should explore the highest 
strength, most dense concrete possible. 

7. Future research projects including the use of silica 
fume and chemical admixture are necessary to develop 
high-strength concrete with desirable creep and shrink- 
age characteristics. 
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igh-strength concrete has 
gained popularity in recent 
years, mainly for its use in H high-rise concrete buildings 

and in major structural components 
with large volumes. Concretes with 
strengths exceeding 8000 psi ( 5 5  
MPa) are produced commercially 
using conventional methods and 
materials and are not unusual in 
cons t ruc t ion  today .  As high-  
strength concrete becomes more 
technically and economically feasi- 
ble and its use increases, it becomes 
necessary to understand the strength 
gain of in-place concrete and the re- 
lationship between actual concrete 
strength and s tandard cylinder 
strength to realistically evaluate the 
performance of structural compo- 
nents at any given age of the con- 
crete. 

T h e  eva lua t ion  o f  i n -p l ace  
strength with regard to concrete mix 
design, placement schedule, and 
quality assurance is important from 
the construction point of view. 
Questions are often raised about 
whether or not the cylinder strength 
accurately represents the actual 
strength of concrete, and what the 
r a t i o s  a r e  b e t w e e n  t h e  t w o  
strengths. 

The core test is generally em- 
ployed to  determine the strength of 
in-place, hardened concrete. Cores 
are drilled from concrete structures, 
cut into the required sizes for test- 
ing, and, in most cases, are tested 
for compressive strength. The test 
procedures are the same as those for 
the standard cylinder test, but the 
core strength is generally lower than 
standard cylinder strength. The dif- 
ference is due to the drilling process 

(which disturbs the concrete), the 
ratio of the core diameter to  the 
maximum size of the aggregate, and 
the location and direction of drill- 
ing. 

The research reported here was 
undertaken by the authors to  corre- 
late high-strength concrete core 
strength to the strength of standard 
moist-air cured and field-cured cyl- 
inders. 

Experimental program 
Test specimens included two 6 x 6 x 
6 f t  (1.8 x 1.8 x 1.8 m), unrein- 
forced concrete mock columns and 
96 standard 6 x 12 in. (152 x 304 
mm) cylinders. Column I was cast 
at a concrete placement tempera- 
ture of 92 F (33 C), while Column 
II was cast at 103 F (40 C). Half of 
the cylinders were field-cured, and 
half were moist-air cured at 73 F (23 
C) and 100 percent RH. All speci- 
mens were cast on the same day to 
maintain a proper comparison of 
strength gain between specimens at 
any testing age. 

Mix characteristics, test 
procedures, and results 
Column and cylinder specimens 
were prepared from the same con- 
crete mix from a ready-mixed con- 
crete truck. By weight, 70 percent 

Table 1 - Mix proportions 

of the cementitious material was 
Type I portland cement from a sin- 
gle mill source, and 30 percent was 
ASTM C 618 Class C fly ash from 
a sub-bituminous coal. The coarse 
aggregate was a hard, crushed lime- 
stone with a maximum size of 1 in. 
sampled from the quarry stockpile 
and the fine aggregate was a water- 
classified natural sand. The water- 
cementitious materia1 ratio was 
0.30. Details of the mix proportions 
are given in Table 1. 

A set of 48 standard cylinders 
was cast with each column. Twenty- 
four hours after casting, 24 cylin- 
ders from each group were moved 
to  a moist-air curing room with 
controlled temperature and humid- 
ity. The remaining 24 cylinders of 
each group were kept in the field 
and cured in the ambient environ- 
ment with the columns. Column 
forms were removed 24 hours after 
placement and the surfaces were 
sealed immediately with curing 
compound and wrapped with ther- 
mal insulation blankets for 7 days. 

Four-inch (100 mm) cores were 
drilled from each column after 7, 
28, 56, 180, and 365 days. For each 
operation, one core was taken from 
the west face to  the center of the 
column (3 ft [i  m]) while the other 
core was taken from the east face to 

Fine 
Cement Fly Ash Water Aggregate Aggregate Retarder 

~ Specimens ~ (lb) ~ (lb) ~ (Ib) ~ cz 1 (ib) 1 (: 1 <oL, 
Column1 604 4253 248 199s to26 163 

Column II 603 256 250 2000 loo0 I63 
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Age 
(days) 

3 

7 

r ò 

k 

L 

Compressive strength of 6x12 in. cylinders, psi 
Group I concrete 

Placement temperature 92 F 
Group II concrete 

Placement temperature 103 F 

Moist cured Field cured Moist cured Field cured 
Lab A Lab B Lab A LabB Lab A LabB Lab A LabB 

