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PREFACE 

The Canada Centre for Mineral  and  Energy  Technology  (CANMET)  of 
Energy, Mines, and  Resources Canada, Ottawa, has played  a  significant  role  in 
Canada for  over  20 years in  research on durability  of concrete.  In August 1980, 
CANMET, in  association  with  the  American Concrete Institute,  the U.S. Army 
Corps of Engineers, the  University  of  New  Brunswick,  and  several other 
professional  organizations  sponsored  a  five-day  international conference at St. 
Andrews-by-the-Sea,  New  Brunswick, Canada, on the performance of concrete 
in marine environment. The purpose  of  the conference was to bring together 
representatives  of  the  cement  and concrete industries to exchange  information 
on the  effects  of marine environment on plain  and  reinforced concrete, and to 
explore new areas of  needed  research  and development. The proceedings  of  the 
conference containing 33 papers from more  than  10  countries  were  published as 

In 1988, CANMET, in  association  with  the American Concrete Institute, 
University  of  New  Brunswick, U.S. Army Corps of Engineers, and  the  Institute 
for Research  in Construction (National  Research Council), sponsored  the  Second 
International Conference on Performance of Concrete in Marine Environment. 
The conference  was  held  August 21-26 at St. Andrews-by-the-Sea. AC1 SP-109 
is  a  record  of  the  proceedings  of  the conference. 

In  1996,  CANMET, in  association  with  the  American Concrete Institute, 
the  Institute for Research  in  Construction  (National  Research Council), Ottawa, 
the University  of  New  Brunswick, Fredericton, NB, and  the Canadian Portland 
Cement Association,  sponsored  the Third CANMETIACI  International 
Conference on the  subject of Performance of Concrete in Marine Environment. 
The conference was  held  August 4-9  at  St. Andrews-by-the-Sea. More than  35 
papers from 10  countries were  presented at the conference, and  the  proceedings 
were  published  in  AC1 SP-163. 

As an integral  part  of  the conference, a  special  symposium to honor 
Prof. Odd E. Gjerrv  of the  Norwegian  University  of  Science  and Technology, 
Trondheim, Norway, was  held on Tuesday, August 6. The symposium 
recognizes Prof. Gjerrv’s  long-term  contributions to the  durability  of  concrete  in 
marine environment. The symposium was chaired  by Prof. P. K. Mehta of the 
University  of  Berkeley, California, and  the  proceedings  of this symposium  were 
published  as  a  separate  volume. 

Thanks are extended to the  members of the paper review  panel  which 
met  in Las Vegas  in 1995 to review  the  manuscripts. 

The assistance  of H. S. Wilson, consultant, Ottawa, Gordon D. Brearley, 

AC1 SP-65. 
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and  Maria Venturino of CANMET is gratefully acknowledged for administrative 
work  associated  with  the conference, and for processing  of  the manuscripts both 
for the AC1 proceedings  and the supplementary volume. Thanks are also 
extended to A. Bilodeau (chairman) and Messrs. B. Fournier and R. Chevrier 
(members) of  the Slide Review  Panel for their services to insure  that  the slides 
met the CANMETlACI criterion. 

The  support of  Bryant Mather, Director, Structures Laboratory, U.S. 
Army Corps of Engineers, Waterways  Experiment Station, Vicksburg, MS, and 
his  associates  in  making it possible for the conference participants to  visit  the 
Natural  Weathering Exposure Station at Treat Island, ME is gratefully 
acknowledged. 

Thanks are also extended  to  Helayne  Beavers,  Managing Editor, Journals 
and  Special Publications, ACI, and her staff for the  work  associated  with  the 
publication of  the conference  proceedings. 

V. M. Malhotra, PEng 
Chairman, Third CANMET/ACI 

International Conference  on  Performance 
of Concrete in Marine  Environment 

St. Andrews-by-the-Sea 
August 1996 
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Performance  of  Concrete at  
Treat Island, U.S.A.: 

CANMET Investigations 

by V. Mohan  Malhotra and Theodore W. Bremer  

SvnoDsis: This  paper  deals  with  CANMET  investigations on the performance 
of concrete  with  and  without  supplementary  cementing  materials  in  a  marine 
environment. A series  of  more  than 250 concrete  prisms, 305 x 305 x 915-mm 
in  size,  were  cast  over  a  period  of 16 years  and  installed at Treat  Island,  Maine, 
an outdoor  exposure  facility  operated  by  the U.S. Army Corps of  Engineers, 
U.S.A.  The  prisms of the  first  phase of the  investigation  were  installed  at  the 
site  in 1978 with  the  remaining  specimens  being  installed  at  almost  yearly 
intervals.  The  specimens  of  the  latest  phase  were  installed  in 1994. The  test 
prisms  are  installed  at  mid-tide  level  on  a  rack,  and  are  exposed  to  repeated 
cycles of wetting  and  drying,  and to about 100 cycles  of  freezing  and  thawing 
per  year.  The  test  specimens  will be kept  at  the  exposure  site  till  at  least  year 
2005. The  test  prisms  are  evaluated  annually.  The  evaluation  includes  visual 
examination  and  rating,  and  ultrasonic  pulse  velocity  testing.  Also,  a  complete 
photographic  record  is  kept. 

