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FOREWORD

This report describes a laboratory and field investigation of
concrete that is placed underwater by tremie. It will be of
interest to bridge engineers and to other engineers concerned
with hydraulic structures placed in rivers and along the coast.
Technically, it presents recommended guidelines and specifi-
cations to cover all aspects of a field construction project,
such as mixture design, placement procedures, flow patterns, and
temperature development.

The report presents the results of the study partially funded by
the Federal Highway Administration, Office of Research, Washing-
ton, D.C., under Contract DOT-FH-11-9402. This final report
covers the entire study, which was initially sponsored and
funded by NOAA, National Sea Grant College Program, Department
of Commerce, under a grant to the California Sea Grant College
Program, #04-7-158-44121, and by the California State Resource
Agency, Project Number R/E-14.

Sufficient copies of the report are being distributed to provide

a minumum of one copy to each FHWA regional office, one copy to
each FHWA division office, and one copy to each State highway
agency. Direct distribution is being made to the division offices.
Additional copies of the report for the public are available from
the National Technical Information Service [NTIS), Department of
Commerce, 5285 Port Royal Road, Springfield, Virginia 22161.

Charles F. Sc ey

Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the
Department of Transportation in the interest of information
exchange. The United States Government assumes no liability
for its contents or use thereof. The contents of this report
reflect the views of the contractor, who is responsible for

the accuracy of the data presented herein. The contents do
not necessarily reflect the official policy ©f the Department
of Transportation. This report does not constitute a standard,
specification, or regulation.

The United States Government does not endorse products or
manufacturers. Trade or manufacturers' names appear herein
only because they are considered essential to the object of
this document. *
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Introduction

Wnen major structures are built in a river,
harbor, or coastal area, the underwater por-
tions of the structure usually require place-
ment of underwater concrete. In some cases
placement of underwater concrete is the only
practicable means of construction, while in
other cases, it may be the most e¢conomical or
expeditious means.

In recent yeara, the device most frequently
used for placing underwater concrete has been
the tremie. A tremie is simply a pipe long
encugh to reach from above water te the loca~
tion of comerete deposition. A hopper is
usuaglly attached to the top of the tremie to
receive concrete being supplied by bucket,

pump, or conveyor. In most cases, the lower

end of the tremie is initially capped to exclude
water. Once the tremie is filled with concrete,
it is raised slightly, the end seal is broken,
and the concrete flows out embedding the end

of the tremie in a mound of concrete. In
theory, subsequent concrete flows into this
mound and is never exposed directly to the
water. ({See Chapter 2 regarding this flow
theory.)

One critical element of a successful tremie
placement is mainteining the embedment of the
mouth of the tremie at all times in the fresh
concrete. If this embedment is lost, water will
enter the pipe and any concrete added 4t the
hopper will fall through water resulting in
severs segregation of aggregates amnd the wash-
ing out of cement and other fine particles.

Such a segregated material is unfit for either

a structural or nonstructural application.¥

In bridge construction tremie concrete has long
been used to seal cofferdams so that they may be
dewatered and the piers constructed in the dry.
In such cases, the tremie concrete serves as &
temporary seal and as a mass concrete base,
Tremie concrete has also been used to plug the
bottom of caissons to insure full bearing over
the surface area.

More recently, tremie concrete has been used

for the struecture itself rather than just 2s 2
seal. In this application, the tremie concrete
is reinforced with pre-placed reinforcing steel.
This structural use has been applied to dry
docks, pump houses, and egpecially to the piers
of major over-water bridges, including the
several Chesapeake Bay Bridges, several Columbia
River Bridges, and major crossings over San
Francisco Bay.

Among the largest tremie concrete placements are
the east anchorages of the two Delaware Memorial

* For more information on the tremie technique
see references 1 through 5.

Bridges (3uantities approached 30,000 yd3

(23,000 m°) each) and the repair and recon-~
atruction of the stilling basin for Tarbela Dam
in Pakistan {total placement of almost 57,000 yd3
(43,000 m3)

Among the deepest tremie placements are those of
the Verrazano-Rarrows Bridge (170 ft) (52 m)

and the Wolf Creek Dam cutoff wall (280 ft)

(85 m) which is described in Chapter 4. Even
deeper placements have been made in mine shafts.

Although tremie concrete has proven itself on
many projects, there have been a gignificant
number of unsatisfactory placements which
neceasitated removal and reconstruction. Serious
delays, large cost over-runs, and major claims
have resulted.

In light of the problems which have occurred
during tremie placements, the Construction
Engineering and Management Group at the Univer-
gity of California, Berkeley, has undertaken a
major study of the tremie placement process.
This study has two maiun objectives. The first
is to establish criteria for mixture design and
placement procedures which will minimize the
number of unsatisfactory events. The second
objective is to facilitate and encourage the
wider use of structural tremie concrete by
insuring greater reliability. Achieving these
two objectives will permit significant savings

in ¢osts and time on major underwater construction

projects.

The work covered by this report comsists of three
interrelated areas of investigation. The first
area considers tremie concrete mixture design
and tremie concrete flow after leaving the
tremie pipe. The second area considers tempera-
ture development in massive tremie placements.
The third area of investigation involved a pro-
ject which, although not a mass underwater
placement, offered a unique opportunity to
examine a tremie placement at extreme depths
{280 £t (85 m)) and which used a mixture suit-
able for mass placements. The work performed

in each of these three areas of investigation

is described in Chapters 1 through 6. Chapter 7
contains conclusions and recommendations relat-
ing to all areas and identifies areas requiring
addicional study. Additionzlly, Chapter 7
contains & recommended practice and a guide
aspecification for massive tremie placements.

The work described in this report was jointly
financed by the Federal Highway Administration
{FHWA) and the University of Cazlifornia Sea
Grant Program. This diversity of funding
represents the diversity of applications for
the results of the work. The recommendations
presented apply to all massive underwater con-
crete placements whether for a bridge pier for
a major highway or for a footing for an off-
shore terminal.

Much of the work described in this report was
comnected with the construction ef the tremie



concrete seal for Pier 12 of the I-205 Bridge
over the Columbia River near Portland, Oregon.
additional task covered by the FHWA grant for
this research project wae to provide logistical
support, through the State of Oregon Highway
Department, to.three other groups of investiga-~
tors working at the Pier 12 gite. These in-
vestigations were aimed at determining the
quality of the concrete in the seal by non~
destructive methods. The specific investiga-
tions were as follows:

a. Lawrence Livermore Laboratory: Cross-
Borehole Electromagnetic Examination; FHWA
Purchase Order #7~3-006%, Task F.

b. Ensco, Inc.: Short Pulse Radar Investiga-
tion and High Energy Sparker System Investiga-
tion; DOT contracts DOT-FH-11-9]120 and DOT-
FH-11-9422.

¢. Holosonics, Inc.: Through Transmiseion
Acoustic Surveys for Evaluation of Tremie Con-
crete: DOT contract DOT-FH-11-9268, Task D.

The suppoert received from Mr. Allan Harwood,
Project Engineer for the State of Ovegon,
1-205 Bridge Project, and from Mr. Joe Turner,
Resident Engineer, Corpe of Engineers, Wolf
Creek Dzm Remedial Work, is gratefully acknow-
ledged .



CHAPTER 1

SMALL-SCALE LARORATORY COMPARISONS OF
SELECTED TREMIE CONCRETE MIXTURES

1.1 Objectives. The objectives of this portion
of the project were to define the character-
istics of a concrete mixture necessary for
successful placement by tremie and to evaluate
several non-traditional concrete mixtures which
appeared to have potential for use in tremie
placements. To accomplish these objectives, a
variety of concrete mixtures meeting general
guidelines for placement by tremie was compared
to a reference tremie mixture using 2 series of
standard and non-standard laboratory tests.

1.2 Background.

1.2.1 Workability of tremie concrete. There
are two concrete characteristics generally
regarded as critical for a successful tremie
placement. The concrete must flow readily and
it must be .cohesive. In this case, cohesion is
thought of as that property which prevents the
concrete from segregating as well as prevents
the cement from being washed out of the con-
crete due to contact with water. In practice,
flowability and cohesiveness are usually
achieved by sdding extra cement, maintaining a
low water—cement ratio and a high percentage of
fine aggregate, and by having a high slump.

Unfortunately for the comcrete techneologist,
these two desired characteristics are neither
easily defined nor easily measured. These two
texms may be replaced by the more general term
"gorkability™ which is commonly used to de-
seribe easentially the same characteristice for
concrete which is placed in the dry. Although
it will be shown that workability is no easier
to measure than flowability or cohesiveness,
there is certainly a great deal of previous
work to draw upon.

An excellent definition for workability, which
includes the characteristics required for tre-
mie placement, was presented by Powers

(ref. 6), "Workability is that property of a
plastic concrete mixture which determines the
ease with which it can be placed, and the
degree to which it resists segregation. It
embodies the combined effect of mobility and
cohesiveness."

This definition 1s certainly not controversial.
The difficulty arises in determining what pro-
perties of a fresh comcrete determine its work-
ability. Following is a brief sampling from
the literature.

1. Poweras (ref. 6) listed three factors as
defining workability:

(a) The quantity of cement-water paste {includ-
ing admixtures, if any)} per unit volume of
concrete.

(b) The consistency of the paste -~ which is
dependent on the relative proportions and the
kinds of material of which it is composed.

{c) The gradation and type of the aggregate.

2. Herschel (ref. 7) listed four character-
istics which he thought defined the workabiliry
of a concrete mixture. These were “harshness,
segregation, shear resistance and stickiness.”
His paper included tests for each of these
items as well as examples of the use of the
tests to evaluate a variety of concrete mix-
tures.

3. Tattersall {ref. 8) in an exhaustive study
lists five factors affecting the workability of
concrete:

(a) the time elapsed since mixing:

(b) the properties of the aggregate, in par-
ticular, particle shape and size distribution,
porosity, and surface texCure;

(c) the properties of the cement, to an extent
that is less important in practice than the
properties of the agpregate;

(d} the presence of admixtures;

(e) the relative proportions of the wix con-
stituents.

Tattersall takes a rheological approach to
measuring workability and argues that any of
the commonly used tests for workability measure
enly one aspect while measurement of more tham
one is required. MHe writes that "at least two
constants are needed to characterize the work-
ability of fresh concrete, and the two con—
stants are dimensionally different."

Tatrersall concedes that development of a
practical test to determine these twe constants
is some time away.

Presentation of theories of the factors com-
prising workability could go on for some length.
Tattersall alone lists 143 references. A
sufficient sample has been presented to
establish that there is & wide variety of con-
cepts concerning workability for which an
equally large variety of tests have been pro-
posed.

Based upon the work of the authors discussed
gbove (and others), the following conclusions
were drawn for the present work:

1. There is no single test which will provide
definitive data on the workability of a
concrete mixture. Any attempt to develop &
single test for use with tremie concrete would
probably be futile.

2. The most beneficial approach would be to
apply a series of standard tests (each measur-
ing some characteristic of potential tremie
concretes) and non-standard tests (desigmed
specially to relate to tremie placement) to a
reference conerete mixture &nd the other mix-
tures of interest. Behavior of the various
mixtures in relation to the reference mixture
could then be assessed.



3. The objective of the testing would be to
determine the significant characteristics
required of tremie concrete, while simultaneous—
ly evaluating the selected mixtures, rather

than to develop a single recommended concrete
mixture,

With these conclusions im mind, & number of
standard tests were reviewed to derermine rheir
suitability for use in this project. Several

of the more common tests (i.e., Powers' Remcld-
ing Test) were eliminated prior to beginning
actual laboratory work due to their incompati-
bility with concretes in the desired siump

range. The tests which were selected are described
in the next section.