7896 7864 7778 8076 7648 7898 7488 7714 

9038 8545 9447 9695 9132 9153 9139 9445 

k- 6'- O' 

Center o f  Coiunn 

Fia. 1 - Corina Drocedures and locations. - .,, Fig. 2 - Location of thermocouples. 

the center of the column (Fig. 1). 
Each core was cut into four cylin- 
ders with length-diameter ratios of 
2. Thus, each column had a total of 
8 cored specimens capped and 
tested for compressive strength at 
each testing age. Half of the cored 

specimens were tested in Labora- 
tory A and half were tested in Lab- 
oratory B to  allow for equipment 
deviation. The average test results 
from both laboratories were used to 
determine core strength. 

The moist-air cured and field- 

Table 2 - Strength development of concrete cylinders 

I I I I I I I I I 

Table 3 - Strength development of core specimens 

cured cylinders were tested at 3, 7, 
28, 56, 180, and 365 days. At each 
testing age, two field-cured and two 
moist-air cured cylinders from each 
group (a total of 8 specimens) were 
tested in Laboratory A and the 
same number of specimens were 
tested in Laboratory B. The aver- 
age test results from the two labo- 
ratories were used for  cylinder 
strength analysis. 

Core specimens were prepared 
a n d  tested in  accordance with 
ASTM C 42, while cylinder speci- 
mens were capped and tested in ac- 
cordance with ASTM C 617 and 
ASTM C 39. 

Column temperatures during hy- 
dration were monitored continu- 
ously for 7 days using 9 Type T 
thermocouples installed in each col- 
umn along the horizontal and verti- 
cal center lines (Fig. 2). The ambi- 
ent temperature was also recorded. 

The strength data for the moist-air 
cured and field-cured cylinders are 

Compressive strength 

Column I 
Placement temperature 92 F 

Core no. 
1 2 3 4 5 6 I 8 

LabB LabA LabA LabB LabB LabA LabA LabB 
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Age 
(days) 

3 

7 

shown in Table 2. The test results 
were produced by two independent 
testing laboratories, with each lab- 
oratory testing four specimens at 
each testing age. 

Core strength data are shown in 
Table 3 .  The core specimens were 
drilled dry and tested in an air-dry 
condition. Four specimens were 

Group I concrete 
Placement temperature 92 F 

Group II concrete 
Placement temperature 103 F 

Field Moist Field Moist 
cured cured Core cured cured Core 

7880 7927 - 7773 760 I - 

8792 9571 8402 9143 9292 7869 

tested by each lab at each testing 
age. 

The average strengths of stan- 
dard cylinders and cores are pre- 
sented in Table 4. The laboratory 
moist-air cured cylinders had signif- 
icantly higher strengths at all ages 
than the field-cured cylinders and 
the cores. The results indicate that 

28 

56 

180 

365 

Table 4 - Average strength values for standard cylinder 
and core specimens, psi 

10452 1 1664 8492 10984 i 2093 8500 

10952 12476 8881 11076 12991 8902 

11806 14194 10239 11413 14551 10146 

- 14690 10938 - 14799 11230 

Group I Concrete Group II Concrete 

Table 5 - Effect of curing conditions on the change of 
strength ratio with age 

0.99 

0.92 

0.90 

0.88 

0.83 

7 

- - - - 1 .o2 

0.88 0.96 0.98 0.85 0.86 

0.73 0.81 0.91 0.70 0.77 

0.71 0.81 0.85 0.69 0.80 

0.72 0.87 0.78 0.70 0.89 

28 

56 

180 

- 

- 
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Fig. 3 - Strength-age relationships for cylinders and 
cores cast at 92 F. 

the compressive strength of moist- 
air cured cylinders is higher than 
that of field-cured cylinders and 
that field-cured cylinder strength is 
higher than core strength. 

Strength development 
The strength-age relationships for 
standard cylinders and cores are 
shown in Fig. 3 and 4. For moist-air 
cured specimens, there is rapid 
strength development at early ages, 
and the strength gain continues even 
after 6 months. For field-cured 
specimens, a moderate strength de- 
velopment is observed initially, and 
the rate of strength gain decreases 
with time. For core specimens, there 
is a rapid strength gain in the first 7 
days, then little or no strength gain 
from 7 t o  28 days,  followed by 
rapid strength development after 2 
months;  a f te r  1 year ,  the  core  
strength approaches field-cured cyl- 
inder strength but is only equal to 
28-day moist-air cured cylinder 
strength. 