Some of the  principal  conclusions  based  upon  up  to 17 years  of  exposure 
of  some  of  the  test  prisms  are  as  follows: 

The  use of non  air-entrained  concrete  is  not  recommended  for  the 
exposure  conditions  experienced  at  Treat  Island. 

For  the  exposure  conditions  experienced  at  Treat  Island,  the  percentage 
of  silica  fume  in  concrete  should  he  limited to 10 per  cent. 

Both  the  normal-weight  and  semi-lightweight  concretes  incorporating fly 
ash  or  slag  or  silica  fume or a  combination  of  these  materials  are  in  good to 
excellent  condition,  provided  water-to-cementitious  materials  ratio is kept  below 
0.50, and  portland  cement  is  kept  at  a  certain  minimum  level. 

There  is  no  significant  difference  in  the  performance of concrete  made 
with  ASTM  Types I, II, and V cements. 

Kevwords:  Air-entraining  cements;  blast  furnace  slag;  compressive  strength; 
concretes;  fibers; fly ash; freeze thaw durability; lightweight concretes; 
superplasticizers; underwater structures;  water-reducing  agents; wetting and  drying 
tests 
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2 Malhotra  and  Bremner 

AC1 Honorary Member V.  Mohan  Malhotra  is Program Principal, Advanced 
Concrete Technology Program, CANMET, Ottawa, Canada. He  is  a former 
member of  the  AC1  Board  of  Direction  and  has  served on numerous AC1 
committees. He is  a  prolific author,  editor, and  researcher,  and  has  received 
many awards and  honors from AC1  and other institutions  throughout  the world. 

AC1  Fellow  Theodore W. Bremner, P.Eng., is  Professor of Civil Engineering, 
University of New  Brunswick, N.B., Canada  and  is  past-president  of  the 
Atlantic Chapter of the ACI. Professor  Bremner  is  very  active on the  CSA  and 
AC1 technical committees, and  is  a  member of  the  Fédération  Internationale de 
la Précontrainte Commission on Lightweight Concrete. He has  published 
numerous  technical  papers  in  AC1 journals and  proceedings. Currently, he 
Chairs the  AC1  Technical  Committee on Lightweight Concrete. 

INTRODUCTION 

The Canada Centre for Mineral  and  Energy  Technology (CANMET) has 
an ongoing  program  dealing  with  the  long-term  performance  of  supplementary 
cementing materials  in  concrete. The supplementary  cementing  materials  being 
investigated  include  low-  and  high-calcium  fly  ashes,  pelletized  and  granulated 
blast-furnace slags, silica fume, rice-husk ash, and  metakaolin. In 1978, as  part 
of this research program, CANMET initiated  a  study to determine the 
performance of concrete  with  and  without  some  of  the  above  supplementary 
cementing materials  at Treat Island, Maine, an outdoor  marine exposure facility 
operated by  the U.S.  Army Corps of Engineers, Vicksburg,  Mississippi. Since 
then, a  number of large  non-reinforced  concrete  prisms  305  x 305 x 915-mm 
in size, incorporating  different  percentages  of  supplementary  cementing 
materials  have  been  installed at the  above  exposure site at almost  yearly 
intervals. Also, a  number of reinforced-concrete  prisms  were  installed at the 
site in 1991. 

As of August 1995, there  were  more  than 250 prisms at the exposure 
site, and  these  prisms are being  monitored  yearly  using  visual  examination  and 
non-destructive  test  methods. In 1986, 1987, and 1994 reports  and papers were 
published  outlining  the  scope  of  the  program  and  giving  performance data on 
the  conditions of the  prisms (1,2,3). This paper  presents  a comprehensive 
account  of  the  conditions of the  test  prisms,  including  the  results  of  the  last 
inspection  which  was  held  in  August  1995. The investigations  being performed 
by the U.S. Army Corps of  Engineers at Treat Island are described elsewhere 
(4-1 1). 
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SCOPE 

In this study, the  water-to-cementitious  materials  ratios  of the  concrete, 
in general, ranged from 0.40 to 0.60, and  the  percentage  replacement of 
portland  cement by supplementary  cementing  materials  ranged from O to 80 
percent by  mass. The details  of  the  various  phases are as  follows: 

Phase I: 

Phase II: 

Phase III: 

Phase IV: 

Phase V: 

Phase VI: 

Phase VII: 

Phase VIII: 

Determination  of  performance of air-entrained 
concrete incorporating  pelletized  blast-furnace slag, 
and  air-entrained  and  non  air-entrained concretes 
incorporating  high-range  water-reducing admixtures 
(HRWRA) (superplasticizers). 
Test  prisms  installed at Treat  Island . . . . . . . . . 
Determination  of  the  performance of air-entrained 
concrete incorporating fly ash  and  pelletized  blast- 
furnace slag. 
Test  prisms  installed at Treat Island . . . . . . . . . 
Determination of  the  performance  of  air-entrained 
semi-lightweight  concrete  incorporating  pelletized 
blast-furnace slag. 
Test  prisms  installed  at  Treat  Island . . . . . . . . . 

