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PREFACE 

High-strength concretes are used frequently in applications 
requiring slender members to carry large loads o r  span long 
distances. The purpose of this publication is to highlight 
applications of high-strength concretes, innovative approaches to 
their use, design implications, and research results. This volume 
is divided into two parts. Part 1 deals with applications of and 
innovations with high-strength concrete. 
that describe design implications and research. 

Part 2 contains papers 

RECENT AC1 ACTIVITIES 

In 1979, AC1 Committee 363--High-Strength Concrete was 
organized with the mission of studying and reporting information on 
high-strength concrete. 
mission, the "State-of-the-Art Report on High-Strength Concrete" 
was published in the July/August 1984 AC1 JOURNAL, with discussion 
appearing in the January/February 1985 JOURNAL. The committee also 
sponsored a session on high-strength concrete at the 1982 Annual 
Convention and Co-sponsored with Committee E703 a seminar on 
high-strength concrete at: the 1983 Annual Convention. In 1984, a 
session entitled "High-Strength Concrete: Applications and Design 
Considerations," was held at the Fall Convention; and in 1985, two 
sessions on "Research and Experience with High-Strength Concrete" 
were sponsored at the Fall Convention. 

As a first step toward accomplishing its 

Papers presented at the 1984 and 1985 Fall Conventions form 
the basis of this special publication. 
presented at the technical sessions, of which 14 are published in 
this symposium volume. Contributions were received from four 
different countries. 

Fifteen papers were 

APPLICATIONS AND INNOVATIONS 

Early applications of high-strength concrete emphasized its 
use to reduce column dimensions. More recently, high-strength 
concrete has been used to meet special project objectives such as 
large composite columns and stiffer structures. In turn, the use 
of high-strength concrete has prompted the application of more 
stringent quality control requirements. 

In the paper 75-Story Texas Commerce Plaza, Houston--the Use 
of High-Strength Concrete, high-strength concrete as a composite 
material with structural steel is discussed. The author suggests 
that a composite section with high-strength concrete permitted an 
accelerated construction schedule, smaller column sizes, a more 
economical structural frame, and a greater stiffness in the 
structure as a whole. 
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Producers of prestressed, precast concrete products have 
traditionally used relatively high-strength concretes to reduce 
prestressing losses, obtain early release from formwork, and reduce 
member sizes. But, more recently, high-strength concretes are 
being used as a means of increasing the capacity of long-span 
members, controlling deflection, and in other more sophisticated 
applications. Some of these are discussed in Impact of High- 
Strength Concrete on Design and Service Behavior of Prestressed 
Precast Members. 

The standard AC1 procedures for  establishing mix proportions 
may no t  be appropriate f o r  high-strength concretes produced with 
higher than normal cement contents and high performance water- 
reducing admixtures. 
concretes have not been used previously for large structures, it is 
important to evaluate available materials carefully and to identify 
expected levels of performance. In High-Strength Concrete in 
Seattle, the series of tests used to evaluate alternate mix 
materials, determine heat of hydration, and obtain mechanical 
properties of the concrete are described. 

In geographic areas where high-strength 

Development and research on high-strength concrete in France 
are described in the paper entitled High-Strength Concrete: 
to Use it Every Day. In Canada, the use of silica fume and other 
special materials to produce a 13,000 psi concrete in the field are 
reviewed in Development and Experimental Use of a 90 MPa Field 
Concrete. Mechanical properties of the concrete are reported. The 
market for high-strength concrete has evolved gradually as a result 
of cooperative effort between the designers, contractors, concrete 

How 

suppliers, and testing laboratories. In Statistical Controls for 
High-Strength Concrete, some methods of evaluating the laboratory 
test results of the compressive strength of high-strength concrete 
are discussed. 

DESIGN IMPLICATIONS AND RESEARCH 

For design strengths above 6,000 psi, the designer must be 
aware that many of the existing standards and codes are based on 
lower strength concretes. 
for utilization of higher strength concretes. 
by the design and construction professional will come from ongoing 
research. 
completed and ongoing research. 
design criteria for higher strength concretes is evaluated. 

Engineering judgement may be necessary 
Information needed 

Part 2 of this symposium volume describes some of the 
The applicability of existing 

iv 
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Current equations relating modulus of elasticity, tensile 
strength, and other mechanical properties of concrete to com- 
pressive strength are largely derived on the basis of data gathered 
from low- and moderate-strength concretes. The potential signifi- 
cance of the mechanical properties for design are critically 
examined in Design Implications of Current Research on High- 
Strength Concrete. 
present AC1 code provisions may not apply. In High-Strength 
Concrete--Material Properties and Structural Behavior, the pro- 
perties and uses of high-strength concrete at early and late ages 
are discussed in detail. 

Particular attention is given to areas where 

Structural properties of high-strength concrete members are 
examined in the papers Structural Bending Properties of Higher 
Strength Concrete, Shear Tests of High- and Low-Strength Concrete 
Beams with Stirrups, and Reinforced Corbels of High-Strength 
Concrete. In all three papers, comparisons are made between 
laboratory test results and existing design procedures. 

To ensure adequate ductility in columns, confinement of the 
concrete is necessary. 
Concrete Columns, equations for predicting the performance of 
confined high-strength concrete elements are presented. 

In Lateral Reinforcement for High-Strength 

One alternate way of enhancing ductility is through the 
effective use of fibers. The principles and results for this 
approach are discussed in Properties of High-Strength Fiber Rein- 
forced Concrete. 
mechanism for high-strength concretes are discussed in detail i n  
Behavior of High-Strength Concrete under Uniaxial and Biaxial 
Compression. 

The biaxial strength envelope and failure 

Committee 363 wishes to thank all authors who have contributed 
to this volume and to the staff of AC1 who helped organize the 
symposiums and prepare this publication. Thanks are also due to 
the members of Committee 363 and all reviewers of papers. 
their cooperation, publication of this symposium volume would not 
have been possible. 

Without 

Henry G. Russell 
Chairman, AC1 Committee 363 
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SP-87-1 

75-Story Texas Commerce Plaza, Houston - 
the Use of High-Strength Concrete 

By Joseph P. Colaco 

Synopsis: 
in the 75-story composite frame f o r  the Texas Commerce Plaza in 
Houston. 
duce column s i z e s  and t o  increase s t i f f n e s s .  All the concrete  in 
t h i s  tower (approximately 100,000 cyd.) was successfu l ly  pumped, 
the  highest  placement being almost a 1,000' above the s t r e e t  l e v e l .  

The a r t i c l e  descr ibes  the  use of high-strength concrete 

The advantages of the high-strength concrete  were t o  r e -  

- Keywords: columns (supports); concrete construction; high-rise 
buildings; high-strength concretes; pumped concrete; stiffness. 
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2 Colaco 

Joseph P.  Colaco received his PhD i n  Civil  Engineering a t  the 
University of I l l i n o i s  in 1965 and joined Skidmore, Owings & M e r r i l l ,  
Chicago o f f i c e  t h a t  same year .  
Engineers, Inc. ,  Houston, Texas; i n  1975, he and two pa r tne r s  
opened t h e i r  f i rm of consul t ing  s t r u c t u r a l  engineers,  CBM Engineers 
(previously named Colaco Engineers, i n c . )  i n  Houston, Texas. 

In 1969, Mr. Colaco joined E l l i s o r  

I .  INTRODUCTION 

The Texas Commerce Plaza Tower in United Energy Plaza i s  a 75-story 
o f f i c e  building i n  downtown Houston. 
1978 and the s t r u c t u r e  was completed in 1981. 
the t a l l e s t  composite building in the world and the  t a l l e s t  build- 
i n g  west of the Mississippi a t  the present time, 

A photograph of the building i s  shown i n  Figure 1.  Figure 2 shows 
the general a r c h i t e c t u r a l  layout of a typical  f l o o r  plan and t h e  
e s s e n t i a l  elements of t he  s t r u c t u r a l  system. The e x t e r i o r  s t ruc -  
t u r e  of the  building has columns placed a t  10' (3m.) on cen te r s  on 
fou r  s ides  b u t  on the f i f t h  s i d e ,  t he re  i s  an 85 '  (26m.) c l e a r  
span. The e x t e r i o r  columns a r e  composite using a s t e e l  e r ec t ion  
column and cas t - in-p lace  concrete.  There i s  a l s o  a cas t - in-p lace  
concrete 5 '  (1.5m.) deep spandrel beam a t  each level  ( s ee  F igu re3 ) ;  
The i n t e r i o r  columns and f l o o r  framing use s t r u c t u r a l  s t e e l .  The 
foundation of t he  tower i s  a 9 ' -9"  (3m.) thick concre te  mat,  63'  
(19.21~1.) below grade. A more de t a i l ed  descr ip t ion  o f  the building 
i s  given in  an  a r t i c l e  by Pickard ( 1 ) .  
system, ca l l ed  a "ruptured-tube," i s  the main element t h a t  i s  used 
t o  carry the  wind loads on t he  s t r u c t u r e .  
tube i s  ruptured a t  t he  85 '  (26m.) c l e a r  span f r o n t  f ace ,  the 
healing o f  t h e  rupture  was required.  Several a l t e r n a t e s  were con- 
s idered v iz .  providing diagonals across  the  f r o n t  f ace  t o  complete 
the "tube" o r  providing s t i f f  t r u s s  elements a t  d i s c r e t e  f l o o r s  t o  
t i e  t he  ends of the f r o n t  face together .  These a l t e r n a t e s  were 
discarded f o r  a e s t h e t i c  reasons.  Hence, the only o p t i o n  was t o  
use the bui ld ing  core.  A concrete shear wall i s  placed next t o  
the f r o n t  row of e l eva to r s  and the  connection between the i n t e r i o r  
shear wall and the e x t e r i o r  tube i s  by very s t i f f  s t e e l  l i nk  beams 
in the plane of t he  f l o o r .  There i s  a secondary s t i f f n e s s  element 
cons i s t ing  of a s t e e l  g i r d e r  t h a t  spans 8 5 '  (26m.) and t i e s  the 
two t r i a n g u l a r  concrete f r o n t  p i e r s  of the bui lding.  
dramatic d i f fe rence  in behavior of the s t r u c t u r e .  
were not "healed", t he  v e r t i c a l  movement from one end of the f r o n t  
face t o  the  other  would be approximately 6" a t  the t o p  of the 
bui  1 ding . 
A t  the  time of the design of Texas Comnerce Tower, the s t a t e -o f -  
the-art in t a l l  building design i n  Houston was exemplified by the 
50-story concrete One Shell  Plaza building and the  55-story 
I n t e r F i r s t  Tower which i s  a composite "tube" building. 

The design was s t a r t e d  in 
The s t r u c t u r e  i s  

The e x t e r i o r  composite 

Since the c lose ly  spaced 

There i s  a 
I f  t he  rupture 

A t  the  
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Texas Commerce Plaza 3 

s t a r t  of t he  Texas Commerce Tower, d i scuss ions  were held with the  
Owner on the ma te r i a l s  and technology t o  be used f o r  cons t ruc t ion  
of the building. Due t o  the poor foundation conditions in  Houston, 
an  a l l - conc re t e  building was ruled out  because of i t s  addi t ional  
weight. The weight would require  extremely deep and expensive 
foundations and would increase the cons t ruc t ion  time. I t  was f e l t ,  
t he re fo re ,  t h a t  the only reasonable choices were the  composite 
building design or  an a l l - s t e e l  s t r u c t u r e .  The a rch i t ec tu ra l  
f ea tu re s  of the building d i c t a t ed  a g ran i t e  facade which tends t o  
favor the composite building design. Further ,  experience with 
the 55-story I n t e r F i r s t  Tower indicated t h a t  a composite building 
could be b u i l t  f a s t  and economically and minimize foundation pre- 
miums. Therefore, i t  was decided t h a t  the  building would u t i l i z e  
a composite "tube" system. 