The effect of the curing environ- 
ment on the change of strength ra- 
tios for high-strength concrete is 
shown in Table 5 .  Comparing field- 
cured cylinders to moist-air cured 
cylinders, the strength ratio de- 
creases as the age increases and has 
an average value of 0.906. Compar- 
ing the cores and the moist-air 
cured cylinders, the strength ratio 
decreases for 2 months and quickly 
stabilizes with an  average ratio 
value of 0.750. Comparing cores to 
field-cured cylinders, the average 
strength ratio is 0.850. 

For normal-strength concrete, it is 
generally recognized that the con- 

Effect of drilling location 
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Age-days 

Fig. 4 - Strength age relationships for cylinders and 
cores cast a 103 F. 
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Fig. 5 - History of temperature changes in Column I 
along the horizontal cross section. 
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Fig. 6 - Differential thermal curves (time vs. temperature) 
for Column I and Column II. 
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Fig. 7 - Temperature distribution curves along the cross 
section of Column I. 

Fig. 8 - Core strength distribution curves along the cross 
section of Column I. 

Crete strength varies in the vertical 
direction due to  water gain effect, 
and that the concrete placed near 
the top is weaker than the concrete 
near the bottom of a cast. How- 
ever, for high-strength concrete, the 
core strength-age relationship pre- 
sented in Fig. 3 and 4 appears to be 
a uniform strength distribution. The 
results indicated no significant de- 
crease in strength for cores ex- 
tracted from the upper portion of 
the mass concrete (Le. the 28-day 
and the 180-day core specimens). 
Also, there was no significant in- 
crease in strength for  cores ex- 
tracted from the lower portion of 
the mass concrete (i.e. the 7-day 
and the 56-day core specimens). 
Therefore, the results showed that 
the strength increased uniformly, 
although the cores were extracted 
from various locations in the con- 
crete at different ages. The bleeding 
and particle segregation that usu- 
ally occur in conventional concrete 

do not seriously develop in the cast- 
ing of high-strength concrete. 

Temperature variations and 
core strength 
Fig. 5 provides a history of temper- 
ature changes in the high-strength 
concrete. The family of curves rep- 
resents the temperature profile a t  
various locations in Column I along 
the horizontal center line. The peak 
temperature a t  the center of the 
mass concrete reached 191 F (88 C) 
in 30 hours. There was a drop in 
surface temperature at the time of 
form removal, but the temperature 
rose again immediately after the 
thermal  b l anke t  was wrapped 
around the column to reduce the 
temperature differential near the 
surface. For Column II, the ther- 
mal curves showed the same pattern 
as Column I except that the profile 
was higher due to a higher original 
placement temperature (Fig. 6). The 
peak temperature at the center of 

Column II reached 203 F (95 C). 
Fig. 7 shows a temperature distri- 

bution at early ages along the 72 in. 
(183 cm) wide cross section of Col- 
umn I. The temperature in the mid- 
dle portion of the column was sig- 
nificantly higher than that near the 
surface in the first 20 to 40 hours; it 
took more than 7 days to  reach a 
temperature equilibrium in the high- 
strength concrete. 

Fig. 8 illustrates the core strength 
distribution along the cross section 
of Column I. The core strength at 
the center section was significantly 
lower than that near the surface 
during the first 3 months; it took 
more than a year to develop a uni- 
form strength in the mass concrete. 

It appeared that the high temper- 
ature in the middle section of the 
column during the hydration period 
delayed the chemical reaction be- 
tween the water and cementitious 
particles. In the meantime, the col- 
umns were sealed with curing com- 

HIGH-PERFORMANCE CONCRETE 27 

Full document details: ACI Compilation 32-96

http://www.avadocuments.com/doc/aci-compilation-32-96
http://www.avadocuments.com/doc/aci-compilation-32-96


- 

A C 1  COMP*32 ** m 0662949 0525837 075 m 

pound and were covered with a 
thermal blanket; there was no addi- 
tional moisture available for hydra- 
tion. Thus, a relatively low core 
strength was obtained in the central 
area of the mass concrete. 

The results also indicated that the 
placement temperature, ranging 
from 92 F (33 C) to 103 F (39 C), 
had  l i t t le  o r  no  effect  o n  the  
strength gain of concrete cylinders 
and cores. Fig. 3 and 4 show that 
the moist-air cured and field-cured 
cylinders as well as core specimens 
from Columns I and II had identi- 
cal strength development regardless 
of the placement temperatures. 

Conclusions 
Based on the test results from this 
investigation, the following conclu- 
sions can be drawn concerning high- 
strength concrete: 

The in-situ strength as deter- 
mined using drilled cores is less than 
that of moist-air cured and field- 
cured cylinders tested at the same 
age. The core strength approaches 
field-cured cylinder strength after 1 
year, but it is only equal to 28-day 
moist-air cured cylinder strength. 