Determination of the  performance of air-entrained 
concrete incorporating fly ash. 
Test  prisms  installed at Treat Island . . . . . . . . . 
Determination of the  performance of air-entrained 
concrete  incorporating  ground  granulated  blast- 
furnace  slag  (ggbfs),  and  air-entrained  and non air- 
entrained  concretes  incorporating  silica fume. 
Test  prisms  installed at Treat  Island . . . . . . . . . 
Determination  of  the  performance of air-entrained, 
semi-lightweight  steel  fibre-reinforced concrete 
incorporating fly ash and  silica fume. 
Test  prisms  installed at Treat  Island . . . . . . . . . 
Determination of the  performance  of  semi- 
lightweight  concrete  incorporating silica fume. 
Test  prisms  installed at Treat Island . . . . . . . . . 
Determination of the  performance  of  high-volume 
fly ash concrete. 
Test  prisms  installed at Treat Island . . . . . . . . . 

1978 

1979 

1980 

198 1 

1982 

1985 

1986 

1987 
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Phase IX: 

Phase X: 

Phase XI: 

Phase XII: 

Phase XIII: 

Phase XIV: 

Deterhination of  the  performance  of  steel  reinforced 
concrete incorporating  pelletized  blast-furnace  slag 
or fly ash or silica fume. 
Test  prisms  installed at Treat Island . . . . . . . . . . 
Determination  of  the  performance of semi- 
lightweight  concrete  incorporating  silica fume. 
Test  prisms  installed  at Treat Island . . . . . . . . . . 
Determination of  the  performance  of semi- 
lightweight  high-volume  fly ash concrete. 
Test  prisms  installed  at Treat Island . . . . . , . . . . 
Determination  of  the  performance of beams  that 
were  unreinforced,  reinforced, or reinforced  with 
epoxy-coated  reinforcement. 
Beams  installed at Treat Island . . . . . . . . . . . . . 
Determination of the  performance of high-volume 
fly-ash  concrete (EPRI Project). 
Test  prisms  installed  at Treat Island . . . . . . . . . . 

Determination of the  performance of concrete 
containing  silica fume and  fly  ash  in  controlling 
expansion  and  cracking of concrete due to alkali- 
silica  reaction. 
Test  prisms  installed  at Treat Island . . . . . . . . . . 

1987 

1988 

1990 

1991 

1992 

1994 

EXPOSURE  CONDITIONS  AT  TREAT ISLAND, MAINE 

In  1936, the Concrete Laboratory  of  the  Passamaquoddy  Tidal Power  Project 
established an exposure site at  Treat  Island  in  Cobscook  Bay  near Eastport, 
Maine. This island  is  within  a  few  kilometres  of  the Canadian border, and is 
at the entrance to the Bay  of Fundy. At  the site, the test prisms are positioned 
on a  rack at mid-tide level so that  they are exposed  alternatively to a marine 
atmosphere and to immersion  in  sea  water  twice daily.  The alternating 
condition of  immersion  and  exposure to the air provides on  an average over 100 
cycles of freezing  and  thawing  per year. By using  the above facility, 
deterioration patterns  occurring  in  a  study can be  related to the  behavior of 
concrete in  investigations  performed  at Treat Island over the  past 50 years. 

CONCRETE  MIXTURES 

The concrete for Phases I to XII  mixtures  were  prepared under a CANMET 
contract, in  the  University of New  Brunswick  laboratory at Fredericton between 
1978 - 1992 using  a  counter-current  pan mixer; for  the Phases  XIII and XIV, 
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the test prisms were  made at CANMET, Ottawa, and  were transported to the 
University of New Brunswick, Fredericton for installation at Treat Island, 
Maine. The details concerning the materials used  and  the mixture proportions 
are outlined below. The physical properties and chemical analysis of each of 
the materials used  have  been  reported elsewhere (12-18). 

Materials 

Portland  Cements 
ASTM  Types I and II cements were  obtained  from a plant  in 

New Brunswick. The ASTM Type V  cement  was  obtained from a plant  in 
Quebec.  The various  types  of  cement  used  in different phases  of  the  project are 
given in Table 1. 

Aggregates 
The characteristics of the fine and coarse aggregates used  in  the various 

phases  of  the  investigation are described  in  Table 1. The fine aggregate was 
natural  sand  in  all cases. In phases  dealing  with  normal  weight concretes, the 
coarse aggregate was either crushed limestone or river gravel with  19-mm 
nominal  maximum size, except in  phases I and  II  when river gravel with a 
nominal  maximum size of 37.5 mm  was  used.  In  phases concerned with 
lightweight concretes, the coarse aggregate was  expanded shale lightweight 
aggregate from various sources, with a nominal  maximum  size  of either 12.5 
or 19 m m .  The gradings of  the fine aggregates and  the  various  types  of coarse 
aggregate were  within  the limits of  ASTM Standards. 

Fly Ashes 
For investigations of  Phase  II  in 1979, the fly ash  (ASTM Class F) was 

obtained from a plant  in Detroit, MI; for the Phases IV, VA, VI, VIII, IX, XI 
and XIV, the  fly ash was  obtained from a plant  in Lingan, Nova Scotia. For 
Phase XIII, the  fly ashes were from the sources in  the U.S.A. 

Ground  Blast-Furnace  Slags 
Pelletized blast-furnace slag  was  obtained from a plant  in Hamilton, Ontario 

and granulated blast-furnace  slag  was from a plant at Sparrows Point, 
Maryland. 

Silica Fume 
The silica fume used in the  various  phases  was  of  uncompacted form, and 

was obtained from a silicon and ferrosilicon plant  in Becancour, Quebec. 