A t  the time of the design of Texas Commerce Tower, the maximum 
concrete s t rength u t i l i z e d  in building cons t ruc t ion  in Houston 
was 6,000 psi  (42MPa) l ightweight concrete f o r  One Shell  Plaza 
b u t  most of t he  building u t i l i z e d  normal weight concrete with 
5,000 psi (35MPa) as  a maximum s t r eng th .  
lems of obtaining higher s t r eng ths  with r i v e r  gravel t h a t  i s  a 
common aggregate in Houston. A 75-story s t r u c t u r e  u t i l i z i n g  
low-strength concrete would r e s u l t  in  extremely l a rge  col ums .  
The Owners indicated t h a t  they would have a maximum e x t e r i o r  
column s i z e  of 4 ' x 4 '  a t  the t h i r d  f l o o r  from a leasing standpoint.  
Hence, research was conducted on using high-strength concrete t o  
reduce column s i z e .  If  5,000 psi were used, the e x t e r i o r  column 
s i zes  needed would be 4 ' x 6 '  which was unacceptable. Discussions 
with Southwestern Laboratories in Houston indicated t h a t  high- 
s t rength concrete was being used i n  l imited app l i ca t ions  in high- 
way work in Texas. Inves t iga t ion  ind ica ted  t h a t  i f  the aggregate 
were changed from r i v e r  gravel t o  a limestone aggregate (which had 
t o  be imported i n t o  Houston) , higher s t r eng ths  could be achieved. 
A t r i a l  mix was conducted using 7,500 psi (52MPa) as  a t a r g e t  
design s t r eng th .  
24-story t a l l  concrete building i n  the  heat of t he  summer months 
t o  t r y  t o  simulate a worst case condi t ion.  
g ra t i fy ing .  Further d i scuss ions  with Turner Construction ( t h e  
Contractor on Texas Commerce Tower) suggested the  use of high- 
s t r eng th  concrete as a way t o  minimize cos t s  and column s i z e s .  
This ana lys i s  confirmed published l i t e r a t u r e  t h a t  economical con- 
s t ruc t ion  i s  obtained by using high concrete s t r eng ths  and the 
lowest reinforcement percentages.  
Associates of Dallas a s  consul tan ts  t o  review mix designs t o  come 
u p  with recommendations f o r  t he  high-strength concrete.  After 
extensive evaluation and t e s t i n g ,  i t  was concluded t h a t  7,500 psi 
(52MPa) concrete could be produced in Houston in s u f f i c i e n t  
q u a n t i t i e s  and with s u f f i c i e n t  qua l i t y  control t o  proceed with 
the design o f  the  p ro jec t .  

T h i s  i s  due t o  the prob- 

A batch of t h i s  concrete was placed on a 

The r e s u l t s  were very 

Turner re ta ined  The Concrete 

I 
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4 Colaco 

I I .  HIGH-STRENGTH CONCRETE 

The outcome of the design was t h a t  7,500 (52MPa) normal weight 
concrete was u t i 1  ized in e x t e r i o r  columns, spandrel beams and 
shear wall from the mat foundation upto the  7 t h  f l o o r ,  and 6,000 
psi (42MPa) was u t i l i z e d  f o r  these elements from the  8 t h  t o  the 
30th f l o o r s .  The mat foundation i t s e l f  u t i l i z e d  6,000 psi (42MPa) 
concrete.  A n  ex tens ive  discussion of t he  mix designs,  qua l i t y  
control and r e s u l t s  of t he  e n t i r e  programare described by Cook(2). 
Due cons idera t ion  was taken of the Con t rac to r ' s  requirement t h a t  
the concrete be pumped and a l s o ,  of h o t  weather condi t ions  in 
Houston. Texas Commerce Tower i s  unique in t h a t  a l l  the  concrete 
on the p ro jec t  was pumped w i t h  t he  highest  concrete placement 
being about 1,000' (304m.) above s t r e e t  l e v e l .  The concrete 
pump used was a Schwing BPA HDD-15 5000 trailer-mounted, 300 horse- 
power, 6" material  cy l inders ,capable  of 2,800 psi on concrete .  
The actual pressure  ranged from 1,700 - 2,400 p s i .  
were encountered with the pumping  operation. 
indicated t h a t  630 lb./cyd. (374 kg/m3) cement with 157 lb./cyd. 
(93 kg/m3) f l y  ash Type C was adequate f o r  t h e  7,500 psi  (52MPa) 
high-strength concre te  in the p ro jec t .  The slump was 4.5 inches 
(locm) and the  waterjcement r a t i o  was 0.33. An ASTM C494 Type A 
water-reducing admixture was used w i t h  a dosage r a t e  of 
3 oz./lOO lb .  of cementit ious mater ia l .  The 7,500 psi (52MPa) 
concrete was placed d u r i n g  the period from November,l979 t o  May, 
1980 and the average 28-day concrete s t r eng ths  were 8,146 psi 
(56MPa) while t he  56-day s t r eng ths  were 9,005 psi (62MPa). A 
s imi l a r  s e t  of numbers was achieved f o r  the 6,000 psi  (42MPa) 
nominal s t r eng th  concrete.  The 28-day averages were 7,257 psi 
(5OMPa) while t he  56-day average was 8,340 psi (58MPa). A degree 
of conservatism was exercised in the Spec i f i ca t ions  for t h i s  pro- 
j e c t  a s  t h i s  was the  f i r s t  time t h a t  high-strength concrete was 
being used i n  Houston. In l a t e r  work, 56-day s t r eng ths  as  opposed 
t o  28-day s t r eng ths  were considered t o  be the norm. 

No problems 
The mix designs 

I I I .  ADVANTAGES OF HIGH-STRENGTH CONCRETE 

There a r e  several  advantages of high-strength concrete and they 
can be summarized as follows: 

A.  Additional S t i f f n e s s :  One of t he  cons idera t ions  in  t a l l  
buildings i s  the r e s t r i c t i o n  of i n t e r - s t o r y  d r i f t  under l a t e r a l  
loads.  This i s  required in order t o  keep a r c h i t e c t u r a l  elements 
from having any d i s t r e s s .  Almost a l l  t a l l  building designs a r e  
cont ro l led  by s t i f f n e s s  requirements and hence, the use of h i g h -  
s t rength concrete with i t s  h i g h  modulus of e l a s t i c i t y  r e s u l t s  in 
a lower i n t e r - s t o r y  d r i f t  f o r  t he  same member s i z e s .  
p r o j e c t ,  nominal 7,500 (52MPa) concrete had a modulus of e l a s t i -  
c i t y  of approximately 5 .7~106  psi (39,330MPa) which i s  substan- 
t i a l l y  higher than t h a t  which i s  ob ta inable  w i t h  5,000 p s i  
(35MPa) concrete .  The net  r e s u l t  of t h i s  high E value i s  t h a t  
the maximum de f l ec t ion  of t he  bui ld ing  under hurricane wind loads 
wi l l  n o t  exceed 16" (411x1.) a t  t he  top of the building f o r  wind 
i n  any d i r ec t ion .  

On t h i s  
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B. Damping: Extensive d iscuss ions  were held w i t h  the  University 
of Western Ontario t h a t  conducted the  wind tunnel ana lys i s  f o r  the 
p ro jec t .  A de ta i l ed  descr ip t ion  of the s t r u c t u r a l  elements of the 
design i s  discussed by Banavalkar ( 3 ) .  Since the basic  wind r e s i s -  
t i ng  elements a r e  concrete members, the damping r a t i o  was 2% 
whereas for an a l l - s t e e l  bui lding,  a 1% damping f a c t o r  i s  genera l ly  
used. This r e su l t ed  in a much lower peak acce le ra t ion  in the w i n d  
tunnel t e s t .  
building were in the  range of 18 mi l l i -g s  f o r  a 10-year recurrence 
interval  which i s  below the genera l ly  accepted c r i t e r i a  f o r  the 
threshold of discomfort due t o  building motion. 

C .  Axial Shortening: The d i f f e r e n t i a l  movements of v e r t i c a l  
elements in t a l l  buildings a r e  a c r i t i c a l  item in the cons t ruc ta -  
b i l i t y  of level f l o o r s .  In a composite frame, t he  problem i s  
exacerbated by the f a c t  t h a t  t he  i n t e r i o r  columns of s t ruc tu ra l  
s t e e l  have only e l a s t i c  axial  shortening while t he  e x t e r i o r  com- 
pos i t e  columns a r e  subjected n o t  only t o  ax ia l  shortening due  t o  
s t r e s s  b u t  t o  shrinkage and creep. The use of high-strength con- 
c r e t e  which has a higher modulus of e l a s t i c i t y  reduces the  ax ia l  
shortening of t he  concrete columns. The use of limestone aggre- 
gate  and the use of f l y  ash (which lowers cement content)  reduce 
the  shrinkage of t he  concrete columns. Axial shortening compensa- 
t i on  t ab le s  were developed for the e n t i r e  s t r u c t u r e  and i n t e r i o r  
s tee l  column lengths  were ad jus ted  a t  10-story increments t o  t r y  
t o  a t t a i n  level f l o o r s .  A de t a i l ed  descr ip t ion  of t h i s  i s  given 
in the  paper by Banavalkar ( 3 ) .  In the worst case,  a t  the roof 
level the columns a t  the end of the 85'  c l e a r  span were placed 
2.5 inches (6.3cm.) higher than the  columns in the middle of the 
long f aces .  

D. Construction Techniques: One of t he  key ingredients  of t a l l  
building economics i s  t he  a b i l i t y  t o  build the building as  r a -  
pidly as  possible .  The General Contractor suggested two tech- 
niques both of which acce lera ted  the cons t ruc t ion  schedule. 
techniques were pumping of the concrete in the  e x t e r i o r  frame and 
the use of a custom-made three-s tory  s tee l  formwork assembly t h a t  
was self-cl imbing.  
ded the  column and spandrel forms b u t  a l s o  had l i f t i n g  column 
system which enabled the formwork t o  climb. The column forms and 
spandrel forms were a l l  hinged. One of the advantages of h i g h -  
s t rength concrete in t h i s  conf igura t ion  i s  t h a t  the  columns and 
spandrel beams could be s t r ipped early-on due t o  t he  low s t r e s s  
level and the  r e l a t i v e l y  high concrete s t r eng ths .  The average 
concrete s t r eng ths  were 3,827 psi (26MPa) a t  l-day and 5,218 psi 
(36MPa) a t  3-days f o r  t he  7,500 psi (52MPa) concrete.  The con- 
s t r u c t i o n  proceeded a t  the r a t e  of two f l o o r s  per week which a t  
l e a s t  equals t h a t  for s t r u c t u r a l  s t e e l  construct ion.  

The building acce le ra t ions  a t  t he  top f l o o r  of the 

These 

Each s ide of the form assembly n o t  only inclu-  

I 

IV. CONCLUSION 

The use of high-strength concrete on Texas Commerce Tower has 
proved t o  be extremely successful in meeting the Owner's objec- 
t i v e s ,  namely: reducing the  column s i z e s  ( t o  increase the 
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l e a s a b i l i t y  of t he  f l o o r s ) ;  the development of rap id  cons t ruc t ion  
techniques; and, the s a t i s f a c t o r y  performance of the building from 
a s t i f f n e s s  and motion perception s tandpoint .  
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PLAN OF EXTERIOR COLUMN 

W 8  

SECTION BB I SECTION CC v) 

Fig. 3--Column, spandrel ,  and f l o o r  beam d e t a i l s  
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Impact of High-Strength Concrete 
on Design and Service Behavior 

of Prestressed Precast Concrete Members 

By Alex Aswad and Weston T. Hester 

SynoDsis: I n  t h e  pres t ressed ,  precas t  concrete indus t ry  high- 
s t rength  concre tes  are widely used f o r  a x i a l l y  loaded p i l e s  and 
columns, but also increas ingly  f o r  f l e x u r a l  members such as double 
tee beams and g i rders .  Use of high-strength concre tes  permits 
f a b r i c a t i o n  of longer ,  more s lender  spans and economic mild and 
prestressed re in fo rc ing  steel pa t te rns .  And, f o r  plant-produced 
members the  necessary high s t r eng th  may be achieved e a s i l y  and 
cons i s t en t ly  without out-of-the-ordinary q u a l i t y  cont ro l  
procedures, and t h i s  is documented here. To fac i l i t a te  designs 
us ing  high-strength concre tes  a number of des ign  a i d s  have been 
developed, and selected examples are persented. F ina l ly ,  by i t s  
very nature ,  where high e a r l y  s t r eng ths  are requi red  pres t ressed  
precas t  concrete members f requent ly  have a s u b s t a n t i a l  amount of 
long-term reserve  capacity and exce l l en t  d e f l e c t i o n  cont ro l .  