1.2.2. Description of tests performed. A sum—
mary of the test program i1s presented in Table
1. The basic tesr plan was to subject each of
the concrete mixtures to the selected tests
three times. To insure objectivity, no mixture
was tested more than once on a given day.

Bue to capacity limitations in the laboratory
mixing equipment, each day's test of a particu~
lar concrete mixture required that multiple
batches of concrete be produced. Initially,
four batches (1.8 [t3 each (0.05 @3)) were
required. Later, after two tests had been
dropped from the test program, the number of
batches required was reduced to three. Table 1
also shows which tests were performed on each
batch of concrete. )

For gach of the batches of concrete produced,
the sump, unit weight, air content (two of
every three batches), and temperature of the
concrete were determined immediately after
completion of mixing. 1If these variables were
within the correct range for the mixture being
tested, the batch was accepted as being repre-
sentative of that mixture.

All concrete was batched and mixed in accordance
with ASTM C 192% (CRD-C 10)%*, As far as was
possible, all tests throughout the test program
were performed by the same individual to elim-—
inate any operator induced variatioms.

A description of each of the tests in the pro-
gram follows:

1. Slump test.
Standard: ASTM C-143 (CRD-C 5)

Frequency: One test per batch,
Data reported: Slump, in. {cnm).

* ASTM test designations are from the Annual
Book of ASTM Standards (ref. 9).

*#* CRD-C test designations are from the Corps of
Engineers Handbook for Concrete and Cement
(ref. 10).

2. Unit weight.

Scandard: ASTM C-138 (CRD-C 7).
Frequency: One test per batch.
Data Reported: Unit weight, 1b/fr3 (kg/m3).

3. Alr content {pressure method).

Scandard: ASTM C-231 (CRD-C 41).

Frequency: Initially, two tests per four
batches. Later, two tests per three batches.
Dara Reported: Air content, percent.

4. Bleeding.
ASTM C-232 (CRD-C 9).

Frequency: One test per day.

Data reported: Total bleed water accumulation
at 160 minutes {* 10 min) after completion of
mixing, ml; bleed water as percentage of avail-
able mixing water.

Standard:

5. Compressive Strength.

Standard: ASTM C-39 (CRD-C 4).

Frequency: Three cylinders (& x 12 in. {15.2 #
30.5 cm}) were prepared from each batch.
Remarks: Specimens were cured in accordance with
ASTM G-192 (CRD-C 10) and capped in accordance
with ASTM C=617 (CRD=C 29} using a sulfur
mortar. Testing was accomplished at 7, 28, and
90 days. Of the three cylinders made from a
particular batch, one was tested at each 2z,
Data)Reported: Compressive strengrh, lb/in.
(MPa). .

6. Splitting Tensile Strength.

Standard: ASTM C-496 (CRD-C 77).

Frequency: Ome cylinder (3 x 6 in. (7.6 x 15.2
¢m)} was prepsred from each batch.

Remarks: Specimens were cured in accordance with
ASTM C-192 (CRD-C 10}, Testing was done at

28 -days.

Data Reported: Splitting tensile strength,
15/in.2 (MPa).

7. Time of Setting.

Standard: ASTM C-403 {CRD~C 86).

Frequency: One test per day.

Data Reported: Time of initial and final seccing,
minutes.

8. Relative Temperature Development.

Standard: None

Frequency: Two cylinders (6 x 12 in. (15.2 x
30.5 cm)) per day.

Remarks: Disposable metal cylinder molds were
filled with concrete uvaing the same procedures
as the compressive strength cylinders. Each
mold contained a thermocouple tied at the mid-
point. Care was taken during the concrete
placement to inaure that the thermocouple was
not disturbed. Each cylinder was wrapped in a
fiberglass insulation blanket and placed in a
constant temperature room. Concrete tempera-
tures were recorded using & strip chart re-
corder and a digial thermometer.



TABLE 1 - SUMMARY OF TEST PROGRAM*

Teat and Standard Frequency Batch 1%#* Batch 2%** Batch 3%*
Slump 1 per batch Yes Yes Yes
ASTM C-143t
CRD-C 5+t
Unit Weight 1 per batch Yes Yes Yes
ASTM C-138
CRD-C 7
Air Content 2 per day Yes No Yes
ASTM C-231
CRD-C 41
Bleeding 1 per day No Yes No
ASTM C~232
CRD-C 9
Compressive 9 cylinders per day 3 eylinders | 3 cylinders | 3 cylinders
Strength (6 x 12 in. (15.2 x 30.5 cm})

ASTM C-39

CRD-C 4

Splitting Tenaile |3 ¢ylinders per day 1 cylinder 1 cylinder 1 cylinder
Strength (3 x 6 in. (7.6 x 15.2 cm))

ASTM C-496

CRD-C 77

Time of Setting 1 per day Yes No - No
ASTM C-403
CRD-C 86
Temperature 2 cylinders per day Yes No Yes
Development (6 x 12 in. (15.2 x 30.5 cm))

Nonstandard

Slump Loss 1 series per day Yes Ro No
Nonstandard :
Compacting Factor |2 per day (Abandoned - NA NA NA
British Standard no data reported)

Segregation 2 per day No Yes Yes
Susceptibility
Nonstandard
Tremie Flow 2 per day No Yes Yes
Nonstandard )

Flow Trough 2 per day (Abandoned - NA NA NA
Nonstandard no data reported)
*3 batches = 1 day's test of a particular mixture

3 days' tests = complete test of a mixture

#%1.8 f£3 (0.05 mo)

+ASTM test designations from Reference 9
++CRD~C test designations from Reference 10



Data Reported: Maximum temperature increase
above mixing temperature, degrees F (degrees

C); time to achieve maximum temperature increase,
hours.

9. Slump Loss.

Standard: none.

Frequency: One series of tests per day
Remarks: Approximately 0.5 ft3 (0.0l m3) of
concrate was get aside from the first batch.
Ar gpecified times after mixing, a slump test
in accordance with ASTM C-143 (CRD-C 7) was
performed. Concrete used in the test was re-
turned to the storage pan. The concrete in the
pan was remixed by hand prior to each test,
Data Beported: Slump, inches (cm); slump as
a4 percentage of initial slwmp at T = 15, 30,
60, 90, and 120 minutes afrer completion of
mixing.

10. Compacting Factor.

Standard: British Standard 1881:1952 (ref. l1).
This is not a standard test in the United States.
Frequency: Two tests per day.

Remarka: Figure 1 shows the basic apparatus.
Concrete is placed into the top hopper and the
flap is released allowing the concrete to drop
into the lower hopper. The lower flap is then
released allowing the conerete to drop into
the cylinder. The concrete in the cylinder is
then struck off and the cylinder is weighed.
The cylinder is then refilled and thoroughly
compacted. The ratio of the weight of the
partially compacted {dropped) cylinder to the
weight of the thoroughly compacted cylinder is
termed the compacting factor. More informa-
tion on this test may be found in the report
of ACI Committee 211 {ref. 11) or in the work
of Mather (ref. 12},

Data Reported: None, this test was abandoned
after initial experimentetion showed that it
doea not discriminate well among high slump
concretes ef the nature of the mixtures being
teated.

11. Segregation Susceptibility

Standard: Nome.

Frequency: Two tests per day.

Remarks: This test was a modification of that
presented by Hughes (ref. 13) and later revised
by Ritchie (ref. 14}. In the present case,

the compacting factor apparatus was wmodified to
be used on this test by fabricating a cone and
twe wooden discs, The modified apparatus is
shown in Figure 2. The test begins similarly
to the compacting factor test by dropping con-
crete into che hottom hopper. Then the con-
erete is dropped onto the cone which caused it
to scatter onto two discs. The cohesion of the
concrete controls the degree of scatter. Fig-
ure 3 shows a sample of concrete after being
dropped on the comne,

The weight of concrete on the small and large
discs was determined. Then the concrete on
each disc was wet sieved on a 1/4 in. (0.64 cm)
screen to obtain the coarse aggregate which was
oven dried and weighed. Thus the following
four weights were known:

Weight of concrete, large disc: 8

Weight of coarse aggregate, large diac: Ba
Weight of concrete, small disc: A )
Weight of coarse aggregate, small disc: Aa

Hughee used the above data to define the
Stability Factor as follows:

SF = (Aa/A)/(Ba/B)

Ritchie used the same data to define the
Cohesion Index as followa:
.

CI = BfA

Data Reported: Stability Pactor; Gohesiom
Index.

12. Tremie ¥low.

Standard: None.

Frequency: Two tests per day.

Remarks: This test was designed to simulate
concrete flow through a tremie pipe. The
apparatus is shown in Figures 4 and 5. Approx-
imately 0.20 ft3 (0.006 m3) of concrete was
placed into the tube in three layers. Each
layer was rodded 25 times to produce a uniform
density from test to test. After the concrete
was in place, the tube was lifted until the
wmouth of the tube was 4.5 in. (11.4 cm) above
the bottom of the pail allowing the comcrere
in the tube to flow into the pail {Figure 6).

After the flow stopped, the distance from the
top of the tube to the top of the concrete in
the tube was determined.

Data Reported: Flow of conerete, in. (cm).
13. Flow Trough.

Standard: None.

Frequency: Two tests per day.

Remarks: This test was intended to provide a
qualitative measure of the ability of a con-
trete to resist washing out of the cement whean
flowing into water. The appatatua is shown in
Figure 7. Approximately 0.1 fc3 (0.003 wd) of
concrete was placed into the trough above the
slide gate. When the gate was lifted, the con—
crete was intended to flow into the water and
8 qualitative estimate of cement washout was
to have been made.

Data Reported: HWome, this test was abandoned
after initial testing showed that no useful
data was being obtained.

1.2.3. Description of concrete mixtures
evaluated. The firsc step in the selection

of mixtures to test was the development of

the standard or reference mixture. The mixture
selected was based upon recommendations from

the litersture and upon the senior suthor's
perdonal experience on a number of major tremie
placemente. The basic elements of the reference
mixture were:

Cement: 7 1/2 sacks/yd3d (705 1b/yd3)
(418 kg/m3) Water-cement ratio: < 0.45.
Fine aggregate: 45% by weight of total
aggregate.
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Figure 3. Concrete sample after performance of segregation susceptability test,
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Figure 5. Tremie flow test apparatus.



Figure 6. Tremie flow test being performed. Tube
is being lifted off of bottom of pail.
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Coarse aggregate: 3/4 in, (19.0 om) maximum.
Admixture: Water reducer/retarder, im accord-
ance with manufacturers recommendations.
Slump: 6 1/2 in. * 3/4 in. (16.5 cm 2 1.9 cm).

It is interesting to note that the character-
istics of this reference mixture, which was
derived from the experience of many engineers
on a variety of tremie concrete placements,
meer very closely the several requirements
listed sbove (section 1.2.1) as indicating
good workability for a concrete mixture,

It must be noted that two of the items describ-
ing the reference mixture, high slump and

a low water-cement ratio, could not be achieved
in all of the mixtures evaluated. In those
cases where there was a conflict, achievement
of a slump in the desired range was used as the
determining factor.

Once the reference mixture was established,

the remainder of the mixtures in the program
were developed. Table ? presents a summary

of all of the mixtures evaluated. Details

of each mixture design may be found in Appendix
A.