Air-entraining  Admixture 
A  sulphonated hydrocarbon air-entraining admixture was  used throughout the 

investigations. 
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High-Range  Water  Reducing  Admixture  (Superplasticizer) 
The high-range  water  reducing  admixture  (HRWRA)  used  throughout  these 

investigations  was  a  naphthalene-based  product of Japanese or Canadian origin 
except for specimens SP5 and SP6 of  Phase I when  a  melamine-based HRWR4 
was used. 

Mixture  Proportions 
The mixture  proportions for each  phase are summarized  in  Tables  2 to 15. 

When supplementary  cementing  materials  were  incorporated  into  the mixtures, 
these were used  as  a  direct  replacement for cement by mass. All  concrete 
mixtures without  HRWRA  were  proportioned  to  give  a slump of 75 f 25  mm, 
whereas concrete mixtures  with  HRWRA  were  proportioned to produce  slumps 
varying  between 75 and 250 mm for the  various  phases. The target air content 
was 6 f 1 percent for all  air-entrained  concrete  mixtures.  When  lightweight 
aggregates  were  used,  these  were  soaked  in  water for  24 hours prior  to use  in 
concrete. The mass of the  aggregates are given  in  a  saturated-surface dry basis 
with  the  exception of the  lightweight  aggregates  which are given  in an oven-dry 
basis. 

PROPERTLES  OF  FRESH  CONCRETE 

The  properties of the  freshly-mixed concrete,  ¡.e., temperature, slump, unit 
weight, and air content are given  in  Tables  2  to 15. 

CASTING AND CURING OF TEST  SPECIMENS 

The large  test prisms, 305 x 305 x. 915-mm in size, were  cast  in two layers 
of equal depth with  each  layer  vibrated  with  an  internal vibrator. Upon 
completion of  the  vibration of the filled mold, the  excess concrete was  struck 
off with  a  wooden  straight edge. As  soon as the  bleed  water  had evaporated, 
the concrete was  floated  with  a  wooden trowel, and  the concrete covered  with 
a  sheet  of  plastic. The concrete  prisms  were  demolded after 24 hours curing 
in  the  laboratory air, and  then  covered  with  a  wet  burlap  and  a  plastic  sheeting. 
After three  days, the  prisms  were  moved  into  the  moist-curing  room where they 
were stored on their  ends.  The high  slag-content  mixtures  had  a  relatively  slow 
rate of strength gain  and  as  a result, additional  moist  curing  was  required  before 
they  could  be moved. All  prisms  cast  in 1978 were  moist  cured for 28 days, 
whereas  all the subsequent  prisms  were  moist  cured for at least 90 days prior 
to being  shipped to Eastport for subsequent  transport  by  boat to Treat Island, 
A  view of the concrete  specimens  installed at Treat Island, Maine  is shown in 
Figs. 1 to 9. 
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In addition to the  large  prisms,  a  number  of 152 x 305-mm cylinders were 
cast from each mixture for strength  testing.  The  specimens were cast according 
to the  ASTM  procedures,  and  were  kept  in  a  moist-curing room until  required 
for testing. 

FREEZING-AND-THAWING  RECORD FOR WINTER OF 1991/92 
AT  TREAT  ISLAND 

An XL-800 data  logger  was  used to record  temperatures  at Treat Island from 
October 18, 1991 to March 31, 1992.  Temperature  sensors are located  in  the 
concrete at the  centre of  a 152 x 152 x  508-mm prism, and at 25 and 152 mm 
from the surface in  a 305 x 305 x 915-mm  prism. The prisms are located at 
mid-tide level, and  subjected to repeated  cycles  of  freezing  and  thawing during 
the winter months. The number  of  freezing-and-thawing  cycles  experienced at 
each of the sensors is shown in  Table 16, and  the  temperature  record  in  a 
graphical form is  given  in Fig. 5 .  The number of cycles  of  freezing  and 
thawing the concrete is  exposed to, is  normally  reported  as  the  number  of  times 
the temperature at the centre of  the  152  x  152 x 508-mm prism drops below - 
2.2"C. Using  the above criteria, the  number  of  freezing-and-thawing  cycles 
was 75  for the  winter  of 1991/92. 

TESTING OF HARDENED  CONCRETE  SPECIMENS 

Large  Prisms  Installed  at  Treat  Island 

Visual  Examination  and  Rating  System 
All  test  prisms are visually  examined on an  annual  basis  and  evaluated  using 

a  rating  system shown below. The detailed  ratings are given  in Tables 17 
to  29. 
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RATING SYSTEM 

RATING OF O 
Less than 15 aggregates 
are  exposed 

RATING OF 1 
More than 15 aggregates 
are  exposed 

RATING OF 2 
50% of the aggregates  immediately 
below the surface  are  exposed 

RATING OF 3 
80% of the surface  aggregates 
are  exposed 

RATING OF 4 
20% of  their  perimeter 
Surface aggregates are  exposed  over 

RATING OF 5 
90% of the surface  aggregates  are 
exposed  over  one  half  of  their  perimeter 

RATING OF 6 
95% of volume  of  specimen  remaining 

RATING OF 7 
80% of  volume  of  specimen  remaining 

RATING OF 8 
50% of  volume  of  specimen  remaining 

RATING OF 9 
20% of  volume  of  specimen  remaining 

RATING OF 10 
Specimen  disintegrated 
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Pulse-Velocity  Measurements 
Ultrasonic pulse-velocity  measurements are also taken on the  prisms on  an 

annual  basis  using a portable digital unit. The velocities are measured between 
the centre of  the  prisms ends. The  results  of  the  pulse-velocity measurements 
obtained over  periods up  to  16  years are described elsewhere (13-15). 