Keywords: beams (supports); girders; high-strength concretes; 
precast concrete; prestressed concrete; serviceability: structural 
design; T-beams. 
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Alex Aswad, Ph.D., P.E., is a Senior Research and Design Engineer 
w i th  Stanley S t r u c t u r e s  i n  Denver, Colorado. D r .  Aswad has  
published numerous papers on the design and a n a l y s i s  of  
p re s t r e s sed  concrete  s t r u c t u r e s ,  and i s  a c t i v e  i n  A C 1  and PCI. 

Weston T. Hester i s  Associate Professor of C iv i l  Engineering, 
Universi ty  of  Ca l i fo rn ia ,  Berkeley. D r .  Hester is a c t i v e  i n  A C 1  
Committee work, i nc lud ing  AC1 363, High Strength Concrete, and 
o t h e r  professional  s o c i e t i e s .  He has  extensive research and f i e l d  
experience with the  production and con t ro l  of  high s t r eng th  
concret  es, ----------------- 

INTRODUCTION 

Manufacturers of p re s t r e s sed ,  p recas t  concrete  products are 
inc reas ing ly  using high-strength concretes  f o r  f l e x u r a l  and 
a x i a l l y  loaded members. Use of  high-strength concrete  permits 
more s lender ,  higher-capacity and u l t ima te ly  more economic 
s t r u c t u r a l  s ec t ions .  I n  many cases, use of  high-strength 
concretes  i s  a necess i ty  and not an op t ion  i f  prestressed,  p recas t  
s e c t i o n s  are t o  be economically f e a s i b l e  f o r  the p r o j e c t ,  and 
e spec ia l ly  i n  t h e  case of long span members and/or those ca r ry ing  
unusually heavy loadings.  High e a r l y  and long-term s t r e n g t h  
concretes  are being used i n  double tees f o r  r o o f s  and f l o o r s ,  
i nve r t ed  tees f o r  bui ldings,  and I-, box- and double-tee-shaped 
( T T )  elements f o r  bridges.  

Designers have t r a d i t i o n a l l y  def ined high-strength concrete  
as t h a t  achieving a t  least 6,000 p s i  (42 MPa) a t  age 28 days or 
la ter  [ l i .  But, whereas with t r a d i t i o n a l  cast-in-place ( C I P )  
cons t ruc t ion  t h e  designer  may r e q u i r e  6,000 t o  12,000 p s i  (42 t o  
96 MPa) compressive s t r e n g t h s  a t  age 28 days, o r  even 56 t o  90 
days, p re s t r e s sed  concrete  producers may need these s t r e n g t h s  much 
sooner. Producers are pr imari ly  i n t e r e s t e d  i n  s t r e n g t h s  a t  e a r l y  
ages ( i . e . ,  12 t o  18 hours) ,  r a t h e r  than long-term ( i . e . ,  a t  least  
28 days) ,  and these producers c l a s s i f y  as "high-strength" 
concretes  with e a r l y  s t r e n g t h s  of a t  least  4,000 p s i  (28 MPa) a t  
age 12 t o  18 hours, and 28-day s t r e n g t h s  i n  excess of about 6,000 
p s i  (42  MPa) . 

For both p re s t r e s sed  p recas t  and C I P  concrete  construct ion,  
des igne r s  and con t r ac to r s  have used high-strength concretes  
(measured a t  age 28 days o r  l a te r )  t o  meet a v a r i e t y  of special 
needs, including: 

1. A b i l i t y  t o  use more s lender ,  l i g h t e r  s ec t ions ;  

2. Longer spans and/or wider member spacings; 

3 .  Greater s t i f f n e s s  and b e t t e r  con t ro l  of deformations: 

4. Reductions i n  p re s t r e s s ing  l o s s e s  due t o  a b e t t e r  
con t ro l  over creep and shrinkage; 
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5 .  Reductions i n  the  amount of shear  reinforcement requi red  
i n  some f l e x u r a l  members; and 

6. Reduced impact of high e a r l y  stresses due t o  pre- 
s t r e s s i n g  and earlier app l i ca t ion  of s e rv i ce  loadings  
and the  e f f e c t s  i t  may have on members a t  ea r ly  ages. 

But, increas ingly ,  producers and des igners  are r e a l i z i n g  t h a t  
use of high-strength concre tes  a t  e a r l y  ages can a l s o  provide 
add i t iona l  benef i t s .  By achieving s t r eng ths  i n  t h e  range of 4,000 
t o  8,000 p s i  (28 t o  56 MPa) i n  one day o r  less, and still higher 
s t r eng ths  a t  28 days o r  later,  po ten t i a l  bene f i t s  inc lude  st i l l  
g rea t e r  d e f l e c t i o n  cont ro l ,  lower p res t r e s s ing  l o s s e s ,  and higher 
capac i t i e s .  

The purpose of t h i s  paper i s  t o  d i scuss  t h e  advantages of 
high e a r l y  and long-term s t r eng th  concre tes  i n  pres t ressed ,  
precas t  concrete operations,  and t o  document its f e a s i b i l i t y  and 
benef i t s .  The advantages of high-strength concrete notwith- 
standing, some des igners  and producers are still unce r t a in  about 
i t s  use. Some a r e  concerned about t he  a p p l i c a b i l i t y  of standard 
A C 1  and AASHTO design equations,  and many are concerned about t h e  
p recas t  concrete producer's a b i l i t y  t o  rou t ine ly  and cons i s t en t ly  
produce a high ea r ly  and long-term s t r eng th  concrete. 

I n  our experience,  t he  A C 1  and AASHTO [2, 31 equat ions  may be 
used t o  p red ic t  t he  performance of members wi th  e a r l y  and 28-day 
s t r eng ths  i n  excess o f  6,000 p s i  (42 MPa). This has  been 
corroborated by f i e l d  tests of s t r u c t u r a l  members, and c lose  
examination of s t r u c t u r e s  i n  serv ice .  I n  t h i s  paper w e  present  a 
number of empir ica l ly  v e r i f i e d  equations es tabl ished t o  faci l i ta te  
t h e  design and ana lys i s  of alternate member conf igura t ions  i n  
t h i s  s t r eng th  range. Data i s  a l s o  presented documenting t h e  fact 
producers are able t o  e a s i l y  and economically produce these high- 
s t r eng th  concretes.  

HIGH-STRENGTH CONCRETE I N  THE PLANT 

I n  the  l i t e r a t u r e  a g r e a t  deal of z t t e n t i o n  i 1 1  has been 
given t o  t h e  use and p rope r t i e s  of high-strength concre tes  f o r  
conventional C I P  construction. Its proponents c i t e  the  obvious 
advantages (e.g., more s lender  members), but a l s o  acknowledge 
t h a t  exceptional q u a l i t y  cont ro l  e f f o r t s  may be requi red  t o  
achieve cons i s t en t  s t r eng th  development and t h a t  design s t r eng ths  
may not be achieved f o r  56, 90 days o r  later.  Prestressed, pre- 
cast concrete producers, however, have an e n t i r e l y  d i f f e r e n t  view 
of high-strength concretes .  With p l an t  c a s t  concrete,  ea r ly  and 
long-term s t r eng ths  must and can be achieved much more r ead i ly  and 
economically than i n  cast-in-place CIP) construction, and con- 
s iderably  more cons is ten t ly .  

For many reasons,  des igners  are increas ing  the  s t r eng ths  
requi red  a t  e a r l y  and la ter  ages. Whereas t h e  maximum s t r eng th  
required a t  1 day was 5,000 p s i  (35 MPa) i n  t h e  mid-l970s, today 
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des igne r s  are requ i r ing  12- t o  16-hour s t r e n g t h s  well i n  excess of 
6,000 p s i  (42 MPa) and 28-day s t r e n g t h s  i n  excess of 8,000 p s i  
(56  MPa). I n  Figure 1 ,  the  minimum s t r e n g t h s  required f o r  one 
r ep resen ta t ive  p ro jec t  and s t r e n g t h s  a c t u a l l y  achieved a t  e a r l y  
ages  (12 t o  18 hours) and 28 days a r e  compared. 
compiled f o r  a series of long span, p re s t r e s sed  precast  concrete I 
g i r d e r s  cast i n  Colorado. Depending upon the s p e c i f i c  elements 
c a s t ,  e a r l y  s t r e n g t h s  required were 4,000 o r  5,300 p s i  (28 or  37 
MPa) and 28-day s t r e n g t h s  were 6,000 p s i  (42 MPa). Note t h a t  even 
wi th  t h i s  mid-range s t r eng th  mix the  requirements f o r  ear ly-  
s t r eng th  concretes  were e a s i l y  surpassed. 

The d a t a  was 

Now, with the  e f f e c t i v e  use of s u p e r p l a s t i c i z e r s  and o the r  
soph i s t i ca t ed  app l i ca t ions  of concrete technology, many producers 
can e a s i l y  achieve s t r e n g t h s  i n  t h e  6,000- t o  7,000-psi range (42 
t o  49 MPa) i n  12 t o  18 hours, and above 10,000 p s i  (70 MPa) a t  age 
28 days. 

Central  t o  the  successful  use of high-strength concrete  is 
the producer 's  a b i l i t y  t o  meet the required s t r e n g t h s  economically 
and cons i s t en t ly .  And, based on extensive experience,  w e  f i n d  
each a d d i t i o n a l  1,000-psi (7  MPa) i nc rease  i n  e a r l y  o r  long-term 
strengths (above a r e spec t ive  minimum of 4,000 p s i  and 6,000 p s i  
(28 and 42 MPa)) w i l l  i nc rease  mix ma te r i a l  c o s t s  approximately 5% 
t o  101. And, w e  have found t h a t  a s  a general  r u l e  no out-of-the- 
ordinary q u a l i t y  control  e f f o r t s  are necessary t o  meet these  
requirements. 

S t a t i s t i c a l  data compiled f o r  t h r e e  high-strength concretes  
r egu la r ly  cast i n  a p l an t  confirms the a b i l i t y  t o  produce high 
e a r l y  and long-term-strength concretes  cons i s t en t ly ,  and, 
r e f e r r i n g  t o  Table 1 ,  note the c o e f f i c i e n t  of v a r i a t i o n  and 
standard dev ia t ion  f o r  t h e  high-strength concretes is comparable 
t o  o r  lower than those achieved with low- and moderate-strength 
concretes.  

APPLICATIONS 

The c l a s s i c  and earliest app l i ca t ions  of high-strength 
concretes  were f o r  p i l e s ,  columns, and o the r  a x i a l l y  loaded 
members. 
f l e x u r a l  members. With f l e x u r a l  members, high-strength concretes  
may provide g r e a t e r  d e f l e c t i o n  control ,  reduce p res t r e s s ing  
losses ,  and/or permit use of less mi ld  steel and p res t r e s sed  
reinforcing.  