The first group of mixtures (Mixtures 2 and

3} were direct variarions of the reference
mixture which require no description.

The next group of mixtures was developed

in response to the authors' concrern that
little, if any, consideration was being given

to problems of heat generation in massive tremie
placementa. While much work has been done
concerning temperature development in massive
placements done in the dry, as of the time

of this testing, no such effort had been put
forward for underwater placements.

The authors felt that one of the techniques
frequently used for reducing temperature problems
of mass concrete placed in the dry - pozzolanic
replacement of a percentage of the cement -
would also be suitable for use in underwater
placements. However, unlike mass placements

in the dry where total cement plus pozzolan
contente are very low, the pozzolanic replace-
ments for the candidate tremie mixtures were
based upon the original 705 1b/yd? (418 kg/m3)
cement content since a harsh, no slump concrete
would not have been acceptable. Mixtures &, 5,
and 6 were developed to evaluate pozzolanie
replacements.

The next group of mixtures was based upon work
published by The Netherlands Committes for
Concrete Research (ref. 3) describing research
on admixtures to improve the quality of tremie-
placed concrete: "The Committee was on the
look-out for admixtures which, as a resulr of
exercising a 'glue-like' effect, would give

the fresh concrete better cohesion so that it
would be legs severely attacked by water,"

A variety of admixtures were evaluated primarily
on the basis of two factors: the compressive
strength of cubes manufactured above and below
water; and, the washing out of cement from

the concrete when dropped through water.

12

. used to develop Mixtures 10 end 11.

Their findings were:

a. The addition of a small amount of bentonite
(0.5% by weight of cement) gave the greatast
ratio of underwater to dry strength for the
cubes,

b. Larger amounts of bentonite (up rto 5%)
showed improvements in cement wash—out at

the expense of compressive strength for cubea
manufactured both above and below water.

Thus it appeared that bentonite additon or
replacement would be beneficial. Mixtures 7,
8, and 9 were developed to examine a wide range
of concentrations of bentonite.

The final group of mixtures was developed based
upon experience in grouting where a thixo-
tropic agent may be added to thicken grouts.

It was believed that such an agent could help

a tremie-placed concrete resist washing out of
cement. A proprietary agent was selected and
Due to the
extreme thixotropic behavior of these mixtures
as noted during trial batch preparationa, the
cement in Mixture 11 was reduced to 611 1b/yd}
(362.5 kg/m?) in an effort to develop a more
economical mixture,

Due to problems with the behavior of Mixtures
10 and Il which reised doubts about their
suitability for use in a gravity feed tremie
situation, testing of these two mixtures was
limited to one repetition only. The problems
which developed are described below.

Description of the materials used in the test
mixtures may be found in Appendix B.

1,3 Observaticns and discussion. Table 3 pre-
sents & summary of the results of the tests for
all of the mixtures. Summaries for each mix-
ture are in Appendix C while data from each

of the individual tests performed are in
Appendix D. Discussion of the results of the
specific tests is presented in the following
sections. This dats should be reviewed with
the thought in mind that there were two basic
types of tests in the test program - those in
which & high ranking is believed to be indica-
tive of improved performance as tremie-placed
concrete and those in which the ranking is not
particularly significant. The latter type of
test was included to inmsure that no anomolies
in performance had been caused by the various
admixtures and additives.

1.3.1 Slump, unit weight, air content, and
femperature teats. The data for all of the
mixtures were within acceptable ranges. The
following minor discrepancies were noted:

1. The slump for Mixture 9 was slightly below
the stated range. However, this was tolerated
to prevent increasing the water—cement ratio
any higher than 0.67 which was necegsary to
achieve the 3.3 in. (13.5 em) slump.

2. The slump for Mixture 11 was slightly above
the stated range. This was attributed to the



TABLE 2 -~ SUMMARY OF CONCRETE MIXTURES TESTED

Water-cement

. . *
Ne. Description Ratiokk
1 gtandard Mixture (reference) D.45
2 Standard Mixture without Water Reducing/Retarding 0.46
Admixture
3 Standard Mixture without Water Reducing/Retarding 0.44
Admixture with Air-Entraining Admixture
4 Standard Mixture with 20 Percent Replacement of 0.51
Cement by Pozzolan
5 Standard Mixture without Water Reducing/Retarding 0.53
Admixture with 20 Percent Replacement of Cement by
Pozzolan _
6 Standard Mixture with 50 Percent Replacement of 0.62
Cement by Pozzolan
7 Standard Mixture with 1 Percent (by Weight of 0.45
Cement) Addition of Bentonite
8 Standard Mixture with 10 Percent Replacement of 0.58
Cement by Bentonite
9 Standard Mixture with 20 Percent Replacement of 0.67
Cement by Bentonite
10 Standard Mixture with 1 Percent (by Weight of 0.48
Cement) Thixotropic Additive
11 Standard Mixture less 94 1bs/yd3 (55.8 kg/mB) 0.54

Cement with 1 Percent (by Weight of Cement)
Thixotropic Additive without Water Reducing/
Retarding Admixture

*
Replacements of cement by pozzolan or bentonite are given in. terms of
weight of cement. See Appendix A for mixture details.

ek
Water-cement ratio is based on weight of cement plus any replacement
material,
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TABLE 3 - SUMMARY OF MIXTURE EVALUATION TEST DATA

Mixture
Test Item
1 2 3 4 5 ] 7 8 g 10* 11*
Slump, in. (em) 7.2 6.7 6.5 6.6 6.3 6.0 6.6 6.7 5.3 6.8 7.5

(18.3) (17:0) {16.5) (16:8) (16.0) [(15.2) 1(16.8) {(17.0) 1(13.5)|(17.3) {(19.1)

Unit Weight, 1b/ft3 150.6 [150.5 [142.4 {147.1 ;1l46.4 (140.6 {150.3 [145.2 |140.4 |145.6 (l47.6
(kg/m? ) (2413} |(2411) 1(2281) [(2357) | (2345) |(2252) [(2408) [(2326) ({2249)](2333) [(2365)

Alr Content, Percent 1.6 1.2 6.9 1.4 1.2 1.3 1.3 0.9 1.3 4.6 2.5

Temparature, °F (°C) 71 14 73 72 73 74 72 73 14 73 72
(22) (23) (23) (22) 23) (23} (22) (23) (23) (23) £22)

Tremie Flow, in, (cm) 11.4 | 10,4 | 12,5 | 12.5 | 11.5 | 12.4 9.4 1 11.1 | 11.7 9.2 | 11.7

(29.0) |(26.4) |(31.8) 1(31.8) {(29.2) [(31.5) (23:9) (28.2) |(29.7) (23:4) {29.7)

Time of Setting, min

- initial 383 268 305 350 266 368 347 363 346 Lk 387
- final 497 366 439 485 409 593 461 489 535 *k 583
Bleeding, Percent of 2.4 2.1 1.7 1.6 0.3 0.6 2.4 1.2 0.3 0.0 0.0
Avallable Water
Cohesion Tndex 0.,07] 0.,08| 0.01} 0.04| 0.05] 0.00| 0.06| 0.03! 0.00] 0.10f] 0.16
Stabllity Factor 0.79 0.68| 0.93} 0.82| 0O.88{ 1.00( 0.B3] O0.86 1.00, O.BB[ 0.84
Temperature Development
~ max. Increase °F (°C) 34 a1 34 29 29 19 33 3 34 31 NA
(19| D Q9| (6| (16| 11y 18| (9| A%y QN
= time to max., hours 19.0 15.1 | 15.9 17.6 | 15.8 | 16.5 | 16.9 16.6 14.4 | 21.6 NA
Comprﬁssive Strength,
1b/int (MPa)
- 7 days 4330 | 3750 ) 2930 | 2790 | 2600 930 3990 } 2150 | 142G 3600 2600
(29.97 |(25.9) 1(20.2) | (29.2) [(17.9) |[( 6.4) |(27.5) [(14.8) |( 9.8)| (24.8) |(17.9)
- 28 days 6140 | 5630 | 4320 | 5340 | 4950 2860 | 5640 3770 | 2526 | 5570 | 4680
(42.3) 1(38.8) |(29.8) |(36.8) |(34.1) [(19.7) [(38.9) |(26.0)} [(L7.4)]| (38,4} !(32.D)
- 90 days 7300 | 6960 | 5390 | 6250 | 5850 § 4660 7040 | 4730 3180 N4 NA
(50,3) 1€48.0) }(37.2) :1(43.1) 1 (40.3) {{32,1) [(48.5) {(32.6) |(21.9)
Splitting Tensile 745 720 | 630 | 675 | 660 | 435 | 720 | 535 395 NA N4

Strength, 1b/10°. (Mpga) .0 5.00} (6.3 G.D] 4.6 3.00] (5.0)| 3.7)] (2.7)

Slump Losse, Percent of
Original Slump Remaining

T= 15 min 79 91 87 84 91 100 - 61 a8 92 96 41
= 30 min 78 83 87 80 82 92 64 78 86 96 94
= 60 min 55 72 82 69 76 78 57 67 60 100 63
= 90 min 50 62 77 66 64 64 55 54 42 76 47
= 120 min 42 58 68 33 59 30 42 43 29 80 38

MIXTURE INFORMATION

Cement and Replacement ,
Materials, 1b/yd3 (kg/m
- Cement 705 705 705 564 564 353 705 635 564 705 611
(418) | (418) | (418)| (335)| (335)] (203)| (418)| (377 | (335)| (418)| (363)
- - - 141 141 353 - - - - -
{84) (84) [ (209)

- Pozzolan

8 71 | 1a1 - -
(5)| (42)] (84)

0.45( 0.46| 0.44] 0.51| 0©.53] 0.62{ 0.45| 0.58| 0.67| @.48| 0.54

- Bentonite - - -

Water-Cement {4+ pozzolan
or + bentonite ratio}

Admixture
A T Air entraining P None A P None| P P P P i P, T T
P = yater reducer/
retarder
T = Thixotropic

*
Data for mixtures 10 and 11 based on one day's test only,

Kk
Did not set within observation period; achieved only 150 1b/in.2 (1.0 MPa) penetration resistance
at 523 min.
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dlfflculty of determining a slump versus mix-
ing water relationship for an extremely thixo-
tropic mixture. This difficulty in controlling
the mixture by slump was one of the factors
which eliminated this mixture from the complete
test program.

3. The air content of Mixture 3 was slightly
above the planned level. The discrepancy was
accepted since it was oot large enough to be
decrimental to the test program.

1.3.2. Tremie flow test, Table & presents a
ranking of the mixtures based upon this test.
The greatest flow was given the highest rank-
ing. Six of the mixtures ranked higher chan
the reference mixture in this test. The tremie
flow value does not appear to be directly re-
lated to slump, as might be expected. The beat
performances were from the air-entrained con-
crete (Mixture 3) and the two concretes with
the water reducer/retarder (Mixtures & and 6).

1.3.3 Time of setting test. Table 5 presents
rankings of Che mixtures based upon both initial
and final setting times. The greatest time to
achieve the defined penetration resistance
(secting) was given the highest ranking in each
case. This ranking scheme should not be inter=-
preted to mean that greater times to achieve
setting indicate more suikable tremie concrete
mixtures. If time of setting is detewmined to
be significant for a particular tremie place-
ment, it can be easily controlled by use of
appropriate admixtures.

With the exception of Mixture 10, none of the
mixtures exhibited unsatisfactery setting
characreristics. Mixture 10 showed an extreme
retardation due to the combined action of the
water reducer/retarder and the thixotropic
additive. This occurrence points out the
necesaity for insuring that all admixtures are
compatible.