Laboratory  Specimens 

The 152 x 305-mm cylinders were  tested  in compression at various ages  in 
the laboratory. The Young’s  modulus  of  elasticity E of concrete was 
determined  on the cylinders at the  age of 28 days. All  tests  were performed in 
accordance with  the  ASTM  test procedures.  The analysis of these  test results 
will be the  subject  of a separate report, and only some  selected  results are 
presented  in  this report (Tables  2 to 15). 

In terms of long-term durability of concrete, 10 to 15 years  exposure is 
insufficient to fully evaluate the  relative performance of concretes. However, 
given the  very severe  exposure conditions at Treat Island, some trends are 
clearly apparent  even  now, and  these are discussed below. 

DISCUSSION OF TEST RESULTS 

Discussion of the  test  results  will  be  limited  to  only  those  prisms  which  have 
been  at  the exposure site for at  least 5 years. Thus the discussion will  be 
limited  to  the  test  prisms of Phase I to X, and only passing reference will  be 
made  to  the  test prisms of the  remaining  Phases XI to XIV. 

Phase I(A) - 1978 

Phase I(A) was  primarily  concerned  with  the  long-term performance of 
concrete  incorporating pelletized  blast-furnace slag. The  percentages of the 
cement replacement by slag  investigated  were 25, 45, and 65  percent at water- 
to-cementitious  materials  ratios  of 0.40, 0.50, and 0.60. 

The test  prisms  with a water-to-cementitious materials ratio of 0.40, and 
incorporating  65  percent slag  show  very  little surface deterioration. Regardless 
of  the water-to-cement ratio, the control test  prisms  without  slag  made  with 
either ASTM  Type I or ASTM  Type V portland cement, show little or no 
deterioration. Some slight scaling  was  observed for prisms with a water-to- 
(cement + slag) ratio of 0.50 and incorporating 65  percent slag. The test 
prisms with a water-to-(cement + slag) ratio of 0.60 and incorporating 45 
percent slag also show slight scaling. As expected, significant scaling occurred 
for prisms  with a  water-to-(cement + slag) ratio of 0.60 and  with 65  percent 
slag  as a replacement for cement.  In general, there is  increasing surface 
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deterioration  in  all  test  prisms  with  increasing  water-to-cementitious  materials 
ratio, and  increasing  percentage  replacement  of  cement  with  slag. 
It is  emphasized  that  in  the  extreme  exposure  conditions  of  the  type  being 
investigated,  the  specifications do not  allow  the  use  of  water-to-cementitous 
materials  ratios  higher  than 0.45. Notwithstanding  the  surface scaling, it can 
be concluded  that up  to 65 percent  slag  as  a  cement  replacement  in concrete 
mixtures with  a  water-to-cementitious  ratio  of 0.40 is an acceptable option.  The 
above conclusions  may  have to be  modified after 25 years  of exposure. 

Phase I(B) - 1978 

The Phase I(B) investigations  included  a  series  of  test  prisms to examine  the 
effect of long-term  performance of  both  non  air-entrained  and  air-entrained 
concretes. 

The air-entrained  prisms  with or without  HRWRA are in  good condition after 
17 years  of exposure and  have  a  visual  rating  of 2. The non  air-entrained 
prisms  with or without  HRWRA  started  showing  disintegration after 3 years. 
This, once again, stresses  the  importance  of  air-entrainment  in  critically  water- 
saturated concrete exposed  to  repeated  cycles of freezing  and  thawing. 

Phase II - 1979 

The purpose of this  phase  was  to  investigate  the  performance  of  concrete 
incorporating  ASTM  Class F fly  ash  and ground, pelletized  blast-furnace slag. 
The fly ash  was  used  as 25 percent  replacement for cement  in  combination  with 
the  slag to replace  up to 80 percent  of  the  cement. 

Control test  prisms  made  with  ASTM Type I, II, and V cements are in  good 
to excellent  conditions  regardless  of  the  water-to-cement ratio, and  their  visual 
rating  ranges from 1 to 2. The effect  of  the  cement  type,  if any, is  not 
apparent. 

No significant  deterioration  has  been  noticed  to  date on concrete  prisms 
incorporating 25 percent fly  ash; the  visual  rating for all  of  these  prisms  is 2. 

Regardless of water-to-(cement + slag + fly  ash) ratio, all test specimens 
containing 60 percent  slag  and 20 percent  fly  ash  show  unacceptable 
deterioration  after sixteen  years of exposure. Somewhat similar unacceptable 
deterioration but to a  somewhat  lesser degree, has  been  observed for concrete 
incorporating 40 percent  pelletized  slag  and 20 percent fly ash. It appears that 
for the  combination of the  supplementary  cementing  materials  used  in this phase 
and for satisfactory  performance  under  the  exposure  conditions at Treat Island, 
the  air-entrained  concrete  must  contain  a  minimum  amount  of cement, this  being 
in  the order of 200 to 250 kg/m3  of  concrete. 
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Phase III - 1980 

The purpose  of this phase of the  investigation  was to determine the 
performance of air-entrained, semi-lightweight  concrete  incorporating up to 65 
percent  pelletized  slag,  with  expanded  shale  as  the coarse aggregate. 