At any given age, core strength is 
about 75 percent of moist-air cured 
cylinder strength and about 85 per- 
cent of field-cured cylinder strength. 
The field-cured cylinder strength is 
approximately 90 percent of the 
moist-air cured cylinder strength. 

Although not shown here, the 
data demonstrates that, for a con- 
crete column with a large cross-sec- 
tional area, coring location has lit- 
tle or no effect on core strength. 
The in-situ strength in the vertical 
direction appears to be more uni- 
form in high-strength concrete than 
in normal strength concrete. 

The temperature at the center of 
a column with a large cross-sec- 
tional area is significantly higher 
than near the surface. Thus, a ther- 
mal isolation cover is needed imme- 
diately after form removal in order 
to reduce the large temperature dif- 
ferential between the surface and 
the middle section of the mass con- 
crete. 

For a concrete column with a 
large cross-sectional area, the core 
strength a t  the center is signifi- 
cantly lower than that near the sur- 
face. It took about a year to  de- 

velop uniform strength across a sec- 
tion of the mass concrete. 

Strength tests done on standard, 
moist-air cured cylinders are useful 
for quality control purposes and for 
checking the acceptability of the 
concrete as it is produced. How- 
ever, the research reported here 
demonstrates that the standard tests 
do not provide a quantitative meas- 
urement of concrete’s in-place load- 
carrying capacity. 
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HighlPerf ormance 
Concrete Demystified 

r almost a century, structural concrete has been rou- 
inely produced with a 28-day strength in the range of 
20 to 30 MPa (2900 to 4400 psi), or even up to 35 P MPa (5100 psi). Occasionally, when special circum- 

stances required it, higher strengths were obtained and such 
concrete was described as high-strength concrete. Thirty years 
ago the high-strength label was applied to concrete with a 
strength above 40 MPa (5800 psi) or thereabouts; more re- 
cently the threshold rose to 50 or 60 MPa (7300 to 8700 psi). 
Such concretes were not routinely produced but they were 
thought to be unremarkable. However, in the last 15 years, 
concretes of very much higher strength have entered the field 
of construction of high-rise buildings and bridges: 90, 100, 
110 MPa (13,000, 14,500, 16,000 psi), with an occasional 
120 MPa (17,000 psi). All of these strengths have been 
achieved consistently and on a routine basis. 

This type of concrete is perceived by some engineers, 
owners and specifiers as a material fundamentally different 
from the concrete we have all grown up with. They suspect 
that there is some mystery about the manufacture of such con- 
crete, and possibly even a secret recipe. It is the purpose of 
this article to destroy this myth and to show that high-strength 
concrete is just concrete. 

What is high-performance concrete 
First of all, we have to explain the apparent inconsistency be- 
tween the term high-strength concrete used in the above para- 
graphs and the term high-performance concrete used in the 
title. It was natural, and correct, to refer to concrete that had 
a higher strength than usual as high-strength concrete. How- 
ever, in practical applications of this type of concrete, the em- 
phasis has in many cases gradually shifted from the com- 
pressive strength to other properties of the material, such as 
a high modulus of elasticity, high density, low permeability, 
and resistance to some forms of attack. It is therefore logical 
to describe such concrete by the more widely embracing term 
high-performance concrete (HPC). We propose, therefore, to 
use the term HPC even though the debate on terminology is 
still continuing. 

The benefits of using HPC are many, but they are of value 
only when they can be exploited. To-date, exploitation has 
been mainly in high-rise buildings, in bridges, and in struc- 
tures under severe exposure conditions. There are many po- 
tential applications of HPC, but there is no doubt that in many 
locations the use of HPC is precluded by its unavailability. 
At the same time, the unavailability is said to be a reflection 
of the lack of demand. It is just possible that both the designer 

and the supplier are reluctant to depart from the familiar, and 
who can blame them. 

Conversely, nothing succeeds like success: in those areas 
where there are designers keen to exploit HPC, there is always 
a supplier or two who deliver HPC to the given specification. 
This availability of HPC, in turn, encourages other designers 
to use it, and so its use is spreading. 

The earlier reference to the reluctance on the part of some 
people to use HPC is not a criticism but rather recognition of 
the fact that HPC is considered to be something special or un- 
usual, and certainly different. 