But, i n  cu r ren t  p r a c t i c e  much more a t t e n t i o n  is given t o  

Two prototypical  app l i ca t ions  are f o r  double-tee (TT) f l o o r  
and roof members, and f o r  bridge members. Double tee sec t ions  a r e  
used f o r  long-span r o o f s  (sometimes i n  excess of 110-foot (33 m ) )  
clear span, and f o r  p a r k i n g  s t r u c t u r e s  and o the r  bui ldings needing 
large, column-free areas.  Bridge g i r d e r  s ec t ions  a r e  designed 
according t o  AASHTO o r  similar design criteria. 
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Double Tee Members 

Double tee members represent  a classic p res t r e s sed  precas t  
concrete product, may be used with o r  without a cast-in-place 
topping, and are i d e a l ,  economic s e c t i o n s  f o r  a bridge decks, 
parking s t ruc tu res ,  o r  o the r  app l i ca t ions  involving l a r g e  l i v e  
loads  and long  spans. 

We assume t h e  design s tandards  presented i n  A C 1  318 123 apply 
t o  members made with high-strength concretes,  a t  least  up t o  
s t r eng ths  i n  t h e  8,000-psi (56 MPa) range. Long span members 
(e.g., wi th  span/depth r a t i o s  35 t o  40) are also analyzed f o r  t he  
effects of long-term re l axa t ion  i n  t h e  p re s t r e s s ing  s t r ands  and 
creep  and shrinkage i n  the  concrete. The a p p l i c a b i l i t y  of these  
design and ana lys i s  techniques [41 has been been confirmed through 
a number of experimental tests of double tee members wi th  5,000 t o  
7,000 p s i  (35 t o  99 MPa) and greater s t r eng th  concre tes  [5, 61,  
and the performance of s t r u c t u r e s  i n  s e rv i ce  has  been monitored i n  
d e t a i l .  

p re l iminary  Desians--The A C 1  des ign  procedures notwith- 
s tanding,  the  des ign  of an e f f i c i e n t  long  span roof o r  f l o o r  
member can still be a time-consuming and arduous task ,  and t o  he lp  
t h i s  process a number of des ign  a i d s  have been developed. 
preliminary design of f l o o r  and roof members i s  p a r t i c u l a r l y  
helped by the use of des ign  a i d s  such as SPEED GRAPHS, i.e.,  
g raphica l ,  design a i d s  i73, based on  the  use of moderate- and 
high-strength concretes. These graphs summarize requi red  e a r l y  
and long-term s t r eng ths ,  number and pa t t e rn  of 1/2-inch s t rands ,  
and the  estimated camber a t  e r e c t i o n  f o r  a given set of spans and 
superimposed l i v e  loads.  But, once a preliminary design has been 
performed, a f i n a l  ana lys i s  is  always requi red  s ince  a f l a t  value 
f o r  p r e s t r e s s  loss is  assumed f o r  t h e  graphs but is not allowed by 

The 

A C 1  318-83 121. 

F i n a l  Desinns ( an  example)--A specific example i l lustrates  
the  p a r t i c u l a r  b e n e f i t s  assoc ia ted  with us ing  high-strength 
concretes.  
+ 3-inch topping f o r  a parking deck ( i . e . ,  a 10 feet wide, 2 feet  
4 inches  deep double t e e  with a 3-inch th i ck  3,000 p s i  topping).  
Using a "standard" des ign  with an ea r ly ,  detensioning s t r eng th  of 
3,500 p s i  (24.5 MPa) and 28-day s t r eng th  of 5,000 p s i  (35 MPa), 
t h e  maximum permissible t e n s i l e  stress 121 i n  t h e  member is 848 
p s i  (5 .8  MPa) and t h e  m i n i m u m  shear reinforcement i s  0.043 
i n 2 / f t .  
MPa) and 28-day design s t r eng th  is increased  t o  6,000 p s i  (42 
MPa), t h e  permiss ib le  t e n s i l e  stress [21 is  929 ps i  (6.4 MPa) and 
the  minimum shear  reinforcement is  0.030 in2 / f t .  

Here, we w i l l  consider two designs f o r  a 10DT28 member 

But, i f  t he  ea r ly  s t r eng th  i s  increased t o  4,000 p s i  i28 
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Summarizing, t h e  inc rease  i n  e a r l y  and long-term s t r eng ths  t o  
4,000 p s i  and 6,000 p s i  (28 and 42 MPa), respec t ive ly ,  r e s u l t e d  i n  
t h e  following benef i t s :  

1. Bottom t ens ion  is now below t h e  12 (f;)1/2 l i m i t ;  

2. F ina l  c a b e r  under sus ta ined  dead loads  is s l i g h t l y  
larger (0.36 i n  ( 9  mm) versus  0.29 i n  (7  mm)) while 
a e f l e c t i o n  under l i v e  loads  i s  less (0.94 i n  (24 mm) 
versus  1.21 i n  (30.7 m m ) ) ;  

The requi red  t o t a l  shear  mesh dropped t o  0.030 i n 2 / f t  
from 0.043 ir?/ft, based on Vc,, Equation 11-11 i n  A C I -  
318. 

3. 

peduced Shear Reinforcement--The reduct ion  i n  requi red  shear  
reinforcement is noteworthy. Based on tests of double tee members 
wi th  and without shear  reinforcement [61, it  was found t h a t  
requirements f o r  t h e  minimum area of shear reinforcement may be 
waived i f  t h e  following cri teria are sa t i s f ied :  

a. 

b. 

c. Shear stresses ca lcu la t ed  us ing  A C 1  Code Equation 

The members are considered t o  a c t  as a simple span; 

Loads are uniformly d i s t r i b u t e d  along t h e  span; 

11-11 (vci) requi red  shear  r e in fo rc ing  i n  t h e  tee of 
0.04 i n 2 / f t ,  o r  less; and 

Shear stresses ca l cu la t ed  us ing  A C 1  Code Equation 11-12 
(v,) do not r equ i r e  shear r e in fo rc ing  i n  t h e  tee. 

d. 

Referring t o  t h i s  work, it i s  f e a s i b l e  t o  omit t he  leg mesh 
s i n c e  the  m i n i m u m  amount by c a l c u l a t i o n  is less than 0.040 i n 2 / f t ,  
but, t r a d i t i o n a l l y ,  a minimum mesh i s  placed a t  each end f o r  10% 
of the span (+l. 

Bvaluatinu Al te rna te  Designs--When designing a series of 
members a l l  having the  same depth but d i f f e r e n t  spans, f l ange  
widths o r  u n i t  loads ,  Equation 2 i81 i s  usefu l  i n  e s t ima t ing  the 
number of s t rands ,  N2, once t h e  requi red  number, N1,  has  been 
found f o r  a d i f f e r e n t  span, L1: 

where 

N = number of s t r ands  
L = member span 
W t o t a l  member weight per u n i t  l ength  
X 1.30 f o r  untopped sec t ions  

= 1.20 for composite s e c t i o n s  (2-inch topping) 
= 1.10 f o r  composite s e c t i o n s  (3-inch topping) 

Yb = d i s t ance  between s e c t i o n  cent ro id  and bottom of stem 
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Based on more p rec i se  ca l cu la t ions ,  w e  can say t he  accuracy 
of Equation ( 1 )  is q u i t e  good and genera l ly  b e t t e r  than 42 when 
se rv ice  load  stresses cont ro l  and the maximum bottom t ens ion  is 
about 600 p s i  (4.2 MPa). The a p p l i c a b i l i t y  of t h i s  equat ion  t o  
high-strength concre tes  has  been independently confirmed by 
others .  

I n  summary, use of high-strength concre tes  can permit longer 
span double tee members wi th  less re inforc ing ,  l oue r  stress 
l e v e l s ,  and b e t t e r  cont ro l  over long-term deformations. And, t o  
f a c i l i t a t e  preliminary design of these  sec t ions ,  standard design 
aids  and formulas may be developed and used. 

Bridue Girders 

A second classical app l i ca t ion  of high-strength concre tes  i s  
f o r  bridge girders.  Most state and l o c a l  governments have adopted 
a l imi t ed  number of bridge g i r d e r  sec t ions ,  and these  are 
t y p i c a l l y  based on a state o r  AASHTO standard. For a given bridge 
us ing  d i f f e r e n t  span l eng ths  and/or load  pa t t e rns ,  t h e  designer 
w i l l  then t y p i c a l l y  vary the  amount of p re s t r e s s ing  and concrete 
s t r eng ths  used in s t ead  of s e c t i o n  s i z e s  i n  order  t o  maintain a 
cons i s t en t  appearance and minimize cons t ruc t ion  costs .  By us ing  
highe-strength concretes t he  designer w i l l  then have g rea t e r  
f l e x i b i l i t y  i n  span l eng ths  t h a t  may be used, and he w i l l  have 
more cont ro l  of d e f l e c t i o n  and camber. 

The a n a l y s i s  o r  design of bridge girders is a very ted ious  
opera t ion  without t he  use of a computer. And, as wi th  t h e  
conventional double tee cons t ruc t ion ,  standard design a i d s  15, 
71 can be extremely he lpfu l  i n  n a r r o w i n g  down t h e  opt ions  and 
s e l e c t i n g  the  requi red  pres t ress ing .  

A l t e rna te  Desinns-When designing f o r  s eve ra l  spans and/or 
girder spacings,  t h e  following equation i81 is recommended f o r  
p red ic t ing  t h e  number of p re s t r e s s ing  s t r and  requi red  i n  t h e  case 
of AASHTO HS-20 loading  i31: 

where 

y = 2.29 for I-girders 
2.35 f o r  boxes (spread o r  ad jacent )  

= 2.42 f o r  composite TT 
z = 0.82 f o r  I -g i rders  
z = 0.87 f o r  spread boxes 
G = girder  spacing 

L and N designate member span and number of s t r ands ,  respec t ive ly .  
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Fvalua t ina  Al te rna te  Strenaths--Other usefu l  equat ions f o r  
p red ic t ing  the  required release and f ina l  s t r eng ths  a t  t he  harping 
po in t s  of I-girders are: 

where 

fki ,2  = concrete  compressive s t r eng th  ( p s i )  a t  time of i n i t i a l  
prestress of member (2) 

f L , 2  z specified compressive s t r eng th  ( p s i )  of  concrete  f o r  
member (2) 

The la t te r  equat ions are based on severa l  hundred cases [5, 
81 and similar publ ica t ions  by o the r  precas te rs .  The accuracy of 
these  equat ions r e l a t i v e  t o  a r igorous  ana lys i s  is genera l ly  
bet  ter than 4%. 

By inspect ion,  using Equations 2 through 4, it is  c l e a r  the 
required release s t r eng th  grows faster than the  g i r d e r  spacing 
whi le  t he  f i n a l  s t r eng th  increases  a t  a much slower rate ( t h e  0.32 
power of GI. The combination of Equations 2 ,  3 and 4 should allow 
the  design engineer  t o  eva lua te  the  impact of span o r  spacing 
change on the  number of s t r ands  and concrete  s t r eng ths  ( i n i t i a l  
and f ina l ) .  These th ree  are the  most important production 
v a r i a b l e s  and would determine the  f e a s i b i l i t y  of a job. 

Benef i t s  of High-Strenath Concretes-A classic, f requent ly  
cited example 191 of the b e n e f i t s  of higher  long-term s t r eng ths  is  
the  opportuni ty  t o  then reduce t h e  number of girders. Raising t h e  
long-term design s t r eng th  from 6,000 t o  10,000 p s i  (42 t o  70 MPa) 
w i l l  permit reduct ion  of the  number of required i -g i rde r s  t o  9 
from 4. Unfortunately, however, l a r g e l y  because of ambiguity i n  
the  AASHTO design procedures w i t h  respec t  t o  s t r eng ths  i n  excess  
of  6,000 p s i  (42 MPa), some des igners  w i l l  not use higher  
s t rengths .  

Even i f  the  long-term design s t r eng ths  are l i m i t e d  t o  6,000 
p s i  (42 MPa), t he  designer and producer can c a p i t a l i z e  on high- 
s t r eng th  concretes. This  fact  is p a r t i c u l a r l y  important s ince  i t  
is r e l a t i v e l y  easy t o  achieve high ea r ly  s t rengths .  