The air-entrained  semi-lightweight  concrete  had  a  total  cementitious  material 
content  ranging from 240  to 480 kg/m3  and  the  slag  was  used at cement 
replacement  levels  of 25,  45 and 65 percent. In general, regardless  of the slag 
content, the  concrete  incorporating 480 and 360 kg/m3 of  cementitious  material 
has shown excellent  performance  and  has  a  visual  rating  of 1 to 2. For 
concretes with  total  cementitious  material  content of only 240 kg/m3, the 
concrete prisms  show  significant  deterioration  which  increases  with an increase 
in  the slag  content. 

In general, the  pattern of deterioration for the  semi-lightweight concrete 
seems to be  different from that  of  normal-weight concrete. With normal-weight 
concrete, there  appears to be  a  potential for the mortar over the  aggregates to 
come off  in  a sporadic fashion  indicating  a  plane  of  weakness at the aggregate- 
cement  paste  interface.  With  semi-lightweight  concrete this is  not  noted,  and 
deterioration occurs by a  uniform loss of the  surface layer. After 15  years, the 
lowest  strength  semi-lightweight  concrete  prisms  show  losses  of up  to 8  mm  of 
mortar. 

The quality  and  the  type of  slag  used  may  have  contributed to the poor 
performance  of  the  above  concretes at low  cementitious  material factors. 

Phase IV - 1981 

The phase  was  undertaken  to  monitor  the  long-term performance of concrete 
incorporating  normal-weight  aggregates  and  ASTM  Class F fly ash.  The water- 
to-cementitious  materials  ratios  were 0.40,0.50, and 0.60, and fly ash was used 
at 25 percent  replacement  level for cement. 

After 14 years  of exposure, the  test prisms with  a  water-to-(cement + fly 
ash) ratio of 0.40 and 0.50 are in  good to excellent  conditions  with  a  visual 
rating  of 1 to 2. However, the test prisms  with  a  water-to-cementitious 
materials  ratio of 0.60 and  incorporating fly ash show unacceptable surface 
deterioration with  a  visual  rating  of 4. This investigation, once again, stresses 
the need for low  water-to-cementitious  materials  ratio for the  type of exposure 
conditions encountered at Treat Island  exposure site, especially  in  the  case  of 
concrete incorporating  supplementary  cementing  materials. 
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Phase V(A) - 1982 

This phase  involved  the  evaluation  of  the  performance  of  air-entrained 
concrete incorporating  large  volumes  of  blast-furnace  slag from a U.S. source. 
The water-quenched, ground  granulated  slag,  used as a  replacement for cement 
was 80 percent, and  the  water-to-cementitious  materials  ratio  investigated  were 
0.40, 0.50, and 0.60. 

After 13 years  of exposure, the  test  prisms  with  water-to-cementitious 
materials  ratio  of 0.40 and 0.50 are in  excellent condition, and  have  a  visual 
rating  of l .  The prisms  with  water-to-cementitious  materials  of  ratio 0.60 show 
some surface  scaling,  and  have  a  visual  rating of 3. The performance  of  the 
test prisms  in this phase  is  superior  to  the  performance  of  slag concrete 
investigated  in  Phases I, II and III, and  is  probably due to the  different  types 
of  slags used. Previous CANMET studies  have  indicated  that  these  slags  have 
very  different  physical  and  mechanical  properties  such  as  fineness  and 
compressive-strength  development (14). Further research  is  needed  in this 
direction. 

Phase V(B) - 1982 

This phase  involved  the  determination  of  the  long-term  durability  of air- 
entrained  and non air-entrained  concrete  incorporating silica fume either  as a 
direct replacement for cement or as  an  addition  to  cement. In either  case, the 
percentages of silica  fume  used  were O,  10, 15, and 20 by  mass  of  portland 
cement. 

After 13 years of exposure, the  air-entrained  test  prisms  incorporating up  to 
10 percent  silica  fume  either  as  a  direct  replacement or as an addition are in 
good to excellent  condition  with  visual  rating of 2. Beyond this percentage  of 
silica fume, there  is  significant  surface  scaling of test prisms, and this increases 
with  the  increasing  percentage of  silica fume used. 

All  non  air-entrained  concrete  prisms  show  serious damage regardless  of  the 
manner in which silica fume  is  used,  and  the  visual  rating  of  these prisms is 7. 
This confirms previously CANMET published  data (18). It is  recommended 
that  all silica fume  concretes  must  be  air-entrained  to  resist severe frost  action 
and  the  type  of  exposure at Treat  Island;  it  is further recommended  that  the 
percentage  of  silica  fume  in  concrete  should  not  exceed 10 percent. 

Phase VI - 1985 

This phase  was  undertaken to evaluate  the  performance  of  air-entrained, 
semi-lightweight  concrete  incorporating 50-mm long  steel fibres. The nominal 
cementitious  material  content of  the  mixtures  investigated  were 375, 500, and 
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625  kg/m3 including 13.5 percent fly ash  and 6.5 percent silica fume.  The steel 
fibres were  used at the  rate  of 2.5 percent by mass  of concrete. 

After ten  years  of exposure, all concretes, regardless of  the cementitious 
material factors, are in good  to  excellent condition, and  show  no distress. In 
general, the  visual  rating  of  the  prisms  is 2. 