1.3.4 Bleeding test. Table 6§ presents a rank-
ing for the mixtures based upon the percentage
of available water lest through bleeding. The
highest ranking has been given to the smalleat |
amount of bleeding. Based upon this criteria,
all of the mixtures bettered or equalled (one
mixture) the performance of the reference mix-
ture. Again, this ranking should not be inter-
preted to mean that no bleeding is necessarlly
better for a tremie concrete mixture. Rather, |
it may be stated that none of the mixtures
evaluated would be expected to perform adverse-
ly based on this one factor.

It should be noted that for certain applxcatxonL
other than wassive bridge piers or similar
structures, large amouncs of bleeding may be
detrimental. One such case would be tremie-
placed concrete used to fill a void beneath the
base of an existing structure.

1.3.5 Segregation susceptibility tests.

Table 7 presents rankings for the mixtures base#
upon the Cohesion Index and Stability Factor as
determined in the segregation susceptibility
tests. The basis for each of the rankings is
explained below:

1. Cohesion Index. The Cohesion Index was de-~

fined earlier as
CI = B/A

where B = weight of concrere on the large disc
A = weight of concrete on the small disc

Thus the Cohesion Index is actually a measure
of how well the mass of concrete holds to-
gether. For a very cohesive mixture no con-
crete would be found on the large disc and B
would be zero. Therefore, & Cohesion Index of
0.0 would be the best case; and, the mixtures
are ranked with the dmallest Cohesion Index at
the top of the rankings.

2. Stability Factor. Hughes {(ref. 13) defined
the stability of a concrete as its "ability to
resist segregation of the coarse aggregate from
the finer constituents while in an unconsolidat-
ed condition" His Stability Factor waa defined
earlier as:

S¥ = {(AafA)/(Ba/B)

where A and B = as above
Aa = weight of coarse aggregate, small
disc.
Ba = weight of coarse aggregate, large

disc.

Each of rhe terms in the right side of the
equation (Aa/A and Ba/B) define the ratio of
the weight of the coarse aggregate in the
sample to the total weight of that sample.
there is no segregation of coarse aggregste
during the test, the Stability Factor will be
1.0, the best case. The mixtures are ranked in
order of decreasing 5tability Facror.

If

The preferred performance of a tremie concrete
would be the highest ranking in either factor.
For the Cohesion Index 21l but three of the
mixtures ranked above the reference mixture.
For the Stability Factor, all but one mixture
out performed the reference. Considering

both tests, the beat results were seen for the
501 pozzolan replacement (Mixture 6), the 20%
bentonite replacement {Mixture 9), and the air-
entrained concrete (Mixture 3).

The poor ranking based on Cohesion Index for
the two mixtures (10 and 11) containing the
thixotropic additive was surprising and not
readily explainable. Perhaps the energy devel-
oped by the concrete falling onte the cone was
sufficient to overcome the thixotropic nature
of the wixtures thus allowing a portion of the
mass to flow onto the large disc.

1.3.6 Temperature development test. Table 8
presents rankings of the mixtures based upon
increase in temperatiure after mixing. The
smallest increase in femperature was given the
highest ranking.

‘The mixtures are ranked essentially as would
be expected on the basiz of cementitious
material content. However, the two mixtures
containing the significant amounts of bentonite
(Mixtures 8 and 9) show surprisingly large



TABLE 4 - BANKINGS, TREMIE FLOW TESTS

Flow, in. (cm) Mixture Slump, in. (cm)

12.5 (31.8) { 3 6.5 (16.5)

4 6.6 {(16.8)
12,4 (31.5) 6 6.0 (15.2)
11.7 (2%9.7) { 9 5.3 (13.5)

11 7.5 (19.1)
11.5 (29.2) 5 6.3 (16.0)
11.4 (29.0) 1 : 7.2 {18.3)
11.1 (28.2) 8 6.7 (17.0)
10.4 (26.4) 2 6.7 (17.0)
9.4 (23.9) 7 6.6 (16.8)
9.2 {23.4) 10 6.8 (17.3)

TABLE 5 - RANKINGS, TIME OF SETTING TESTS*

Initial Setrting " Final Setting
Minutes Mixture Minutes Mixture
387 114% 593 6
383 1 ' 583 1L
368 b 535 9
363 8 497 1
350 4 489 3
347 7 485 4
346 Q 461 7
305 Juk 439 Jkk
268 .13 409 kL
266 Sk 366 2k

*
Mixture 10 had not achieved imitial set after 5271 min.

*%
Denotes mixtures which did not contain the water reducer/retarder.
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TABLE 6 - RANKINGS, BLEEDING TESTS

B;eeding, Water-
ercent X
Available Mixture Cement
Water Ratio
0.0 {10 0.48
11 . 0.54
0.3 el 0.67
0.6 6 0.62
0.9 5% ' 0.53
1.2 8 . 0.58
1.6 & 0.51
1.7 34 0.44
2.1 2% 0.46
2.4 1 0.45
{7 0.45

*
Denctes mixtures which did not contain the water reducer/retarder
which promotes bleeding.

TABLE 7 - RANKINGS, SEGREGATION SUSCEFTIBILITY TESTS

Cohesion Index* Stabilicy Factor®t
c. 1. Mixture S. F. Mizture
0.00 {g 1.00 {g
0.01 3 0.93 k]
0.03 8 0.88 {13
0.04 4 0.86 8
0.05 3 0.84 11
0.06 7 0.33 7
0.07 1 Q.82 4
0.08 2 0.79 1
0.10 10 0.68 2
0.16 11

#For C. L., best ranking 1s 0.00.
**For §. F., best ranking is 1.00.
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TABLE B - RANKINGS, TEMPERATURE DEVELOPMENT TESTS

Temperature Increase M *
cF ( oc) ixture
19 (11} 6
29 (16) { 4
5
31 (17) { 2
10%*
33 (18) 7
34 (19) 1
3
8
9

*Insufficient data were available for mixture 11

ek
Eased on two cylinders emly.

TABLE 9 - RANKINGS, COMPRESSIVE STRENGTH TESTS

7 Days 28 Days 90 Days*
Comp. Str., Comp. Str., Water— Comp. Str.,
Ranking | 1b/in.2 o) | M™% | 167102 omay | MI% Coment | 1b/10.2 (upa) | M*
I 4330 (29.9) 1 6140 (42.3) 0.45 7300 (50.3) 1
11 3990 (27.5) 5640 (38.%) 0.45 7040 (48.5) 7
III 3750 (25.9) 5630 (38.8) 0.46 6960 (48.0) 2
v 3600 (24.8) 10 5570 (38.4) 10 0.48 6250 (43.1) 4
v 2930 (20.2) 5340 (36.8) [ 0.51 5850 (40.3) 5
vl 2790 (19.2) 4 4950 (34.1) 5 0.53 5390 (37.2) 3
VII 2600 (17.9) {11 4680 (32.3) 11 0.54 4730 {32.6) 8
VIIL 2600 {(17.9) 5 . 4320 (29.8) 3 0.44 4660 (32.1) 6
ix 2150 (14.8) 8 3770 (26.0) 8 0.58 3180 (21.9) g
X 1420 { 9.8) 9 | 2860 (19.7) 6 0.62
I 930 ( 6.4) 6 2520 (17.4) 9 0,67

*
Mixtures 10 and 11 not tested

at 90 days.
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temperature increases considering the reduced
amounts of cement in them. These two mixtures
also showed shorter than typical times to
develop the maximum temperatures recorded (see
Table 3). The cause of these anomglies is
unknown. Additional temperature investigations
should be conducted prier to use of a high
bentonite content mixture.

A caution concerning this temperature data
must be raised. These tests were intended to
provide relative comparisons of the various
mixtures only. The resta were not adiabatic
and the data should not be interpreted as
temperature increases to expect in actual
placements. See Chapters 3 and 5 concerning
temperatures in actual placements.

1.3.7 Compressive strength tests. Table 9
presents rankings of the mixtures based upon

the compressive strength data. The highest
ranking was given to the highest compressive
strength. This data shows no surprises - the
mixtures are ranked as would be expected based
upon water-cement ratios and cementitious
material contents. HNone of the mixtures appears
to have been adversely affected by the various
chemical and mineral admixtures.

As with several of the other tests, a high rank-
ing in compressive strength does mot necessarily
imply that a concrete mixture is better suited
for tremie placement. The strength required of
the concrete should be a function of the par-
ticular placement {structural or nonstructural).

1.3.8 sSplitting tensile atrength test. Table 10
presents a ranking of the mixtures based upon
splitting tensile strength. As for compressive
strength, the mixtures are listed in order of
decreasing strength. This data shows no adverse
readings; all of the mixtures achieved an appro-
priate percentage of the compresgive strength.

1.3.9 Slump loss test. Table 1l presents
rankings of the mixtures based upon slump loss
characteristics. The highest rankings were
given to the mixtures retaining the greatest
parcentage of initial slump at each time incre-
ment. A slow loss of slump indicating that the
concrete is stiffening slowly would be benefi-
cial in & tremie placement - particularly in a
large placement with long flow distances.

Nearly all of the mixtures performed better
than the reference concrete on this test - none
was ranked lower than the reference mixture at
all time intervals.

for slump loss performance
adding the rankings of each
mixture at each of the five cime iatervals, If
the summations are then ranked, the following
listing of slump loss performance (best to
worst) is obtained: Mixture 10, 3, 6, 5, 2, &,
11, 8, 9, and 7 and 1 (tie).

An overall ranking
may be obtained by

While the mixtures are somewhat scattered in
slump loss performance, the following general
points wmay be made:

1. The best performer, Mixture 10 (thixotropic
additive snd water reducer/vetarder) showed
extremely long sel times due to an apparent
incompatibility of the two adwmixtures. The
slow setting characteristics are apparently
being seen in the slump loss performance.

2. The mixtures containing bentonite (7, 8, 9)
are all grouped near the bottom end of the
rankings.

3. The mixtures containing pozzolan (&, 5, 6,)
are near the upper end of the rankings. Mix~
ture 4, lowest ranked of the three, showed
improving slump loss characteristics in the
later time intervals {90 and 120 min).

1.3.10 Overall performance. Of the various
tests performed, three are believed to be di-
rectly indicative of performance as tremie-
placed concrete: tremie flow, segregation
susceptibility, and slump loss. & fourth est,
temperature development, may also be signifi-
cant, depending upon the placement situatioa.
Table 12 presents a summary of the performance
of the various mixtures on these four tests.
This table shows the ordinal rankings of the
mixtures on each of the four tests. The over-
all vrankings were determined by summing the
individual ranks. The lowest total in the
summation was given the hiphest overall rank-
ing. All four of the tests were weighted
equally to develop the overail ranking.

Based on this approach, the mixtures may be
listed from best to worst performers as follows:
Mixture 6, 3, &4, 5, 9 10, 8, 2, and 1 and 7
{tie}. Mixrure 11, for which thera was no
temperature data, would rank nc lower than fifth
overall, and it would probably be somewhat
higher. Following are comments on the perfor-
mance of the top five mixtures.

1, Mixture & (50X pozzolan replacement with

the water reducer/retarder). Although this
concrete out did all others, it may not be -
practical for use due to its slow stremgth gain
characteristics.

2. Mixture 3 (atr-entrsined). Although perform—
ing well, cthis mixture developed higher temper-
gtures than did the mixtures containing porzolan. '
Therefore, it may not be suited to all place-
ments.