Referring t o  Equations 3 and 4, by increas ing  the  ea r ly  
(i.e., detensioning)  strength from 4,000 to 6,000 p s i  (28 and 42 
MPa), while maintaining the  long-term s t r eng th  a t  6,000 p s i  (42 
MPa), t he  feasible girder  l eng ths  may be increased up t o  10 t o  
155, o r  the  number of girders requi red  may be reduced as much as 
40%. I n  effect, use of the higher  e a r l y  s t r eng ths  permi ts  the  use 
of  more p re s t r e s s ing  fo rce  i n  a given s e c t i o n  without a 
concomitant i nc rease  i n  upward camber, and excess  t e n s i l e  and 
compres si ve stresses. 
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Achieving high ea r ly  s t r eng ths  can also provide except iona l  
long-term b e n e f i t s  i n  terms of reserve capacity and de f l ec t ion  
cont ro l .  If a member were designed f o r  an  e a r l y  s t r eng th  of, say 
5,000 p s i  (35 MPa), and long-term s t r eng th  o f  6,000 p s i  (42 MPa), 
as a matter of p rac t i ce  the  producer w i l l  provide e a r l y  s t r eng ths  
of approximately 5,500 t o  6,000 p s i  (38.5 t o  42 MPa) or g r e a t e r  
and long-term s t r eng ths  of 8,000 t o  10,000 p s i  (56  t o  70 MPa) or 
grea te r .  This is  documented i n  Table 1 ,  above. The e a r l y  
s t r eng ths  would cont ro l  t he  mix materials and propor t ions  used, 
and v i r t u a l l y  ensure t h a t  t he  requi red  28-day s t r eng ths  were 
exceeded by a s u b s t a n t i a l  margin. This  margin would then  serve t o  
provide e x t r a  capac i ty  i n  the member, but also s i g n i f i c a n t l y  
reduce p res t r e s s ing  l o s s e s  due t o  e l a s t i c  shor ten ing  of t h e  member 
and creep movement related t o  high stresses i n  the  sec t ion .  

I n  summary, bridge g i r d e r s  provide a number of oppor tun i t i e s  
f o r  using high-strength concre tes  t o  advantage. If t h e  full range 
of attainable e a r l y  and long-term s t r eng ths  can be used, t h e  
girder's concrete s t r eng th  can be selected t o  permit longer spans, 
wider spacings o r  less p res t r e s s ing  without a change i n  t h e  
g i r d e r ' s  sec t ion .  If an upper l i m i t  i s  placed o n  t h e  long-term 
des ign  s t r eng th ,  t he  e a r l y  s t r eng th  may be se l ec t ed  t o  a l s o  permit 
d i f f e r e n t  spans o r  g i r d e r  spacings,  but a l s o  t o  provide reserve 
capacity.  

CONCLUSIONS 

The following are some of t he  advantages provided by the  higher- 
s t r eng th  concrete (both a t  ea r ly  and later ages): 

1. 

2. 

3. 

Longer achievable spans; double tees spanning up t o  125 
f e e t  (38.1 m )  f o r  r o o f s  and 70 feet  (21.3 m )  f o r  bridges 
have been bu i l t .  Six-foot-deep (1.8 rn) I -g i rde r s  
spanning 158 feet  (48.2 m )  are cu r ren t ly  being designed. 
I n  genera l ,  span-to-precast depth r a t i o s  of 37 t o  40 f o r  
untopped double tees and 27 t o  30 f o r  composite double 
tees have been achieved. For I -g i rder  br idges  a r a t i o  
of 22 t o  27 i s  f e a s i b l e  f o r  g i r d e r  spacings of 8 feet  o r  
5 feet  (2.4 or 1.5 m), respec t ive ly .  With proper 
d e t a i l i n g  these r a t i o s  r e su l t ed  i n  s a t i s f a c t o r y  se rv ice  
behavior. 

Better deformation cont ro l .  With a higher-strength 
concrete Young's e las t ic  modulus goes up, r e s u l t i n g  i n  
smaller de f l ec t ions  and end ro ta t ions .  

Lower p r e s t r e s s  l o s s e s  due t o  creep. Because of t he  
higher Young's modulus there are less creep l o s s e s  which 
of t en  r e s u l t  i n  s t r and  savings. High-strength concre te  
typ ica l ly  has less shrinkage too because of t h e  lower 
W/C r a t i o .  T h i s  w i l l  f u r t h e r  reduce p r e s t r e s s  l o s ses .  
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4. Effect on shear  reinforcement. Present ACI-318 t i es  the  
amount of shear  reinforcement, Av, t o  the  "concrete 
contr ibut ion" term, Vci. 
high-strength concrete  and the  requi red  A, would be 
lower. It i s  cur ren t  p rac t i ce  i n  the  indus t ry  [61 t o  
omit the  l e g  mesh i n  double tees i f  Av >0.040 i n 2 / f t  
(+l. Therefore, the  higher-s t rength concrete  may i n  
some cases r e s u l t  i n  e l imina t ion  of such mesh. 

The la t ter  value is l a r g e r  i n  

REFERENCES 

1. "State  of the A r t  Report on High Strength Concrete," 
Journal ,  No. 4 ,  Vol. 81, July-August 1984, pp. 364-411. 

2. "Building Code Requirements f o r  Reinforced Concrete, A C 1  
318-83, American Concrete I n s t i t u t e ,  1983, Det ro i t .  

3. "Standard Spec i f i ca t ions  f o r  Highway Bridges, Twelfth Edi t ion  
1977," American Associat ion of S t a t e  Highway and Transpor- 
t a t i o n  O f f i c i a l s ,  1977, Washington, D. C. 

4. Aswad, A. , "Rational Deformation Predic t ion  of Pres t ressed  
Members, A C 1  Publ ica t ion  SP-86, Def lec t ions  of  Concrete 
S t ruc tures ,  Ju ly ,  1985. 

5. Aswad, A . ,  D. Wathke and R. Hansen, "Simple Span Design 
Tables and Recommended Details, 1983 Edi t ion,  Stanley 
S t ruc tures ,  Inc., Denver, Colorado. 

6. Anon, "Elimination of Shear Reinforcement i n  Pres t ressed  
Double Tees," 2nd p r in t ing ,  1981, Stanley S t ruc tu res ,  Inc., 
Denver, Colorado, p. 2. 

7. Jacques, F. J., "SPEED GRAPHS f o r  Pres t ressed  Concrete, 
Colorado Prestressers Association, J u l y  1974 and la ter  
ed i t i ons ,  Denver, Color ado. 

8. Aswad, A., "Strand Predic t ion  i n  Selected Precast Flexural  
Members," Journa l  of the  Pres t ressed  Concrete I n s t i t u t e ,  
September/October 1979, pp. 114-121. 

9. Jobse, H.J. ,  and S.W. Moustafa, "Applications of High 
Strength Concrete f o r  Highway Bridges, II Journal  of t he  
Pres t ressed  Concrete I n s t i t u t e ,  May/June 1984. 

Full document details: ACI SP-87-85

http://www.avadocuments.com/doc/aci-sp-87-85
http://www.avadocuments.com/doc/aci-sp-87-85


A C 1  SP-ô7 85 a 0bb2749 052942b 225 M 

Prestressed Precast Concrete Members 19 

Table 1 

S t a t i s t i ca l  Data f o r  Se lec ted  High-Strength Concretes 
Produced i n  a Pres t ressed  Precas t  Concrete P lan t  

Reference 
Mix No. 

1 
(80 tests) 

Standard 
devia  t i o n  

Coeff ic ien t  
of v a r i a t i o n  

2 
(35 tests) 

Standard 
i devia t ion  

Coeff ic ien t  
of  v a r i a t i o n  

3 
(13 tests) 

Standard 
dev ia t ion  

Coeff ic ien t  
of v a r i a t i o n  

Spec i f ied  
Early 

S t rennth  

5,000 p s i  
(35 MPa) 

6,000 p s i  
(42 MPa) 

6,800 p s i  
(47.6 MPa) 

Actual 
Early 

S t rena th  

6,030 p s i  
(42 MPa) 

630 p s i  
(4 .2  MPa) 

10% 

6,910 p s i  
(48.4 MPa) 

530 p s i  
(3.7 MPa) 

7.82 

7,570 p s i  
(54.3 MPa) 

540 p s i  
(3.8 MPa) 

7.1% 

Speci f ied  
28-Day 

St rennth  

6,000 p s i  
(42 MPa) 

6,000 p s i  
(42 MPa) 

7,200 P s i  
(50.4 MPa) 

Actual 
28-Day 

S t r e m t h  

9,270 p s i  
(42 MPa) 

610 p s i  
(4.2 MPa) 

6.6% 

10,870 p s i  
(76.1 MPa) 

700 p s i  
(4.9 MPa) 

3.7% 

11,125 P s i  
(77.8 MPa) 

470 p s i  
(3.3 MPa) 

4.2% 
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Fig. 1--Quality control chart for early and 
28-day compressive strengths 
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High-Strength Concrete in Seattle 

By Kingsley D. Drake 

Synopsis : 

During t h e  past 5 years ,  t h e  u t i l i z a t i o n  of high-strength 
concrete  i n  S e a t t l e  has come a long way. This paper summarizes 
high-strength concrete  use on 7 p r o j e c t s  i n  t h e  S e a t t l e  a r ea ,  with 
p a r t i c u l a r  emphasis on 9500 psi (670 kg/sq.cm) concrete  a t  t h e  
Columbia Center p ro jec t .  

Columbia Center i s  used as an example o f  t h e  cooperation and 
q u a l i t y  c o n t r o l  required of t h e  S t r u c t u r a l  Engineer, Contractor,  
Concrete Suppl ier  and Test ing Laboratory f o r  high-strength con- 
c r e t e .  

Columbia Center w a s  t h e  first major p ro jec t  t o  use a high 
cement content mix i n  mass (1200 yd3 - approx. 918 m 3 )  placements. 
Strength gain,  modulus of e l a s t i c i t y  and temperature r ise charac- 
t e r i s t i c s  are presented. 

Keywords: columns (supports); compressive strength; high-rise 
buildings; high-strength concretes; mass concrete; mix propor- 
tioning; modulus of elasticity; quality control; temperature rise 
(in concrete). 
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Kingsley D. Drake, P.E., D i s t r i c t  Manager - Pi t t sbu rgh  Tes t ing  
Laboratory, S e a t t l e ,  Wash. B.S. - Univ. of Wash. Twenty-four 
years  experience i n  Mix Proportioning, Testing, Inspect ion,  and 
Q. C. o f  Concrete. Member A C 1  Comm. 363, "High-Strength Concrete", 
& Comm. 212 - Subcomm. 2, "Propert ies  o f  Concrete a t  Ea r ly  Ages". 

INTRODUCTION 

Through t h e  late 1960's, 3,000 and 4,000 p s i  (211 and 281 
kg/sq.cm) concrete  w a s  commonly used i n  a l l  t h e  major s t r u c t u r e s  
i n  t h e  S e a t t l e  area. Even i n  t h e  mid-1970'~~ t h e  concrete  i n  t h e  
a l l  concrete  King Dome was p r imar i ly  3,000 and 4,000 p s i  (211 and 
281 kg/sq.cm) with 5,000 p s i  (352 kg/sq.cm) used only i n  t h e  
columns. To use i n  excess of 6,000 p s i  (422 kg/sq.cm) w a s  unheard 
of u n t i l  t h e  late 1970's. This paper o u t l i n e s  t h e  u t i l i z a t i o n  of 
high-strength concrete  i n  t h e  S e a t t l e  area during r ecen t  years .  

TYPICAL PROJECTS 

The first s i g n i f i c a n t  use of high-strength concrete  i n  
S e a t t l e  was  i n  t h e  One Union Square Building (Figure #l). This 
consis ted of 7,500 p s i  (527 kg/sq.cm) concrete  i n  t h e  38 s t o r y  
s l i p  formed core.  The mix consis ted of 3/8" (approx. 1 cm) 
aggregate  and no s u p e r p l a s t i c i z e r ,  which w a s  somewhat o f  an 
achievement f o r  1979. 