We would like to start by quoting what we said, as far back 
as 1963, about the difference between bad concrete and good 
concrete: ‘ 
“Bad concrete - often a substance of the consistence of soup, 
hardening into a honeycombed, non-homogeneous mass - 
is made simply by mixing cement, aggregate, and water. Sur- 
prisingly, the ingredients of good concrete are exactly the 
same, and it is only the know-how, often without additional 
cost or labour, that is responsible for the difference.” 

Ignoring the outdated reference to the consistency of con- 
crete, we can make a parallel statement about the difference 
between normal strength concrete (NSC) and HPC: the know- 
how is the vital factor. The ingredients of both types of con- 
crete are the same, namely, portland cement, aggregate, water, 
and admixture. To be more scrupulous about the ingredients, 
we should say that HPC invariably contains a high-range 
water reducer (or superplasticizer), while NSC does so only 
sometimes. As far as other ingredients are concerned, such as 
retarders, fly ash, blastfurnace slag and silica fume, they may 
or may not be present in either type of concrete. 

The know-how necessary to produce HPC consists of a 
specific knowledge of the properties of the ingredients and of 
their interaction. The crucial outcome of the know-how is an 
extremely low water-cement ratio w/c coupled with a satis- 
factory workability at the time of compaction. 

The necessity of using a superplasticizer in the manufac- 
ture of HPC merits brief explanation. Without a superplasti- 
cizer, even with ordinary water-reducing admixtures, the 
water content of the mixture cannot be reduced very far as this 
would result in an unworkable mixture. At the same time, the 
cement content cannot be raised excessively, not only because 
of cost, but also because a high cement content may lead to 
thermal problems. The combination of an upper limit on the 
content of cement and a lower limit on the content of water 
means that, without a superplasticizer, the w/c cannot be re- 
duced below a value of about 0.4. 

What is different about HPC 
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Fig. 1 - Composition of fresh and hardened cement paste at maximum hydration at various w/c values. 

The constraint of workability of the mixture arises, in broad 
terms, from the tendency of cement grains to flocculate and 
thus to hold water and offer shear resistance during com- 
paction. Without going into the details of electrical surface 
charges and the like, we can say that the superplasticizer de- 
flocculates the cement particles and thus fluidifies the mix- 
ture so that a very low water content is sufficient for an ade- 
quate workability. In consequence, it is possible to obtain a 
mixture with a slump of 180 to 200 mm (7 to 8 in.) at a wc in 
the range of 0.2 to 0.3 (based on the free water in the mix- 
ture). These values correspond to a water content of 125 to 
135 L/m’ (25 to 27 gal/yd’) of concrete, as against 180 to 200 
L/m’ (36 to 40 gallyd’) in non-air-entrained NSC with a slump 
of 100 to 120 mm (4 to 5 in.). This is the apparent secret of 
making HPC. 

The discussion so far has made it plain that, while the in- 
gredients of HPC are substantially the same as those of NSC, 
their proportions are different. This is especially true of the 
water content of the mixture coupled with a large dosage of 
superplasticizer in HPC. Typically, 5 to 15 L/m3 (1 to 3 
gal/yd3) of superplasticizer can effectively replace 45 to 75 
L/m’ (9 to 15 gal/yd3) of water. 

This drastic reduction in mixing water results in a reduced 
distance between the cement particles. I n  consequence, a 
much denser cement matrix than in NSC is achieved, the 
products of hydration of cement coalescing rapidly. By virtue 
of this high-density matrix, in addition to the chemical bonds 

created by the hydrates (which exist also in NSC), a very high 
compressive strength can be achieved. Since mixing water 
combines chemically or physically with cement and is lost 
by self-desiccation, the resulting hydrated cement paste in 
HPC has a very low porosity. 

This very low porosity of the hydrated cement paste in HPC 
contrasts with NSC, in which uncombined mixing water cre- 
ates an open network of pores that reduces the density of the 
matrix and thus leads to a lower compressive strength than is 
the case with HPC. The situation is illustrated in Fig. 1, which 
also shows that in HPC a significant proportion of the orig- 
inal cement particles remains permanently unhydrated. We 
may add that, in fundamental terms, the strength of concrete 
is a function of the total void content of the material, provided 
the bonds of cohesion and adhesion are strong enough; the de- 
gree of hydration of cement as such is not important, the un- 
hydrated part of cement being simply a well-bonded, albeit 
expensive, aggregate.’ 

Optimum water-cement ratio 
The preceding section leads to a number of questions: 

Is there a minimum w/c? 
0 Why use more cement than can possibly become hydrated? 

Is there an optimum w/c for maximizing the compressive 
strength? 

It has been shown in the preceding section that the com- 
pressive strength of HPC depends not only on the w/c but also 
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