3. Mixture 4 (201 pozzolan replacement with

the water reducer/retarder). MNotes below with
Mixture 5.

4. Mixture 5 (20X pozzolan replacement without
the water reducer/retarder). WMixtures & and 5
showed quite favorable performances. There were
however, minor inconsistencies in each: Mixture
5 failed to rank highly in the tremie flow tesat
while Mixture 4 was somewhat low in the segre-
gation susceptibility test due to a low ramk-
ing in the stability factor portiom of that
test.

5. Mixture 9 (20X bentonite replacement with the
water reducer/retarder). Although this mixture
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TABLE 10 - RANKINGS, SPLITTING TENSILE STRENGTH TESTS *

Spliteing Tensile

Percent of 28-day

Strength 1b/1n.2 (MP&) Mizture Compressive Strength
745 (5.1) 1 12.1
720 (5.0) {2 12.8
7
675 (4.7) 4 12.6
660 (4.6) 5 13.3
630 (4.3) 3 14.6
535 (3.7) 8 14.2
435 (3.0) 6 15.2
395 (2.7) 9 15.7
*Mixtures 10 and 11 not evaluated in this test.
TABLE 11 - RANKINGS, SLUMP L0OSS TESTS
T =15 min.* | T = 30 min.* T = 60 min.* T =90 min.* | T = 120 min.*
Per- Per— Per- Per— Per-
cent**qﬂixture canthE Mixture cent ¥ Mixture cent k% Mixture centkk Mixrure
100 6 96 10 100 10 77 3+ 80 10
96 10 94 11+ 82 3f 76 10 68 3
92 9 92 6 78 6 66 4 59 5t
91 2t 87 3t 76 5+ 64 {5+ 58 2
11t 86 9 72 2t 6 53 4
5t | 83 2+ 69 4 62 2+ S0 6
88 8 | 82 5+ 67 8 55 7 43 8
|
87 3 . 80 4 63 11t 54 8 42 { 1
i
84 4 | 78 { 8 60 9 50 1 7
|
79 1 1 57 7 47 114 38 11+
61 71 64 7 55 1 42 g 29 9
b
i

%
Time since completion of mixing.

*h
Percentage remaining of initfal (f = () slump.

t
Denotes those mixtures not containing the water reducer/retarder.
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was ranked fifth overall, its potential for use
appears limited due to poor performance on the
slump loss test, Additionally, this mixture

was consistently ranked near the bottom in the
compressive and splitting tensile streagth eval-
uations.

In general, the mixtures containing peozzolan
seem to offer the greatest potential for use in
a2 massive tremie placement. The appropriate re-
placement rate (between 20 and 50%) should be
determined to meet the strength requirements of
the in-place concrete.

In regard to the remaining mixtures, the follow-
ing points may be made:

1. The reference mixture (1) did not perform
particularly well. HNeither did the mixtures
which most closely resembled the reference,
Mixtures 2 and 7. It therefore appears that
it is practical and feasible to improve upon
the traditional tremie mixture design.

2. The addition of varying amounts of benton-—
ite seems to have done little to improve the
performance of the three concretes. Mixture 7
(1% bentonite addition) was ranked ninth.
Mixture & (10X bentonite replacement) was
ranked seventh. Mixture 9 (20% bentonie re-
placement) while ranked fifth had low strength
and poor slump loss behavior as discussed above.
It is noted that mixtures similar to these per-
formed best in the Dutch tests (ref. 3).

3. The addition of the thixotropic agent did
not seem to offer any particular advantages.
Mixture 1! would have certainly ranked out of
the top performers had temperature data been
available. 1If only the three tests for which
complete data are available for Mixture 11
are considered, it would rank seventh overall.
Although Mixture 10 ranked sixth overall, its
usefulness would be impaired by the long set
time.

Additionally, based upon these small-scale tests
and the large-scale tests described in Chapter 2,
it appears that the use of any thixotropic agent
(bentonite or admixture) may not be appropriate
for mass concrete placed by tremie. This con-
clusion is based on two considerations. First,
if a thixotropic concrete stops flowing due

to a break in placement {production, cranspor-
tation, etc.}, the material will stiffen due to
its thixotropic mature. Depending upon the
geometry of the placement, fo restart the con-
crete flow may require significant energy in-
puts. The weight of the concrete in the tremie
pipe may not be sufficient to provide the re-
quired ghearing action to restart flow. 'The
asecond consideration relates to the practical
problem of controlling & thixotropic mixture.
The temptation to add additional water to a
"stiff” mix should be obvious. A practical
means of controlling the concrete other than
slump would certainly be necessary.

The following items summarize

1.4 Summary.

these tests:
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1. Eleven different concrete mixtures were
evaluated for use in massive cremie placements.
These concretes included a reference mixture,

an air-entrained concrete, several mixtures with
pozzolanic or bentonite replacements cof varying
amounts of cement, and two mixtures containing

a thixorLropic admixture.

2. The coneretes were evaluated using a series
of standard and nou-standard teats which allowed
comparison with the reference mixture to be
made.

3. The mixtures containing the pozzolanic re=-
placements and the air-entrained concrete were
the best overall performers. These mixtures
out performed the reference mixture,

4. The thixotrepic mixtures {achieved through
addition of bentonite or thixotropic admixture)
did not perform well and do not seem to be well
suited for massive tremie placements.



CEAPTER 2

LARGE-SCALE LABORATORY TESTS OF
TREMIE CONCRETE PLACEMENT

2.1 Objective. The objective of this portion

of the project was to conduct large-scale tremie
concrete placements in the laboratory using
several different concrete mixtures. The follow-
ing areas were of particular interest:

a. Determination of flow patterns of the con-—
erete after exit from the tremie pipe;

b. Examination of tremie concrebte mixtures
containing pozzolanic replacement of varying
percentages of the cement; and,

Evaluation of the effect of various admix-
tures on the flow pattern and surface slope of
tremic-placed concrete.

<.

g;gmBackgrOund.

2.2.1 Description of the test procedurc. There
are several reports in the literature of tremie
concrete placements done on a model scale.®
While these research programs have unquestion-
ably added te our understanding of tremle con-
crete performance, they have generally beean
conducted wilh mortar rather than concrete and
hence [ailed to model the heterogeneous char-
acter of concrete. It was believed that large-
scale tests using a true concrete mixture would
more accurately model underwater placements of
conerete in the f[ield.

Therefore, a series of luboratorg rlacements
was conducted using 6 yd3 (4.6 m?) of concrete
for each teat. A total of fiwve such tests were
performed.

A placement box was constructed with a size of

4 by & by 20 Ft (1.2 by 1.2 x 6.1 m}. This box
was built of framing lumber and pliywood sheets.
Figures 8 and 9 show the placement box.

A variety of techaiques were used to scal joines
of the box to allow filling with water Co a
deprh of 3.5 £t (1.1 m). An overflow spillway
was uscd (o maintaim a constant water level ance
a placement was hegun.

A length of 10-in. (2%.4 cm} diamecevr steel pipe
was used for the tremie pipe. A hopper was
{abricated out of plywood ko facilitate trans-
ferring concrete into the tremie pipe. Figure 10
shows details of the tremie and hopper in use
during 2 placemenc. Figure 11 shows a schematic
of the entire placement setup.

A concrete pump was used to transfer the concrete
from the transit-mix truck Lo the tremie hopper
for the first test. A conmcrete bucket mounted

on a Lork lift was used during the remainder of
the tests.

% Sge references 3, 15, and 16.
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The tests were begun with the tremie pipe de-
watered - the bottom was sealed with a plate.
The plate {and tremie) were initially resting
on the bottom of the placement bex. Once
enough c¢oncrete was placed into che pipe (o
fill it, the tremie was slowly raised 7 in.

(18 cm) using a fork lift, allowing coucrete
Flow to begin. The pipe was blocked in its
raised position and held there until the place-
ment was completed. Figure 12 shows an overall
view of the placement process.

In order to be able to identify the concrete
during the subsequent coring operalions, colors
were added to various portions of rhe concrete
during placement. The [irst third was placed
without added color. The next third was colored
red, and the final third was colored black. The
coluring agents used were inorganic mineral
additivies. These colors proved easy Lo trace,
and the technigque worked well.

Dur ing the placement, the fresh comcrete was
sampled and tested {or slump, air contenl, and
unit weight. Additionally, cylinders were
taken for 28-day compressive strengrh toests,
The results of Lhese tests are presented below.

Aluo during the placement, soundings were taken
at the conclusion of placing cach color segment.
These soundings were used to describe tlow and
to corvelate data obtained in the coring program.
Figure 13 shows soundings being taken.

Once a placement was completed, the concrete was
allowed Lo cure for several days, and then

the box was dewatered.  The surface of the coen-
crete was cxamined and photographed. Measure-—
ments were made to establish concrete thickness-

es uver the entire sample.

Once the surface cxamination and phatography
were completed, the coring propram wias begun.
Cores were drilled using both 3 and 6 in. (7.6
and 13.7 cm) diameter bits. The coring pattern
used 1s shown in Tipure 14, Figure |5 shows
the suorface of the concrete of onc test after
coring was completed.

The cores obtained were examined, logged, pheto-
graphed, and weighed to establish unit weights.
The results of these tests are described below.
The diffcrent colors of the various concretre
sepments were readily visible on the cures.

After the coring was complere, the concrete was
broken into pileces which eouid be handled by the
available equipment. A number of coacrete pieces
were taken to a local plant for cutting with a
wire saw in order te provide a more readily
visible indication of the flow patterms. TPhoto-
graphs of these scctions are included and dis-
cusscd below.

Once the concrete sections were removed, the
forms were cleaned, reassembled, rescaled and
the noxt teskt was conducted.

2.2.2 Description of concrete mixtures evaluated.

The smali-scale evaluations of concrete mixtures
conducted earlier (Chapter 1) had shown that




Figure 8. Partially assembled
tremie placement box.
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Figure 9. Tremie placement box
completely assembled
and ready for placement.
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Fipure 10.

Details of tremie hopper and pipe

during a placement. The tremie has
been raised by the fork-1ift on the
left and is blocked with the mouth

7 in. (18 cm) above the bottom of
the bozx.
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e 10in. {25.4 cm) DIA. TREMIE
PIPE, 6 ft. {1.8m) TALL

I 41t{1.2m)
3.5ft.(LIm) (
i?in.(l?.scm) l
- L)
«—— |5 ft (0.5m)
. 20f1.(6.Im)
Figure 11. Schematic of tremie placement box. Tremie pipe is shewn In the raised position. (Elevation
view.)

Figure 12. Overall view of placement operation.
Note the overflow water from the
placement box.
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Figure 13.

in concrete placement.

Taking soundings during break

TRIg:-MIE CONCRETE FLOW > LOCATION
| OF CORES 4in.{10.2¢m)
i (LEFT) ) s |
+ e ® | ® * ® JF L ] ® *rw
¢ ‘ g,':%%;fé"’ 2#(0.6m)
a e — ——e ° ' 2 . - o— - - = 1
¢ ® P . o . ° ° ° o |+
i (RIGHT) 4in.{(10.2cm) 3
L ] ! | [ | i | ! | ] ]
0 .5 3 5 7 9 T 13 15 7 19 20
(0.5) (09) (1.5) (2.1) (2.7} {(3.4) (4.0) {4.6) (5.2) (5.8) (6.1)

STATIONS, FT (m)

Figure 1l4. Coring pattern for large-scale laboratory placements.