Phase VI1 (Ready-mixed  Concrete) - 1986 

This phase dealt with  the evaluation of high-strength semi-lightweight 
concrete  incorporating silica  fume  as  an addition. The air-entrained concrete 
was  made at a commercial ready-mixed plant, and  the cementitious material 
factors used  were 530 and 430  kg/m3 including 6 and 7.5 percent silica fume, 
respectively. 

Regardless of  the cementitious materials content, and irrespective of the 
amount of silica  fume used, the  test  prisms are in excellent condition after nine 
years of exposure, with a visual  rating  of 1. 

Phase VI11 - 1987 

This phase  involved  the evaluation of  high-volume fly-ash concrete. 
Typically, in  this  low  cement-content concrete, large  volumes of ASTM Class 
F fly ash  (56  percent by mass of cement) are incorporated  into concrete, and 
the water-to-cementitious materials ratio is  kept  at  about 0.30. The high  slumps 
are achieved  with  the  use of large dosages of a superplasticizer. In  this 
investigation, air-entrained concretes were  made incorporating 56 percent of fly 
ash by mass  of cement and  with  water-to-cementitious  materials  ratios  of 0.31 
and 0.35. The nominal  cement  and  fly  ash contents were 155 and 200 kg/m3 
respectively, in  both cases. 

After eight years of exposure, the concretes with a  water-to-cementitious 
ratio of 0.31 are in excellent condition but concretes with water-to-cementitious 
ratio of 0.35 show  considerable scaling. The visual ratings are 1 and 3 ,  
respectively. Based  upon  the  laboratory experience, it  is recommended  that for 
the  type of exposure at Treat Island, the  water-to-cernentitious  materials ratio 
of  high-volume fly ash concrete must  not  exceed 0.30k0.02. 

Phase IX - 1987 

This phase  involves  the evaluation of steel-reinforced, normal-weight 
concrete with a water-to-cementitious materials ratio of 0.50 and incorporating 
50 percent slag, or 25 percent fly ash or 10 percent silica fume as a  replacement 
for  cement.  The steel reinforcing bars were 20 mm  in diameter, and  the 
concrete  cover was 20, 30,40, 50,60, and 70 mm. The slag was from  a  source 
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in southern Ontario, the  fly ash was from a source in Nova Scotia, and the 
silica fume was from a  source  in Quebec. 

The air-entrained  control  test  prisms are performing  well after eight  years of 
exposure. The concrete prisms  incorporating  supplementary cementing 
materials are showing  some  slight  surface  scaling. 

Phase X - 1988 

This phase  was  undertaken to determine the  comparative  performance of 
semi-lightweight  silica-fume  concrete  made  with  lightweight  aggregates from 
sources in Canada, Germany, and  the U.S.A. All  three  aggregates  were of the 
expanded  shale  type  and  in each case, the  nominal  maximum  size  was 12.5 mm. 
The water-to-cementitious  materials  ratio  was 0.40 with  cement  and silica fume 
content of 415 and 30  kg/m3, respectively. The concrete was  air-entrained  and 
contained  a HRWRA. 

Notwithstanding  that  the  test  prisms are in  good  condition, the short duration 
of  seven  years of exposure is  insufficient to draw  any  conclusions  as to the 
comparative performance  of  the  concrete  incorporating  different  types  of 
lightweight  aggregates. All specimens  show  some  loss  of  surface mortar. 

Phase XI - 1990 

This phase  was  undertaken  to  determine  the  comparative  performance of 
semi-lightweight,  high-volume  fly-ash  concrete  made  with  aggregates from 
sources in Canada, Germany, and  the U.S.A. As  in  Phase X, all  three 
aggregates were  of  the  expanded  shale  type  with  a  nominal  maximum  size  of 
12.5 mm. The concrete was  air-entrained, and a high dosage  of HRWRA was 
used to obtain  high  slumps (175 mm). 

The short duration of two years  of  exposure does not  allow  any  conclusions 
to be drawn. 

Phase XII - 1991 

This phase  is a joint  CANMET/3M Canada Ltd. project,  and  deals  with  the 
relative performance of air-entrained  concrete  beams  reinforced  with  uncoated 
steel  reinforcement  and  epoxy-coated  steel  reinforcement. Also, unreinforced 
plain concrete beams  were  cast for reference  purposes. The water-to-cement 
ratios for the concrete were 0.45 and 0.60 with  cement  factors  of 380 and 275 
kg/m3, respectively. No supplementary  cementing  materials  were  incorporated 
into the  concrete. 

The duration of  exposure  is  too short to  draw  any  conclusions 
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Phase XII1 - 1992 

This phase  is  a joint CANMET/Electric Power Research  Institute (EPRI, 
Palo  Alto,  U.S.A.) undertaking,  and  deals  with  the  performance  of air- 
entrained, high-volume fly ash  concrete  incorporating  ASTM Class F fly ash 
from  eight different  sources  in  the U.S.A. The water-to-cementitious  materials 
ratio  was 0.30 with  nominal  cement  and fly ash  contents  of 150 and 210 kg/m3, 
respectively.  Large  dosages of  HRWRA  were  used  to  achieve  high slumps. 

The duration of  exposure  is  too  short  to  draw  any  conclusions. 