The next use o f  high-strength concrete  was i n  t h e  Third and 
Broad Building. This p r o j e c t  u t i l i z e d  8,000 p s i  (562 kg/sq.cm) 
concrete  i n  t h e  i n t e r i o r  columns. A 5/8" (approx. 1.6 cm) aggre- 
g a t e  mix w a s  designed with 846 l b s .  (384 kg)  of cement, f l y  ash,  
and s u p e r p l a s t i c i z e r ,  with a water cement r a t i o  o f  0.24. 

I n  1982, t h e  Skyl ine Tower Building w a s  constructed i n  
Bellevue, a suburb of S e a t t l e .  This 26 s t o r y  s teel  frame bu i ld ing  
u t i l i z e d  1,500 yards3 (1,147 m 3 )  of 7,000 psi (492 kg/sq.cm) 
concrete  i n  t h e  composite columns. The mix cons i s t ed  of 3/8" 
(approx. 1 cm) coarse aggregate,  635 l b s .  (288 kg) o f  cement, 20% 
f l y  ash,  ana s u p e r p l a s t i c i z e r .  The concrete  a c t u a l l y  averaged 
9,500 p s i  (670 kg/sq.cm) a t  t h e  design age o f  56 days. This 
p r o j e c t  i s  of s p e c i a l  i n t e r e s t  because of t h e  use  of post-tension- 
i n g  i n  t h e  e x t e r i o r  columns, with ind iv idua l  s t r a n d s  s t r e s s e d  a 
v e r t i c a l  d i s t ance  of up t o  260 feet (approx. 79 m). 

Another recent  p r o j e c t  (1984) was t h e  World Trade Center i n  
Tacoma, which is approximately 35 m i l e s  (approx. 56 km) sou th  of 

Full document details: ACI SP-87-85

http://www.avadocuments.com/doc/aci-sp-87-85
http://www.avadocuments.com/doc/aci-sp-87-85


A C 1  SP-87 85 œ Ob62949 0529i530 756 œ 

High-Strength Concrete 23 

S e a t t l e .  This p ro jec t  had 8,000 p s i  (562 kg/sq.cm) concre te  
columns on t h e  first f l o o r ,  7,000 psi (492 kg/sq.cm) columns on 
t h e  second f l o o r ,  and 6,000 p s i  (422 kg/sq.cm) columns and beams 
throughout t h e  remainder of  t h e  building. 

A pro jec t  t h a t  i s  cu r ren t ly  (1984) under cons t ruc t ion  is  t h e  
Bal lard Hospi ta l  addi t ion .  This is a r e l a t i v e l y  small bui ld ing  
u t i l i z i n g  t h e  lift s l a b  method of cons t ruc t ion .  The 8,000 psi 
(562 kg/sq.cm) concrete  used i n  t h e  shear  w a l l s  of t h e  e l eva to r  
s h a f t  cons is ted  of 3/8" (approx. 1 cm) aggregate,  658 l b s .  (298 
kg) of cement, f l y  ash ,  and supe rp la s t i c i ze r .  

A pro jec t  s t a r t e d  i n  1984 is t h e  Century Square Building i n  
downtown S e a t t l e  (F igure  #2) .  This i s  a 29 s t o r y  s t e e l  frame 
bui ld ing  with composite columns. Figure #3 shows t h e  t y p i c a l  
congestion of s t r u c t u r a l  and r e in fo rc ing  s t e e l  found i n  a compos- 
i t e  column u t i l i z i n g  high-strength concrete.  

The composite columns w i l l  u t i l i z e  10,000 psi (703 kg/sq.cm) 
concrete  a t  an age of 56 days. Based on f i e l d  and labora tory  
t r ia ls ,  a mix with 799 l b s  (362 kg) of cement and 3/8" (approx. 1 
cm) aggregate  w i l l  be used. The f i r s t  high-strength concrete  fo r  
t h i s  p ro jec t  was placed i n  December, 1984. 

COLUMBIA CENTER 

Probably t h e  most we l l  known of a l l  t h e  S e a t t l e  h i - r i s e  
bui ld ings  i s  t h e  Columbia Sea-Firs t  Center (F igure  #4) .  This 76 
s t o r y  bui ld ing  is t h e  t a l l e s t  i n  t h e  Western United S t a t e s  and 
reported t o  be t h e  8 t h  t a l l e s t  i n  t h e  world. 

The bui ld ing  cons i s t s  of t h r e e  s lender  towers of d i f f e r i n g  
he ights  which are bundled toge ther ,  with t h e  towers s tepping  back 
a t  t h e  43rd and 6 i s t  f loo r s .  This i s  a s t e e l  frame bui ld ing  
except fo r  t h r e e  l a r g e  composite columns cons i s t ing  of s t r u c t u r a l  
s t e e l  and 9,500 p s i  (670 kg/sq.cm) concrete.  

These columns a r e  located i n  t h e  middle of each of t h e  
bu i ld ing ' s  t h r e e  s t r a i g h t  faces .  The columns c a r r y  most of t h e  
g rav i ty  loads,  a long with t h e  wind and seismic forces .  The 
columns measure 8' x 12' (approx. 2.44 x 3.66 m) a t  t h e  base of  
t h e  bui ld ing  and t ape r  t o  3' x 3'  (approx. 0 .9  x 0.9 m )  a t  t h e  
top .  A r e f ined  computer ana lys i s  and these  columns made it 
poss ib l e  t o  limit t h e  s t e e l  i n  t h e  frame t o  less than  15 pounds 
per square foot (73 kg/sq. m) of f l o o r  a rea ,  compared t o  i n  excess 
of 20 psf (98 kg/sq. m )  f o r  a convent ional ly  designed bui ld ing .  
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Design Requirements 

Columbia Center is an exce l l en t  example of t h e  cooperat ion 
requi red  i n  t h e  design and cons t ruc t ion  of high-strength concre te  
s t r u c t u r e s .  During t h e  f i n a l  design s t ages  and approximately 1 
year  p r i o r  t o  cons t ruc t ion ,  t h e  General Vontractor ,  t h e  Arch i t ec t ,  
t h e  Owner/Developer, t h e  S t r u c t u r a l  Engineer, and t h e  Engineering 
Materials Tes t ing  Laboratory met t o  f i n a l i z e  t h e  design f o r  t h e  
high-strength concrete  i n  t h e  composite columns. 

The S t r u c t u r a l  Engineer ind ica ted  t h a t  a compressive s t r e n g t h  
of  9,500 psi (670 kg/sq.cm) w a s  requi red  t o  support  t h e  bu i ld ing  
loads.  The main concern w a s  t o  maximize t h e  modulus of e l a s t i c i t y  
i n  order  t o  reduce t h e  amount of sway i n  t h e  upper s t o r i e s  of  t h e  
building. 

Since t h e  high "E" was f o r  tenant  comfort only and t h e  upper 
f l o o r s  would not be occupied f o r  a t  least 6 months fol lowing f i n a l  
concrete  placements, a design age of i80 days was se l ec t ed .  
Because t h e  high-strength concrete  w a s  t o  be used i n  columns t h a t  
were very congested with r e in fo rc ing  and s t r u c t u r a l  steel, a slump 
of 8-9" (approx. 20-23 cm) w a s  des i red .  

Mix Design 

Following t h e  des igna t ion  of design parameters, t h e  Tes t ing  
Laboratory i n s t i t u t e d  a series of labora tory  and f i e l d  t r ia ls .  
Various sizes of  aggregates ,  ranging from 3/8" (approx. 1 cm) t o  
3/4" (approx. 2 cm), were t r i e d  along with crushed and n a t u r a l  
s tone .  Addit ional ly ,  experiments were made with Types I,  II,  and 
III cement. 

The f i n a l  mix se l ec t ed  cons is ted  of 846 lbs. (384 kg) of  me 
1/11 cement and 20% Class F f l y  ash. A n a t u r a l  aggregate  was 
decided upon, cons i s t ing  of a blend of 70% 3/4" (approx. 2 cm) and 
30% 3/8" (approx. 1 cm), and a coarse  paving sand. The 3/4" 
(approx. 2 cm) maximum aggregate  w a s  s e l ec t ed  f o r  its a b i l i t y  t o  
produce concrete  with t h e  h ighes t  "E" values.  

Admixtures used were a normal water reducing agent and a 
supe rp la s t i c i ze r  of  t h e  naphthalene type,  r e s u l t i n g  i n  a f i n a l  
water cement r a t i o  of 0.25. With t h i s  mix it w a s  found t h a t  t h e  
des i r ed  9,500 psi (670 kg/sq.cm) compressive s t r e n g t h  could e a s i l y  
be obtained. The S t r u c t u r a l  Engineer w a s  informed t h a t  an "E" of  
6.75 x 106 psi (475 x l o 3  kg/sq.cm) could be used f o r  t h e  f i n a l  
design ca l cu la t ions .  
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Mass Footing 

During excavation, approximately 3 months p r i o r  t o  i n i t i a l  
concrete  placements, So i l5  problems were encountered t h a t  required 
t h e  S t r u c t u r a l  Engineer t o  re-design t h e  foot ings with 9,500 p s i  
(670 kg/sq.cm) concrete.  Since t h e  9,500 p s i  (670 kg/sq.cm) mix 
had been designed f o r  an age of 180 days and t h e  "E" values o f  t h e  
mix had been incorporated i n t o  t h e  f i n a l  design, it w a s  impossible 
t o  change t h e  mix a t  t h i s  late date .  

Since t h e  main foot ings were massive i n  s i z e  (48' x 48' x 
1 4 ' )  (approx. 14.6 x 14.6 x 4.3 m), t h e r e  were a number o f  con- 
ce rns  r e l a t i v e  t o  hea t  rise (Figure # 5 ) .  Because t h e r e  was no 
published d a t a  on heat  rise f o r  such a high cement content mix, 
t h e r e  was p a r t i c u l a r  concern f o r  t h e  d i f f e r e n t i a l  temperature 
between t h e  i n s i d e  and t h e  ou t s ide  of t h e  concrete .  

I n  order  t o  determine what s o r t  of hea t  rise and d i f f e r e n t i a l  
t o  expect,  a series of t h r e e  tes t  blocks were c a s t .  The test  
blocks were 6' x 6' x 6' (approx. 1.8 x 1.8 x 1.8 m )  and were c a s t  
a t  varying condi t ions of f r e s h  concrete  and a i r  temperature,  s i n c e  
it was probable t h a t  a t  least one, o r  possibly two, of t h e  foot- 
ings would be c a s t  during t h e  high temperature months of t h e  
summer. 

l 

I n  order t o  determine t h e  hea t  r ise c h a r a c t e r i s t i c s ,  thermo- 
couples were placed at t h e  cen te r  as w e l l  as t h e  e x t e r i o r  faces  o f  
t h e  test blocks. As can be seen from Figure #6, w e  recorded a 35- 
400F (approx. l9-22OC) d i f f e r e n t i a l  between t h e  i n s i d e  and t h e  
ou t s ide ,  and a maximum temperature of 1800F (approx. 820C). The 
heat  r ise c h a r a c t e r i s t i c s  were similar i n  a l l  t h r e e  test  blocks.  
The blocks were c lose ly  monitored f o r  s e v e r a l  months and none 
showed any v i s i b l e  su r face  cracking. 

Another concern w a s  t h a t  of poss ib l e  s t r e n g t h  v a r i a t i o n  due 
t o  t h e  temperature d i f f e r e n t i a l .  To answer t h i s  concern, a series 
o f  cores  were removed from throughout t h e  block a t  28 days. The 
cores  ind ica t ed  t h e  average s t r e n g t h  of t h e  concrete  t o  be wi th in  
110 p s i  (7.8 kg/sq.cm) from ou t s ide  t o  i n s i d e ,  and only 500 p s i  
(35.2 kg/sq. cm) below t h a t  of t h e  companion laboratory cured 
cy l inde r s .  