{Plan view.)
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Figure 15,

Tremie-placed concrete

ar completion of coring
program. This sample is
Test 1. Note core holes.
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mixtures containing pozzolans could be expected
to perform well as tremie-placed concrete. The
results of those small scale tests and the de-
cisions te use pozzelanic replacements in the
concrete mixtures to be used for tremie place-
ments in & major cofferdam seal (Chapter 3) and
a deep cutoff wall (Chapter 4) led to the seleec-~
tion of a group of mixtures containing varying
amounts of pozzolan for the laboratory large-
scale placements,

In addition to the differing amounts of pozzalan,
two different water reducing, retarding admix~
tures were used in the mixtures to determine the
differences, if any, in the performance of the
resulting concretes.

The mixtures which were tested were not selected
to model a mixture from a particular project.
Instead, as was done in the small-scale labora-
tory tests, a reference mixture and several
variations were developed. The reference mixture
was the same as that used in Lhe small-scale
tests. Materials {cement, apgregate, natural
pozzolan) were from the same sources as for the
small-scale tests. Table 13 shows the properties
of the mixtures used in the large-scale tests.

2.2.3 Flow of tremie concrete. The subject of
tremic concrete flow patterns has attracted

many researchers, probably due to the relation-
ship between concrete flow and laitance formation
(which is a measure of the quality of tremie
concrete). A wide variety of reports and pro-
posed flow schemes may be found in the litera-
ture. A summary of several of these reports
follows:

The initial concrete which flows out of the tre-
mice builds up a small mound at the mouth of the
pipe. Ir is rthis mound which seals the tremie
for subsequent concrete flow. This initial con-
crete is in direet contact with water and is

the most susceptible to washing and segregatiom;
therefore, it contributes the most to the forma-
tion of laitance. Subgequent concrete has been
assumed to flow into the concrete mass and there-
fore not be subjected to direct contact with the
water. In some manner (usually unexplained in
the reperts) the initial concrete mass expands
so that all of the later concrete flows into
concrete and is nof exposed to the water. This
theory implies that the first concrete placed
should be found above some or all of the concrete
whieh is placed subsequently. Clearly, there
must be some limit to this concept since the
initial concrete (volume undefined) can oniy be
stretched so far. Further, this initial con-
crete would ultimately set making additional
expansion impossible.

Several representative reports from the litera-—
ture follow:

l. The American Concrete Institute in its
Recommended practice for Measuring, Mixing,
Transporting and Placing Concrete (Ref. 1)
states: "Iremie concrete flows outward from the
bottom of the pipe pushing the existing surface
of the concrete outward and upward."

This statement clearly implies that pewer
concrete should be found under earlier cancrete -
at least until the tremie pipe is raised to

start the process over.

2. Halloran and Talbot writing in the Journal

of the American Cencrete Institute (ref. 177
state: "As soon as the bottom of the pipe tremie
was c¢overed with concrete, the flow became an
extrusion from within and through the mass of
concrete and not a flow over the top of the
already placed concrete.”

A figure in this paper shows that rhe concrete
will be found in cssentially vertical layers
parallel to the rremie pipe. The newer concrete
will be found in the layers closest to the pipe
with successively older concrete being found

at greater distances from the pipe.

3. Btrunge, in a paper prepared for the Qff-
shore Technology Conference in 1970, (ref. 15}
wrote: "The principle of the method is to bring
the conecrete through a pipe to the interior of
the concrete being poured, thus preventing con-
tact with the surrounding water."

Figures in this paper, based upon small-scale
flow tests, show bulbs of concrete surrounding
a tremie pipe. Successive concrete forms new
bulbs which force the older concrete away from
the pipe. Again, the end result is concrete
which is layered vertically,

4. Williams, also writing in the Journal of the
Amerijcan Concrete Institute {ref. 18), described
model tests in which seven batches of 0.75 fr3
(0.02 m3) each were placed ar 20-minute inter-—
vals. Figures in this paper show delinite hori-
zontal layering. Williams reports for one mix,
"Part of the mix 'rolled' down the steep slope,.™

The intervals between the batches apparently
necessitated raising the tremie pipe which
could have contributed to the layering noted.

Addditienal examples could be cited, but these
should be sufficient to establish that a degree
of uncertainty exists concerning tremie concrete
flow patterns. 1t was felt that the large-scale
tests would be beneficial in providing addition-
al information on this subject.

2.3 Observations and discussion

2.3.1 Direct observations of concrete flow.
This section is based upon visual observations
made during the five placements. This informa-
tion is intended to describe only a portion of
the flow phenomenon. Following sections will
add additional information.

Two significant items were observed during the
placements: 1. As was expected, there was an
immediate flow which occurred as soon as the
tremie pipe was lifted. This flow was made up
of two components. First, there was a flow of
concrete which quickly established a mound
around the mouth of the pipe. Second, there
was a flow layer of a colloidal suspension of
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. TABLE 13 - CHARACTERISTICS OF CONCRETE MIXTURES USED IN LABORATOP;‘I PLACEMENTS

Cement |Pozzolan | Pozzolan 1 Unit 28-day c°“Pf§391V9'3:fé“8th
Concrete | Content {Content | Contemt |, ... ... ' i::w’ Alr Weight 1b/in.% (MPa) [Note 61_
Mixture | 1b/yd3 lb/yg3 Percent (c;o Content |1b/fed Standard Teat Site
(kg/ud) [(kg/w?) | By Weight (kg/nd) Cured Cured
{Hote 1] | [Note 2] [[Note 3] [Note 4] |[[Note 6} [Kote 7]
1 705 ] 0 a 7.3 0.8% 154 5,390 5,190
(Standard) | (418) (18.5) {2,470) (37.2) (35.8)
2 353 353 50 a 6.8 2.3% 142 3,560 3,030
{209) {209) {(17.3) {(2,270) (24.5) (20.9)
3 528 176 25 a 7.3 1.2% 142 2,910 2,510
(313) {104) (18.5) {2,270) {20.1) {17.3)
5 705 b 0 b 7.5 | D.4% 147 5,270 4,960
(418) {19.1} (2,360) {36.3) (34.2)
5 528 176 25 a and b 9.4 0.47 147 5,470 5,020
{313) (104) [Note 5] (23.9) (2,360} (37.7) (34.6)
NOTES:
1. For all aixtures: 5. Both aduixtures inadvefvently_added
- Fine sggregate 45 percent of total aggregate by weight to this sixture. :
- Maximue water-cementitious material ratio: 0.45 6. Avarage of three samplas.
- Design slump: 7 inches (18 cu) 7. Cylindere sealed and stored next to

- Maximum aggregate:
Cement was Type II manufactured by Kaileer.

of ASTM C618, Type N.

Admixtures:

3/4 inch (19.0 om)

Pozzolan was a natural material meeting requirements

a. Water reducer/retarder: Master Euilders Pozzolith 3Q0R,

b.

Water reducer/retarder:

Sika

Plastiment,
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fine particles which traveled yery rapidly tp
the far end of the placement box. These par-
ticles wére apparently cement graina which were
‘wadhed out -of the concrete that initially flowed
out 0f the tremie. The pressnce of the flow
“layer ‘was unanticipsted, and the speed of the
flow 'was surprising - the layer was seen at the
far end of the box (17.5 ft (5.3 w)) wichin
' several seconds. :

Due to the, colloidally suspended particles, the
density of this-flow layer was such that it
remained as a cloudy layer on the bottom of the
box. Ae the placement progresaed, additional
particles went idto suspension, and the identity
of the original: ltyer was visually obacured.

The speed at which the colloidal layer traveled
proved to be directly related to the speed at
-which -the tremie pipe was raised to begin the
placement. The faster the pipe was raised,

the faster the layer flowed to the far end of
the placement box.

These observations of the flow from the tremie
pipe indicate am initial radial flow of sub-—
stantial force which affects a much larger area
than wes snticipated. The actnal volume of
material in this colloidal suepension is very
small indeed. This phenomenon reemphasizes

the necescity for care in beginming a tremie
placement. Mot only could the geal be lost,
but excessive laitance may be formed if the
pipe ie raised too rapidly or ie agitated.

Equally important, if a tremie were being
restarted in fresh concrete (as would happen
when tremies are relocated during a large place-
ment), the rapid Flow observed could contribute
to washing the surface of the existing concrete
and thus increase laitance.

2. The second observation concerns flow of the
concrete after a mound of concrete has built up
around the mouth of the tremie pipe. During the
first three tests, concrete was seen to be flow-
ing vertically up alongside the trewmie pipe.
Cnce a sufficient amount of fresh concrete had
built up around the tremie, the concrete appesar—
ed to slough off ysimilar to a soil slope fail-
ure). In these instances, Che concrete may have
pushed the earlier concrete away from the tremie
pipe, or it may have simply flowed over the
earlier concrete (Figure 16}. Due Lo the tur-
bidity of the water from the colloidal suspen-
sion, the exact mechanisms of flow could not be
accurately determined,

It should be noted that these tests were sasen-
tielly continuous placements. They were con—
ducted quickly enough to prevent excessive
stiffening of the first concrete placed before
rhe test war completed.

These visual observations indicated a complex
flow wechanism which may be & combination of
come or all of these noted above. The observa-
tions do not seem to support a purely vertically
layered theory, nor do they support the concept

of continuous flow underneath the older concrete.
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‘were located aes is shown in Figure 17.

2.3.2 Flow during placement as determined by
soundinges. As described earlier in the test
procedure, each test of 6 ydd (4.6 m3) was
broken into three approximacaly equal segments
Aby volume) which were colored differently.
Between placing each of the segments and aiso
following the final sagment, soundings werz taken
At 20 points within the teet box to determine
concrete flow patterns. . The soundings points
Concrete
thicknasses as determined by the soundings are
in Appendix E.

The sounding data have been used to draw center-
line profiles for each of the tests (Figures 18
through 22). Plorring of these data showed

very little lateral variation in the surface of
the concrete during the placements; therefore, no
c€ross sections are presented.

It must be noted that concrete for these tests
was purchased from a ready—mix supplier. There—

‘fore, the quantity of concrete piaced may have
varied slightly from test to test.
‘first test was cenducted using & comcrete pump

Also, the

to transfer the mix to the tremie hopper, re-
cuiting in a certain amount of concrete loss in
the pump and linee. Based on these considera-
tions, the plots should not be superimposed for
direct comparison. Rather, the plots are intend-
ed to show relative flow characteristics.

The following points may be made from the sound-
ings.

1. This evaluation of soundings does not show
which concrete is in which layer - only the
relative thicknesses during the placement.
Identification of specific comcrete can ouly be
accomplished from the cores. The profiles must

not be interpreted as successive layers of

differently colored econcretes.

2. All of the mixtures showed the same basic

flow pattern. The differences were in the degree
of mounding at the tremie location, the over-all
alope of the concrete, the smount of concrete
which reached the far end of the box, and the
rate at wvhich concrete reached the far end. The
soundings do not indicate whether the concrete
was flowing into or over the existing comcrete,.

3. The first three tests produced results which
were quite similar. For all three there was
significant mounding near the tremie location
(Figures 18, 19, 20}. As a result of this mound—
ing, very little concreta reached the far end of
the placement. None of the three mixes appears
to have a distiner advantage over either of the
other two.