Phase XIV - 1994 

This phase  is  a  part of research  program  undertaken  by CANMET for the 
CANMETlIndustry Research  Consortium on Alkali-Aggregate  Reactivity. The 
main  objective  of  this  work  is  to  evaluate  the  long-term  effectiveness  of silica 
fume and fly ash  in  controlling  expansion  and cracking of concretes 
incorporating an alkali-reactive  greywacke from Nova Scotia. The fly ash  and 
silica fume  were  incorporated  into  the  concrete  at  cement  replacement  levels  of 
20 and 30% and 10 and 15%, respectively. The water-to-cementitious  materials 
ratio  of  the concrete was 0.40. 

The duration of exposure is too short to draw  any  conclusions. 

CONCLUDING REMARKS 

The following  conclusions are based on the  visual  evaluation  of  the 
performance of concrete after periods up  to a  maximum of 17 years at Treat 
Island. Some of  these  conclusions  may  have  to  be  reconsidered after the 
specimens  have  been at the site for  more  than 25 years. 

Phase I 

Concretes made  with  ASTM  Types I and V perform  equally  well at  the  Treat 
Island exposure facility. 

Concrete prisms  incorporating  up to 65 percent  pelletized  blast-furnace  slag 
as  replacement for portland  cement  show  satisfactory  performances  provided  the 
water-to-cementitious  materials  ratio  is of the order of 0.40. 

The use  of  non  air-entrained  concrete  is  not  recommended for the exposure 
conditions  experienced  at Treat Island. 
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Phase II 

Concrete incorporating  high  volumes  of  supplementary  cementing  materials 
shows  considerable degree of  deterioration. It appears that,  for  the combination 
of the materials  used  in this phase  and for satisfactory performance under the 
exposure conditions  at Treat Island, the  air-entrained concrete must  contain  a 
minimum amount of cement of the order of 200 to 250 kg/&. 

There is  no  significant  difference  in  the  performance  of  concretes  made  with 
ASTM Types I ,  II, and V cements. 

Phase III 

Semi-lightweight  concrete  made  with  expanded-shale  aggregate  and  having 
a  cementitious  material  content of 360 kg/m3 or greater  shows  excellent 
performance after 13 years of exposure. 

Phase IV 

For the  exposure  conditions  experienced at Treat Island, concrete 
incorporating 25 percent fly ash  as  replacement  for  cement  must  have  a  water- 
to-cementitious  materials  ratio  of 0.50 or lower. 

Phase V 

After 13 years of exposure, concrete  prisms  incorporating 80 percent  ground 
granulated  blast-furnace  slag  as  replacement for cement  and  with  water-to- 
cementitious  materials  ratio of 0.50 or lower  show  excellent performance; 
however, prisms  with  water-to-cementitious  materials  ratio of 0.60 show some 
surface scaling. 

It  is  recommended  that  all  silica-fume  concretes  be air entrained  to  resist 
freezing-and-thawing  in  the  type of exposure  at  Treat  Island;  and  it  is further 
recommended  that  the  percentage of  silica  fume  in  concrete  be  limited to 10 
percent. 

Phase VI 

Regardless  of  the  cementitious  material  factors,  the  semi-lightweight  steel 
fibre- reinforced  concrete  prisms  with  and  without  supplementary  cementing 
materials, show good  to  excellent  performance after ten  years  of exposure. 
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Phase VI1 

After nine years of  exposure,  the  semi-lightweight concrete prisms 
incorporating up  to 7.5 percent silica fume  and  having  a cement factor  of 430 
kg/m3 and higher, show  excellent  performance  with  little or no deterioration. 

Phase VI11 

After eight years of exposure, high-volume  fly-ash concrete with  a  water-to- 
cementitious  materials  ratio of 0.31 is  shown to perform  well. However, at 
higher  water-to-cementitious  materials ratio, it  has  started  to  exhibit 
considerable scaling. 

Phase X to XIV 

The duration of exposure for these  phases is considered too short to  allow 
any  conclusions to be drawn. 
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TABLE 16-FREEZING AND  THAWING CYCLES OF CONCRETE AT  TREAT 
ISLAND, 1994-95 

Freezing  Pt. 

0.0 
-1.0 
-2.0 
-2.2* 
-3.0 
-4.0 
-5.0 
-6.0 
-7.0 
-8.0 
-9.0 

-10.0 
-1 1 .o 
-12.0 

Prism, 
(305 x 305 x 915 mm) 

@ 25 mm cover 

128 
101 
70 
62 
56 
42 
31 
24 
19 
11 
7 
4 
4 
1 

@ 152 mm cover 

119 
82 
53 
49 
41 
32 
28 
22 
14 
8 
6 
4 
3 
1 

* Prism, 
(152 x 152 x 510 mm) 

1991 

149 
107 
79 

75 * 
54 
46 
39 
32 
27 
17 
13 
7 
6 
3 

1994 

155 
127 
103 
97 * 
83 
71 
64 
55 
47 
35 
26 
22 
18 
14 

- 
1995 

155 
123 
104 
102* 
80 
64 
46 
34 
29 
19 
14 
9 
6 
3 

- 

- 

* Nominal  number of freezing and  thawing cycles per  year is  based upon 
the number of times the temperature at the centre of 152 x 152 x 510-mm 
prism  drops below  minus 2.2"C. In the above case, the  total number of 
freezing and  thawing  cycles  is 75. 
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