Quality Control 

Columbia Center i s  an exce l l en t  example of t h e  q u a l i t y  
c o n t r o l  required f o r  high-strength concrete .  The Engineering 
Materials Test ing Laboratory, t h e  Concrete Suppl ier ,  and t h e  
General Contractor -- a l l  had w r i t t e n  q u a l i t y  c o n t r o l  procedures. 

The Concrete Suppl ier  was required t o  perform aggregate 
gradat ions a t  t h e  p i t  as w e l l  as a t  t h e  batch p lan t .  Moisture 
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content  checks were performed d a i l y  us ing  t h e  oven dry method as 
w e l l  as continuous monitoring of t h e  sand with a moisture meter. 
The Suppl ie r  w a s  a l s o  requi red  t o  check h i s  t rucks  on a monthly 
bas i s  f o r  c l ean l ines s  and ope ra t iona l  c h a r a c t e r i s t i c s .  But most 
important, t h e  water content was kept cons tan t  per t h e  requi re -  
ments of t h e  mix design with slump being s t r i c t l y  con t ro l l ed  by 
t h e  use of supe rp la s t i c i ze r .  

The General Contractor  had a f u l l  t ime Q.A. manager ass igned 
f o r  concre te  qua l i t y .  He monitored not only h i s  personnel, but 
a l s o  t h e  a c t i v i t i e s  of  t h e  Concrete Suppl ie r  and t h e  Tes t ing  
Laboratory. One of t h e  Cont rac tor ' s  r e s p o n s i b i l i t i e s  was  t h e  
con t ro l l ed  dosing of  s u p e r p l a s t i c i z e r  a t  t h e  j o b s i t e .  The slump 
of  concre te  i n  each t ruck  w a s  measured when t h e  t ruck  a r r i v e d  and 
then  a c a r e f u l l y  measured amount of s u p e r p l a s t i c i z e r  was added. 
The drum w a s  r o t a t e d  a t  mixing speed f o r  5 minutes, or 75 revolu- 
t i o n s ,  whichever was g rea t e r .  Then another  slump was taken t o  
make s u r e  t h e  concre te  was wi th in  t h e  des i r ed  8 t o  9" (approx. 20- 
23 cm) range. The Cont rac tor ' s  Q.A.  manager w a s  adamant t h a t  no 
water be added at  t h e  j o b s i t e  i n  order  t o  inc rease  workabi l i ty .  
H e  made sure t h a t  t h e  personnel  of  t h e  Contractor ,  Concrete 
Suppl ie r ,  and Tes t ing  Laboratory s t r i c t l y  kept  t h e i r  hands o f f  t h e  
high-strength concrete  water content.  

The Tes t ing  Laboratory had t h e  g r e a t e s t  r e s p o n s i b i l i t y  f o r  
q u a l i t y  c o n t r o l  on t h e  high-strength mixes. The Laboratory had a 
full t i m e  batch p l an t  inspec tor  ass igned t o  a l l  high-strength 
placements. H e  was  requi red  not only t o  monitor t h e  ingredien ts  
going i n t o  t h e  mix, and t o  monitor t h e  moisture content  checks 
being made by t h e  ready mix supp l i e r ,  bu t  t o  a l s o  check t h a t  each 
t ruck ,  as it backed under t h e  c e n t r a l  mixer, had i t ' s  drum revers-  
i ng  so  t h a t  a l l  wash water would be expelled.  

The Tes t ing  Laboratory assigned a concrete  engineer t o  
superv ise  a l l  high-strength placements. He was  a l s o  requi red  t o  
inspec t  a l l  concrete  t rucks ,  every 3 months, i n  a d e t a i l e d  manner 
t o  in su re  that t h e  t rucks  were i n  conformance with t h e  requi re -  
ments of  NRMCA (i). 

On each concre te  placement, t h e  Test ing Laboratory assigned 
r e s iden t  concrete  inspec tors  t o  monitor t h e  placement as w e l l  as 
t h e  curing. Full t i m e  concre te  technic ians  were assigned f o r  
c a s t i n g  cy l inders  and performing slump and u n i t  weight tests. A l l  
t echnic ians  were r e g i s t e r e d  s p e c i a l  inspec tors  as we l l  as being 
q u a l i f i e d  i n  accordance with t h e  Laboratory's nuclear  c e r t i f i c a -  
t i o n  program. 

Cylinders were c a s t  i n  heavy s t e e l  molds and immediately 
placed i n  f i e l d  cur ing  boxes which were the rmos ta t i ca l ly  con- 
t r o l l e d .  I n  order  t o  segrega te  t h e  high-strength cy l inde r s  f o r  
s p e c i a l  handling, colored d a t a  forms and t a g s  were a t tached  t o  t h e  
f r e s h  cy l inders .  Needless t o  say, s t r i c t  adherence t o  a l l  ASTM 
procedures was  maintained. All high-strength cy l inders  were 
t ranspor ted  t o  t h e  Laboratory i n  s p e c i a l  ca r ry ing  racks  and 
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covered with cur ing  blankets  t o  avoid damage. 

Immediately upon r e c e i p t  i n  t h e  c e n t r a l  l abora tory ,  t h e  
cy l inde r s  were capped and put i n t o  a s tandard  moist cur ing  room. 
I n  order t o  be sure t h e r e  would be no mix-up i n  t h e  cur ing  room, 
a l l  high-strength cy l inde r s  were marked with a d i s t i n c t i v e  spo t  of  
pa in t .  A l l  cyl inders  were t e s t e d  by nuclear  qua l i f i ed  labora tory  
technic ians  on a 600 k i p  (272,160 kgf )  Universal  Tes t ing  Machine. 

The S t r u c t u r a l  Engineer was also i n t e r e s t e d  i n  determining 
t h e  a c t u a l  va lue  of "E" throughout t h e  placements, so  one set of 
cy l inders  per 1,000 yd3 (765 m 3 )  was t e s t e d  f o r  chord modulus of 
e l a s t i c i t y  a t  t h e  design age of  180 days. 

The General Contractor w a s  concerned r e l a t i v e  t o  t h e  design 
age of 180 days and f e l t  t h a t  even 7 days w a s  not going t o  be 
e a r l y  enough t o  d e t e c t  p o t e n t i a l  s t r eng th  problem.  I n  order t o  
answer t h i s  concern, a f i e l d  labora tory  w a s  set up on t h e  j o b s i t e  
and a d d i t i o n a l  cy l inders  were t e s t e d  at 24 hours, i n  accordance 
with t h e  w a r m  water cure method ( 2 ) ,  for a l l  column placements. 
From t h i s  da ta ,  a c o r r e l a t i o n  w a s  developed t o  t h e  7, 28, 56, and 
u l t imate ly ,  t h e  180 day s t r eng th .  

The Laboratory a l s o  s e t  up c r i t e r i a  designated as " t r i g g e r  

personnel  t o  know t h e  l e v e l  of s t r eng th  t h e  concrete  should obta in  
a t  various ages i n  order t o  reach t h e  design s t r eng th  of 9,500 p s i  
(670 kg/sq.cm) a t  180 days. 

I points" (Table #i). The " t r igge r  po in ts"  enabled a l l  concerned 

Construction 

The first high-strength concrete  was placed i n  t h e  mass 
foot ings ,  which contained approximately 1,200 yd 3/each (approx. 
918 m 3 ) .  The concrete  was batched with j u s t  enough supe rp la s t i c i -  
zer  t o  ge t  it out of t h e  mixer a t  a 2-3" (approx. 5-8 cm) slump. 
This requi red  approx. 2/3 of t h e  t o t a l  dosage. When t h e  concre te  
a r r ived  a t  t h e  j o b s i t e ,  a haul  of approximately 20 minutes, it w a s  
re-dosed t o  br ing  it t o  t h e  des i red  8-9" (20-23 cm) slump. 

I n  order t o  determine t h e  hea t  r i s e ,  thermocouples were 
placed i n  two of t h e  mass footings.  The thermocouples were placed 
on a l l  4 s i d e s  and throughout t h e  i n s i d e  a t  approximately mid- 
he ight .  The maximum temperature of  190°F (approx. 8 8 O C )  occurred 
i n  about 7 days, as d id  t h e  maximum d i f f e r e n t i a l  of 49OF (approx. 
27OC) i n  foot ing  #1 ( F i F e  7 )  and 63OF (approx. 35OC) on t h e  
o the r  monitored foot ing .  Even though t h i s  was somewhat h igher  
than  t h e  400F (22OC) d i f f e r e n t i a l  des i r ed ,  t h e r e  w a s  no s i g n i f i -  
can t  cracking. The amount of cracking observed, over a 2 month 
period, w a s  similar t o  what one would expect i n  a mass foo t ing  of 
t h i s  s i z e  with a low cement content.  

For t h e  column placements, a l l  t h e  t rucks  discharged i n t o  a 
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high speed hopper which t ranspor ted  t h e  concre te  t o  an intermedi- 
ate f l o o r  f o r  pumping t o  ad jacent  f loo r s .  The columns were h ighly  
congested with s t r u c t u r a l  and r e in fo rc ing  steel. The r e in fo rc ing  
steel cons is ted  of 68 welded w i r e  f a b r i c ;  3" x 3" (approx. 8 x 8 
cm) on cen te r  with a 2" (approx. 5 cm) v e r t i c a l  spacing. 

I n  add i t ion  t o  t h e  high-strength concre te  t h a t  was i n  t h e  
column, t h e r e  was  a l s o  an a rea  of f l o o r  around each column t h a t  
contained 9,500 p s i  (670 kg/sq.cm) concrete.  Approximately 8,000 
cubic yards  (approx. 6,100 m 3 )  of 9,500 p s i  (670 kg/sq.cm) con- 
c r e t e  was placed i n  t h e  columns i n  t h i s  building. 

T e s t  Data 

The da ta  obtained t o  da t e  (F igure  6'8) ind ica t e s  an average 
compressive s t r e n g t h  of  9,700 p s i  (682 kg/sq.cm) a t  28 days, 
11,000 psi (773 kg/sq.cm) at 56 days, and i n  excess of 12,000 p s i  
(843 kg/sq.cm) a t  180 days, with some sets of cy l inde r s  as high as 
15,000 p s i  (1,056 kg/sq.cm). 

The average chord modulus of e l a s t i c i t y  for  t h e  9,500 p s i  
(670 kg/sq.cm) mix w a s  6.94 x lo6 psi (488 x lo3 kg/sq.cm). 
However, as shown by Figure #9, t h e  ind iv idua l  "E" values  tend  t o  
be somewhat lower, than  t h a t  pred ic ted  by t h e  AC1 318 Building 
Code Formula, i n  t h e  range of 14,000 t o  16,000 psi (984 t o  1,125 
kg/sq.cm). 

I n  Conclusion, S e a t t l e  has come a long way i n  t h e  past 5 
years .  Based on cu r ren t  knowledge, high-strength concre te ,  i n  t h e  
range of 11,000-12,000 psi (773 t o  843 kg/sq.cm), is  f e a s i b l e  f o r  
use i n  t h e  forseeable  future. 