4, The final two tests were quite similar and
showed a drastiec difference from the first three
tests {Figures 21 and 22). The wounding was
esgentially eliminated, the overall surface
slopes were much flatter, and a much greater
amount of concrete reached the far end of the
placement. There ie no clear advantage to either
of these last two mixes, both would be quite
satisfactory in an actual placement (based upom
flow considerations).
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s—TREMIE

a. Observed flow parallel to tremie pipe.

/

et eysta— R S — —

t_n

b. Postulated flow over base concrete after build-up in "a", above.

¢

¢. Postulated flow into base concrete pushing older concrete

away from tremie after build-up in "a”, above.-

Figure 16. Observed and postulated flow of
concrete near tremie pipe.
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5. On the basis of the flow during placement,
the governing factor appears to be the addition
of the second type of water reducer/retarder,
regardless of whether pozzolan was incorporated
inte the concrete. When the mixtures are cate-
gorized as containing or not containing the
second type of water reducer/retarder, the mix~
ture with pozzolan performed as well as the
reference mixture in each category.

2.3.3 Surface profiles end surface appearance.

In addition to the soundings described above,

a detailed mapping was conducted over the surface
of the concrete samples after the box was de-
watered (120 data points versus 20 for the
soundings). Measurements were made to deter-
mine the concrete thickness ac five locations
larteraliy {outside edges, 12 in. (30.5 cm) Erom
autside edges, and centerline} and at every 1 ft
{30.5 cm) interval along the long axis of the
box. The data obtained from these measurements
are in Appendix F, Profiles showing the concrete
thickness along the centerline and one edge are
given in Figures 23 through 27. These prefiles
are included since they show a much more detail-
ed view of the concrete surface than do the
soundings, Since there is very little lateral
variarion, no cross sections are presented.

Photographs of the surfaces of the five tests
are in Figures 28 through 33. A <lose-up of
the surface of Test 1 is shown in Figure 29.

The following points may be made from the surface
measurement data:

1. The profiles reinforce what was noted from

the soundings concerning mounding and concrate
flow to the far end. Additionally, the surface
measurements show that the most severe mounding
occurred directly under the thremie pipe for
Tests 1, 2, and 3. Obviously, some of the mound-
ing was caused by the withdrawal of the pipe.

2. The photographs show the surface appearance
ta be very similar for the first three tests.
In these tests, the concrete surface was ex-
tremely rough, with Testr 1 being the rougheat.
Figure 29 shows the development of ridges per-
pendicular to the flow direction im Test 1.
These ridges were not seen in any of the other
tests, The appearance of the ridges aseems to
indicate that the mass of concrete waa being
pushed away from the tremie as additienal con-
crete was being added.

3. The surface profiles of the concrete for
Tests & and 5 were also very similar and showed
a significant improvement over the first three
tests. Both tests showed much smoother and
more uniferm surfaces than the earlier tests.

4. As was true with the soundings data, the
surface profilesa and surface appearance appear
to be a function of the admixtures used, The
presence of the pozzelan does not appear ta
have a significant influence. (However, in the
first three tests the two mixes containing poz-
zolan did provide slightly smoather surfazces).
Based upon the surface profiles and textures
obtained, the mixes containing the second type
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of water reducer/retarder would have been per-
ferable in an actual placement.

5. The mounds at the tremie location in the
first three tests were very similar to the
mounds deen on the tremie seal discussed in
Chapter 3.

2.3.4 Distribution of concrete celors. As is
described above in the test procedure, exten-
sive coring of the tremie-placed concrete was
accomplished to determine the final distribu-
tion of concrete by its colors. The coring
pattern used was presented earlier in Figure
14,

The information obtained from the cores was
correlated with the overall profile data to
produce approximate profiles of the color dis-
tribution along the centerline and right edge
of the placement box. These profiles are
presented in Figures 34 through 38. The data
upon which these profiles are based are given
in Appendix G,

The following considerations apply to these
profiles:

1. In several instances iess than complete
recovery of cores wae obtained. ({These cases
were believed to be due to coring preblems
rather than sand layers.) In these cases
thicknesses of colors were approximated from
the portions of cores recovered and from total
sampie thickness data at the point of coring.

2. The quantiries of concrete of a given color
may have varied slightly from test to test.
However, the sequence of colors was always the
game: gray/brown (depending upon pozzolan
content), red, and black. :

3. Except for minor variastions caused by flow
around reinforcing steel (described below in
section 2.3.6), the color distributions were
quite symmetrical across the short dimension
of the placemant box. Therefore, only one
edge profile is shown.

Several blocks of concrete from these tests
were cut with a wire saw to provide & more
graphic representation af the color distribu-
tion. Photographs of these cross sections are
presented in Figures 39 through 45.

The following poi.ts may be made concerning the
concrete flow pattern as determined by the color
distributions:

1. No single flow pattern was seen which would
establigh one of the theories described above
(section 2.2.3) as the characteristic tremie
flow mechanism. Several mechanisms appear to
be involwed.

2. The color distributions do not substantiate
flow descriptions of the type which hold that
the initial concrete is pushed upward by con-
cerete placed gubsequently. Concrete of an
earlier color was found above later concrete
in only a few minor instances. These in-
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Figure 28. Cencrete surface,
Test 1.

Figure 29. Close-up of concrete surface, Test 1,
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Figure 30. Concrete surface,
Tesc 2.

Figure 31. Concrete surface,
Test 3.
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Figure 32. Concrete surface,
Test 4.
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Figure 33. Concrete surface,
Test 5.
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a. Photograph with boundaries
between colors enhanced,

BLACK

RED

BROWN

b, Schematic.

Figure 39, Cross section, Test 2, 8 ft (2.4 m) line.
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a. Photograph with boundaries
between colors enhanced.

BLACK

RED

BRCWN

b. Schematic.

Figure 40. C(ross section, Test 2, 12 f+ (3.7 m) line,
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a. Photograph with boundaries between colors enhanced.
Exact division between red and brown not visible on
this photograph.

BLACK

RED

BROWN

b. Schematic.

Figure 41. Cross section, Test 3, 8 ft (2.4 m) 1ine.
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a. Photograph with boundaries
between colors enhanced.

BLACK

RED

BROWN

[} L}

b. Schematic.

Figure 42. Cross section, Test 3, 12 £t (3.7 m) line.
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a,. Photograph with boundaries
between colors enhanced.

RED

GRAY

b. Schematic.

Figure 43. Cross section, Test 4, 8 ft (2.4 m) line.
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a, Photograph with boundaries
between colors enhanced.

| | I ~mmgt-Reinforcing steel.

RED

GRAY

b. Schematic.

Figure 44, Cross section, Test 4, 12 ft (3.7 m) line.
Note reinforcing steel.
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a. Photograph with boundaries
between colors enhanced,

I —==mi- Reinforcing steel.

RED

b. Schematic.

Figure 45. Cross section, Test &, 14 ft (4.3 m) line. Red
colored concrete is offset due to flow arocund
reinforcing steel.
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stances were of the nature of that showm in
Figure 43. It appears that these instances are
"noses" of concrete pushing into earlier con-
crete, They are probably the result of the
formation of bulbs of concrete around the
mouth of the tremie. The sides of the place-
ment box alao may have had a rele in the forma-
tion of these areas by reducing lateral flow.

3. Twoe besic flow mechanisms seem Lo be pre-
sent in these tests. (With the exception of
Test 1, the mixtures can again be categorized
by the presence of the second type of water
reducer/retarder.) In Teats 2 and 3, the pattern
seems to be horizontal layers with the later
concrete flowing over earlier concrete. In
Tests 1, 4, and 5, the pattern appears to in-
dicate that later concrete was pushing earlier
conerete away from the tremie rather than
flowing over it.

4, The color distributions of Tests 2 and 3
support the earlier comments {section 2.3.1)
describing flow back-up alongside the tremie
pipe, before lateral flow took place. For
these tests, the concrete could have flowed
upward first and then down and over the ear-
lier concrete creating the horizontal layers
noted.

5. The data from Tests 4 and 5 could also

support the concept of flow back-up alongside
and parallel to the tremie pipe. However, if
this were the case, the flow after the upward
rise was probably essentially a shear failure
which caused a movement of the entire mass

away from the tremie pipe. Since mixtures 4

and 5 contained the second type of water reducer/
retarder, there wmay have been less shear re-
sistance in the fresh concrete.

6. Perhaps a better theory for Tests 4 and 5

is the formation of a bulb of concrete around
the tremie pipe. Rather than flowing upward,
new concrete would simply push earlier concrete
away from the tremie. Again, this theory

would depend upon the lowered shear capacity
of the concrete in these tests. This theory
would alsc account for the small amounts of

red concrete found over black concrete.

7. The data for Test 1 seem to fit the bulb
pattern described above, except that upward flow
alongside the tremie was detected during this
test. This mixture did not contain the second
type of water reducer/retarder. It must be noted
that Test 1 was conducted by pumping che concrete
from the truck to the tremie hopper. The inere-
mental volumes of concrete placed (and thus the
changes in color) were determined in a wmuch more
approximate and inaccurate manner than during the
other tests. These inaccuracies may make close
comparisons with the other tests somewhat in-
appropriate.

8. It is interesting to note that ridges were
seen on the surface of Test 1 at approximately
the 9 and 11 ft (2.7 and 3.4 m) lines. The '
ridges can be interpreted, on the basis of the
color distribution, as being formed by the red
concrete pushing the gray concrete away from the
tremie.

9. Item 2, above, indicates that the gemeral
aotion of concrete flowing into an existing
mound end thus being protected from contact
with the water may not always be correct. In
the layer type of flow, there is a significant
chance that most of the tremie concrete will be
exposed directly to water during the placement.

10. It was pointed out earlier nor to equate
sounding data with color layers. The need for
that warning can be seen by comparing the
figures showing sounding data with those showing
color distributions. Concrete from the first
color placed continued to move as additional
concrete was added, Apparently, tremie concrete
may be expected to be moving for a long period
of time after it exits from the tremie pipe.

11. Although the coring program did provide
valuable data, it was extremely time-consuming,
difficult, and expensive. Development of an
alternative approach, if investigatioms of this
nature are undertaken in the future, is highly
recomended. : :

2.3.5 Concrete density. The cores obtained
from the last four placements were also used to
evaluate the density of the in-place tremie con-
crete. Density and unit weight were determined
according to the following formula:

W
a

Unit weight = ” ¥w

-
a w

where ¥, = weight in air

v, - weight in water

Y, " unit weight of water

Selected data from these calculations are pre-
sented in Teble 14. Unit weights of fresh
concrete calculated in accordance with ASTM
C-138 are also presented in this table for com-
parison.

The following points may be made concerning the
concrete demsities: i

1. In-place unit weights for concrete at the
iocation of the tremie were very close to
those determined for the fresh concrete by the
gtandard ASTM test. Differences for the four
tests ranged from 0.1 to 2.2 percent with the
in-place concrete being heavier in all cases.
Thus, the process of flowing through the tre-
mie does produce a dense concrete near the
tremie pipe.