Credi t s  
7 
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S t r u c t u r a l  Engineer - S k i l l i n g ,  Ward, Rogers, Barkshire 
Engineering Mater ia ls  Tes t ing  Laboratory - Pi t t sburgh  Tes t ing  
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Table 1 - Trigger points 

TRIGGER POINTS 
9500 PSI 6) 180 DAYS 

AGE COMP. STRENGTH (PSI) 
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Fig. 1--One Union Square Building 
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Fig. 2--Century Square Building 
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I Fig. 3--Century square - composite column mockup 

Fig. 4--Columbia Center Building 
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Fig. 5--Mass footing - Columbia Center Building 

2oor 

n 
5 160 
Y 

ä 

I 
w 120 

TEST BLOCK #t 1 
HIGH TEMP PLACEMENT 

. 
- 
- 
I 

- 
80 

J I I I I I I 1 
1 2 3 4  5 6  7 

AGE (DAYS) 

Fig. 6--Heat rise in test block 
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Fig. 7--Heat rise in mass footing - Columbia Center Building 
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Fig. 8--Strength gain - 9,500 psi (670 kg/sq.cm) mix 
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Fig. 9--Modulus of e l a s t i c i ty  - 9,500 p s i  (670 kg/sq.cm) mix 
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High-Strength Concrete: 
How to Use it Every Day 

By R. Lacroix and P. Jaugey 

Synopsis: A research program has been promoted in order to study 
the compositions and properties of High Performance Concretes to 
be produced in France. Concretes with a characteristic compressive 
strength of 50 to 60 MPa (7 O00 to 8 500 psi) on cylinders tests 
may be fabricated every where in France at a reasonnable cost, by 
selecting aggregates, cement and superplasticizers. The Brittle 
behaviour of such concretes under loads action needs a reevalua- 
tion and a possible adaptation of the codes of design. The other 
characteristics of this material are significantly improved : 
reduction of creep and shrinkage, increase of compacity. The gain 
to be expected from a generalized use of such concretes results 
from short time characteristic, by decreasing the member sections 
and improving the rate of utilization of shuttering, and from long 
time characteristic by increasing durability. However a complemen- 
tary program is now in progress in order to clear some uncertain- 
ties and to design an experimental structure. 

Keywords: aggregates; cements; costs; economics; high-strength 
concretes; plasticizers; research. 
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INTRODUCTION 

Since about one century the mechanical strength of concrete 
has hardly varied : in France current buildingsrequire a 25 to 30 
MPa ( 3  500 to 4 O00 psi) strength, and exceptional structures 
require more than a 35 MPa (5 O00 psi) strength. These figures 
represent characteristic values achieved from cylinder samples at 
28 days of age, often wrongly compared with mean values obtained 
on cubes at 90 days of age according to obsolete methods. But even 
taking into account the change in definition, today's values are 
hardly higher than those obtained by HENNEBIQUE and COIGNET, at 
the end of the nineteenth century; the concrete strengths of the 
most advanced present day structures are lower than those prescri- 
bed by FREYSSINET and CAQUOT in their designs. 

If the look of today's constructions appears more slender 
than these of our predecessors, this fact results more from an 
increase in the ratio between service stress and ultimate stress 
than from a true increase of material strength value. This apparent 
reduction of the safety factor is entirely justified by recent 
major advances in many fields : 

- better knowledge of actions, 
- more precise assessments of stresses, 
- better quality standard od materials, 
- in some cases, better control on workmanship. 
However, modern cement plants deliver high strengh cements 

of excellent quality, chemical industry has developed a complete 
range of concrete admixtures and equipment builders bring to the 
sites more and more precise and reliable machines for mixing and 
transporting the concrete. Therefore, this near regression of 
concrete performances may surprise many, and has probably its 
origin in the increasing indifference of engineers in the technical 
aspect of the j o b  and at a lower extent, in a position of fear in 
face of responsibilities. 

Today, making laboratory concrete of up to 80 ( I I  500 psi) 
or even 100 MPa ( 1 4  O00 psi compressive strength does not represent 
any difficulty, provided a proper selection of cement, aggregates 
and admixture for the mix desiqn is macle. 
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A number of very useful data have been gathered in this 

The aim of the research undertaken by SGE ( I ) ,  CEBTP (2), 
field by the AC1 Cortunittee 363. cl]  

CERILH (3) and LCPC ( 4 ) ,  with the help of DAEI (5), was quite dif- 
ferent. The actual targets were : 

a) To determine the practical ways to obtain, on site and 
at a reasonable cost, a concrete with a characteristic strength in 
the range of 50 to 60 MPa (7 O00 to 8 500 psi). 

b) To confirm the economical interest in such a concrete, 
compared with a usual structural concrete. 

2. RESEARCH PROGRAM 

The research started at the end of 1982. The program in- 
cluded seven steps described below. 

2.1. Preliminary Surveys 

la-- Precisions brought on the possible utilizations 

Ib-- Bibliography on high strength concretes, presently made 
on site. 

I IC-- Survey aggregate sources, in order to obtain a first 
selection of aggregates available in FRANCE to be used in the 
experimental scheme. 

Selection of a few sources of aggregates to be supplied and 
comparative studies of their characteristics. Synthesis elabora- 
tion from all the survey results brought by the research partners. 

2.2. Comparative Analysis of Cement & Admixture Combinations 

- Experimental survey of french high strength cements. 
- Selection supply and tests of six particular cements 

(chemical composition, granular distribution, mineralogy, hydra- 
tion heat development, strength). 

aggregates, with a cement content of 425 kg/m3 (715 lb/yd3) : 
workability, strength, swelling/shrinkage. 

- Tests on concrete mixed with these cements and standard 

- Tests on the six concretes with four selected admixtures. 
2.3. Concrete Mix Study and tests 

3a-- Comparative tests on selected aggregates : systematic 

(1)SGE is one of the most important civ.eng. contracting firms in 

(2)Centre Experimental du Bâtiment et des Travaux Publics 
(3)Centre d'Etudes et de Recherches de l'Industrie des Liants 

FRANCE. 

Hydrauliques 
(4)Laboratoire Central des Ponts et Chaussées 
(5)Direction des Affaires Economiques et Internationales (Ministère 

de l'Urbanisme et des transports). 
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studies of several concrete mixes with two of the cement-admixture 
combinationsselected during the previous step. Rheology, workabi- 
lity, shrinkage, creep, static modulus, tensile strength. 

3b-- Strain-stress diagrams at different ages : strength 
under sustained compression. 

2.4. Evaluation of the Conditions to be met for using the 
previously designed Concretes 

4a-- Design conditions. 

4b-- Site conditions 
- Comparison of crushed and natural sand mixing 
- Type of mixing and time available before hardening 
- Influence of percentage of fines and out granular classes 
- Curing 
- Convenience and control tests 
- Procedure of compression test. 

2.5. Complementary tests to be undertaken during the previous 
studies and report od evaluation finalizing the five first steps. 

(eventuality of rescreening operation) 

2.6. Rebars-Concrete Bond and Structural Tests 

6a-- Rebars-concrete bond (ultimate bond stress) : the aim 
is to compare the behaviour of the previously designed concretes 
to that of standard structural concrete. 

' 6b-- Flexural beams behaviour : the rupture of rectangular 
section beams made of usual structural concrete is compared with 
that obtained with the selected concrete. Some tests are performed 
with flexural ruptures and other for shear rupture. Phase 6 points 
to the particular conditions which have to be taken into account 
in every design using such concretes. 

2.7. Preliminary Design of a Structure in Comparison with Design 
using standard Concrete 

The previous studies must be completed by an experimentation 
on site : the aim of this design phase is to turn the use of high 
strength material to the best account for building a given struc- 
ture. 

This is a direct preliminary to a complete execution : itwill 
be necessary to specify the measuring equipment to be placed on 
and into the structure, and the level of quality control required 
for a good achievement. 

3. BIBLIOGRAPHY SURVEY AND FIELD OF UTILIZATION 
The bibliography related to high strength concrete is very 

wide and the papers reflect more and more the purpose of concrete 
quality improvement, a purpose which becomes common throughout the 
world. 

Full document details: ACI SP-87-85

http://www.avadocuments.com/doc/aci-sp-87-85
http://www.avadocuments.com/doc/aci-sp-87-85


A C 1  SP-87 85 0662949 052944b O13 

How to Use it Every Day 39 

The ways for achieving this improvement are as follows : 

3.1. Selection and Content of Cement in Concrete 

Various authors studies either pure Portland cement brcements 
combined with fly ashes, or High Alumina cement. Their main 
conclusions are : 

- Portland cement, the most common, is sufficient to bring 
the required strength. - The strength increases with the cement content but it seems 
there is an economical optimum around 400 kg/m3 (675 Ib/yd3). 

- It is possible to substitute mineral fillers for about 15% 
of the cement, without appreciable change in the strength. 

3.2. Aggregates 

Three main ideas are prevalent : 
- The high strength aggregates are not the best for concrete, 

because of their very high elastic modulus, compared with the 
modulus of a cement paste; from this contrast stress concentra- 
tionsoccur which are detrimental to the concrete mechanical 
behaviour. k2] 

size distribution, which have been set and taught by the good 
authors, become less important andsometimes no longer usable. 

factor, which os explained by the fact that concrete rupture in 
compression comes through the loss cohesion on planes running 
parallel to the stress axis. 

- For high strength concrete, the traditional criteria of 

- The bond between aggregates and cement pasteis an important 

3.3. Mixing Water and Admixtures 

The water content, sufficient for a complete hydration of 
Portland cement is near 26 Z on the cement weight. Usual concretes 
have a water/cement ratio around 0.45 0.03, the excess of water 
being necessary for obtaining the required workability. 

in the range of 0.30 to 0.35. Such a low water content can only 
be reached by using an superplacticizer which has a drastic flui- 
difying effect, althought for a short time. 

concrete, but a too high content of entrained air reduces concre- 
te strength. 

Now, high strength concrete implies a much lower W/C ratio, 

Entrained air, as micro-bubbles, brings durability to the 

3 .4 .  Production and Workmanship 

Publications are scarce on this sensitive matter. Actually, 
most papers are written by university professors or laboratory 
researchers, few of whom have had the opportunity of achieving 
site testing on a large scale. However, there is very much to be 
said on tolerances control, application, methods, etc... They re- 
present important cost factors which are to be considered in cost 
comparisons between standard and high strength concrete.[5] 

We also should admit that the field of application is rather 
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restricted judging by the use of the cement : statistics issued by 
the National Syndicate of Cement Producers show that concrete is 
mostly used in standard building constructions, roads, sewages, 
urban xater and street networks, etc... which do not necessitate 
high strength. 

strength in the following cases : 

particular in JAPAN prove it [6] 

reduce the height of the beams and the cross section of columns;~4~ 

high stresses and should weigh as little as possible for reasons 
of floating stability; 

ceably influential on the economy of handling operations and early 
concrete strength allows shorter production cycles; [73 

duction of in situ building construction, for it allows a dramatic 
shortening of the total construction time, enabling an earlier 
unmolding of the successive floors; 

- Furthermore, thanks to its low water content, the high 
strength concrete has other advantages : lower creep and strinkage, 
and above all greater compactness, which is an essential factor of 
durability. 

On the other hand, it may be interesting to prescribe high 

- Medium and large span bridges; overseas applications, in 
- In high rise building an improved concrete quality would 

-For offshore construction, platform columns are submitted to 

- For certain precast beams, the weight reduction is noti- 

- The early strength is also an important factor of cost re- 

4 .  CEMENT AND AGGREGATES SELECTION 

Six cement types, CPA 55 (1)  or CPA HP ( 1 )  were selected. In 
all regions the selection was made first in relation with the me- 
chanical properties and handling distances between cement facto- 
ries. In any case the delivery distance was rarely over 150 kms 
(100 miles). 

rity allows their use in maritime or offshore works. 

riety of potential or existing supply sources spread all over 
French territory. 

alluvial aggregate from the Rhône-Alpes region were selected as 
examples. 

ble to draw a map of FRANCE defining the approximate borders 
between three zones corresponding to the possible prodution concre- 
te, with strength characteristic 

All selected cements have a low C3A content. This particula- 

The aggregates problem is more complex with such a large va- 

For tests purpose : hard limestone from Boulonnais and an 

From indications given by regional laboratories, it is possi- 

(1 )  French designation (Ciment zortland Artificiel) corresponding 
to American Type I Portland Cement with strength classification in 
four classes. The two upper classes CPA 55 an CPA HP correspond 
respectively to guaranteed minimum AFNOR mortar strength after 28 
days of 45 ME'a (guaranteed mean value 55 MPa) and 55 MPa. The 
strength requirement for CPA 55 is near the optional physical re- 
quirement after 28days for ASTM C 150 type I Portland Cement(with 
conversion factor of 1.5 between ACTM and EFNOR mortar strength). 
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