2, There is a general decrease in concrete

unit weight as distance from the tremie in—
creases. When the effects of laitance accumu-
lation on the surface are meglected by using
cores not affected by the laitance, this de-
crease is not significant, as is showm below
(amounts of laitance accumulation are discussed
in section 2.3.7, below}:
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TABLE 14 - REPRESENTATIVE CONCRETE UNIT WEIGHIS

SEE FIGURE 14 FOR CORE LOCATIONS

Unit Weight

Test Station Depth** 3 R
1b/ft (kg/u™)

2 ASTM C 138 142.0 2,275
2 Tremie, center Top 141.3 2,263
Tremie, left Bottom 137.8 2,207

5, left Bottom 138.1 2,212

7, center Bottom 138.1 2,212

15, center* Top 137.0 2,195

3 ASTM C 138 142.0 2,275
3 Tremie, center Top 143.1 2,292
Tremie, left Top 139.4 2,233

Tremie, left Bottom 140.9 2,257

5, left Bottom 140.2 2,246

9, right Center 140.6 2,252

15, center — 138.1 2,212

17, right - 136.9 2,193

19, left* - 127.9 2,049

4 ASTM C 138 147.0 2,355
4 Tremfe, center Center 145.5 2,331
Tremie, left Top 143.6 2,300

5, right Top 144.7 2,318

5, left Top 145.3 2,327

11, center Bottom 147.3 2,360

17, right Bottom 145.0 2,323

17, center* Top 139.7 2,238

19, left Top 142.1 2,275

5 ASTM C 138 147.0 2,355
5 Tremie, center Top 145,2 2,326
Tremie, left Top 145.9 2,337

7, center Top 144.7 2,318

7, right Top 146.7 2,350

15, left Top 145.0 2,323

15, left Bottom 146.4 2,345

17, center Top 144.9 2,321

19, center* Top 134.5 2,154

19, center Bottom 145.9 - 2,337

19, r-ight! Top 134.6 2,156

19, right Bottom 145.8 2,335

AIndicates cores which included surface laitance.

&%

No entry indicates core was recovered full depth in one plece.
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Test At Tremie

141.3 1b/£t3(2263 kg/m3)

(]

3 163.1 1b/£23(2292 kg/m3)
4 165.5 1b/££3(2331 kg/m)
5 145.2 16/ £63(2326 kg/m3)

Test Station At Station

2 15 137.0 1b/£e3(2195 kg/w3)

3 15 138.1 1b/£c3(2212 kg/md)

4 19 142.1 ib/Ee3(2275 kg/m3}

5 19 145.8 1b/££3(2335 kg/m3)

3. When laitance is included in the cal-
calculations, the decrease becomes much greater.
The data below are for cores which had a
surface layer of laitance.

Test 3, Core.l9L {~1.5 in. (3.8 cm)
laitance): 127.9 1b/ft3(2049% kg/m3)

Test 5, Core 19R {(~3.0 in. (7.6 cm)
laitance}: 134.6 1b/£c3(2156 kg/m3)

It may be argued that some of the laitance
resulted from an "end-effects'" phenomenon as
the concrete veached the end of the placement
box. MHowever, the same effects will occur in
actual placements as the concrete reaches the
boundaries of the placement. Therefore, these
data reemphasize the requirement for removal

of washed material at the far end of a place-
ment to insure that such material does not
become trapped in or part of the final con-
crete product.
4. As is described below, flow of tremie con-
crete around reinforcing steel was also exam—
ined during these tests. Flow arcund the bars
seems to have little effect ont the concrete
density as is shown below:

Test &
Core 9R, bottom, 146.8 1b/ftd (2352 kg/m3)
Core 11R, top, 144.5 1b/frd (2315 xg/m3)

Bars
Core 138, bottom, 147.1 1b/ft3 (2357 kg/m3)

Bars

Core 1SR, top, 136.8 Lb/fc? (2192 kg/md) -
{includes surface laitance, 3.0 in. (7.6 cm})

Test 5
Core 9R, bottom, 149.0 1b/fcd (2387 kg/md)

Core LLR, bortom, 147.7 1b/ft3 (2366 kg/m3)
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Bars
Core 13R, bottom, 147.2 Ib/frd (2358 kg/m3)
Bars

Core 15R, bottom, 148.2 1b/ft3 (2374 kg/m3)

The change in density caused by the reinforc-
ing steel does not appear to be significant,
as long as laitance is mot trapped near the
steel.

2.3.6. Flow around reinforcing steel. Rein-
forcing ateel was placed in four of the tests
to gimulate reinforced tremie placements.
Observations were made of the flow of the
concrete around these bars.

For Tests 1 and 2, the bars were placed in a
row across the end of the placement box. For
Tests 4 and 5, the bars were assembled into a
cage along the side of the box. Details of
the bar placement are in Figure 46.

The material reaching the end of the box in
the first two tests was largely laitance.
This material did flow well around the bars
but it would not heve provided satisfactory
bond had these been actual placements. Fig-
ure 47 shows flow around bars in Test 1.

Moving the bars closer to the tremie pipe
resolved the laitance problems and allowed

"more valid observations of concrete flow

around the steel. The results were extremely
good, as shown in Figure 48. While the bars
had very little influence on the concrete,
there were two noticeable effects.

1. There was a minor buildup of concrete
upstream of the bars, &8 can be seen in the
profiles along the right edge given earlier.
Thia buildup was on the order of a few inches
and would cause no problem in an actual place-—
ment.

2. The bars did cause concrete flow to skew
away from the steel. This is clearly seen in
Figure 45. Although interesting, thian phenom-
enon would not affect the quality of the
concrete.

Overall, concrete (Tests 4 and 5) flowed wall
and embedded the bars satisfactorily. The
slight buildup behind the bare reemphasizes
the necessity for careful detailing of re-
inforcing steel for tremie applications to
insure wide enough spaces for the concrete to
flow through. There was no difference detected
in the flow and bar embedment between the
concretes with and without the pozzolan.

2.3.7. Laitance formation. One area which
is always of concern during a tremie place-
ment ig the washing out of some of the cement
paste from the concrete and the subsequent
formation of laitance. The fear of this
occurrence is one of Che two reasons (the
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Figure 47. Concrete (laitance) flow around reinforcing steel, Test 1.
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Figure 48. Concrete flow around reinforcing
gteel, Test 5,
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other being improved workability and flow)
traditionally given for increasing the cement
content for tremie placements.

The results of these placements show that
cement lossflaitance formation is indeed a
problem which must be considered.

For the first two tests, the material which
reached the far end of the placement was almost
entirely laitance. Test 3 did show concrete

at the end of the box, but there was also a
significant amount of laitance. The quality

of the concrete near the end of the box in
these tests was unsatisfactory for the first
two tests and marginal for the third.

The concrete at the far end of the box for the
last two tests showed a much smaller amount
of laitance - only a few inches, with this
laitance being on top of sound concrete.

The change in the amount of lairance may be
the result of the following:

1. The second type of water reducing/retarding
admixture may have increased the bond of the
cement inte the concrete.

2. The type of flow observed for Tests 4 and

5 may have exposed less of the concrete to
contact with the water; and therefore, there

was less opportunity for cement ro be washed.
out. The flow seen in Tests 2 and 3, horizontal
layers, would have exposed more conciete to
washing.

When washing out does occur, little of the
cement seems to go into suspension in the

water. The majority appears to stay near the
surface of the concrete and to flow toward the
low end of the placement. In all of the tests,
there was a minimal layer (1/4 to 1/2 in. (0.6-
1.3 ecm}) of laitance which was deposited over
the entire sample by cement precipitating out
of suspemsion afcer the placement was completed.

No difference was detected in laitance forma-
tion for the concretes with and without pozzo-
lan. However, the lazitance in Test 2 which
contained significant propertions of pozzolan
which had washed out was soft and did not set,
as did the other accumulations of laitance.

The following items summarize

2.4 Summary.
these tests:

1. Five concrete mixtures of approximately 6
ydd each (4,6 m3) were placed by tremie under
water in a laboratory placement box. The
mixtures differed in pozzolan content and in,
the types of admixtures used.

J. The concrete placements were divided into
three equal segments which were colored differ-
ently to allow for iater identification of the
concrece.

3. Data were coliected during and after the
concrete placements covering concrete flow
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patterns, final color distribution, density,
flow around reinforcing steel, and laitance
formation.

4. Mo single flow mechanism for tremie placed
concrete was identified. Iunstead, two basic
flow patterns were seen. The first of these

was horizontally layered while the second was
vertically layered. The latter produced much
flatter concrete slopes, provided better quality
concrete at the far end of the placement, and
produced much less laitance, making it the
pteferred fiow pattern for actual placements.

5. The type of flow mechanism which develops
appears to be a function of the concrete being
piaced, The tests with the vertically layered
flow used concrete containing the second type of
water reducer/retarder. Apparently, this admix-
ture reduced the shear resistance of the fresh
concrete allowing the vertically layered type

of flow to take place.

6. The results of these flow tests lead to the
conclusion that determination of the shear re-
sistance of a potential tremie concrete wixture
is a critical step in the mixture design and
evaluation process. Additional effort to develop
a usable shear test for fresh concrete appears
to be justified.

7. The concrete mixtures containing the
pozzolanic replacements performed very well
indicating that the recommendations of the
small-scale tests {Chapter 1) were correct.

8. These large-scale flow tests have led to

a better understanding of the tremie placement
process. By designing concrete mixtures ko
give a perticular type of flow, the engineer
will have & greater degree of contrcl over
underwater placements which should lead to
improved results on future projects.



CHAPTER 3

TREMIE CONCRETE PLACEMENT,
I-205 COLUMBIA RIVER BRIDGE

3.1 QObjective. The objective of this portion
of the project was ta observe tremie concrete
placement of a nonstructural seal for a

pier of a major bridge. The following areas
were of particular interest:

a. Behavior of a tremie concrete mixture
containing a fly ash replacement of a
portion of the cement;

b. Prediction and measurement of tempera-
tures developed within the seal con-
crete; and,

¢. Examination of flow patterns of the

tremie concrete.

3.2 Background,

3.2.]1 Descriptign of the bridge. This bridge,
when completed, will cross the Columbia River
east of Portland, Oregon. The bridge will
provide a bypass around the downtown Portland
area for I-5 users as well as carry local com~
muter traffic.

The total project length is 11,750 fr (3,580
m}. Included in this total are major bridges
over the north and scuth channels of the
Columbia River and & 1,100 ft {335 m) fill
section across an island. The North Channel
crossing is two entirely separate structures
which share a common foundation at Piers 12 and
13 only. The South Channel crossing is two
separate structures for all of its length. The
South Channel Bridges will be 3,120 fr (951 m)
long and will be constructed using a cast-in-
place technigque. The North Channel Bridges
will be constructed using a segmented box gir-
der technique. These structures will have a
total length of 7,460 fr (2,274 m) with main
spans of 48Q; 600; and 480 ft (146; 183; 146 m).
When complete, the North Channel structures
will be the longest segmented box girder bridges
in North America.

The contractor who was awarded the substructure
contract for the North Chawnel Bridges is a
joint venture of Willamette-Western Corp,
Alaska Constructors, Inc., and General Con-
struction Co. He is using both structural and
nonstructural tremie concrete on the project,
Reusable steel forms are being used ro cast 26
double bell piers incorporating reinforced
tremie concrete. Two additional piers are

pier to the south. Pier 12 was constructed
using a cofferdam made up of ARBED interlocked
H-piles. Two levels of internal bracing were
used to strengthen the cofferdam. The nominal
inside dimensions of the cofferdsam were 54 x
140 fr (16.5 x 42.6 m). The base of the seal
was designed to be at a depth of 78 ft

{23.8 m) with the top of the seal at a depth
of 45 ft (13.7 m). These nominal dimensions
lead to a volume of concrete required of

9,240 yd3 (7,065 md).

The actual dimensions of the cofferdam varied
slightly as did the top and bottom clevations
of the seal. A total of 9,750 yd? (7,455 n3)
of concrete were actually placed by tremie.¥®

3.2.3 Temperature predictions. Early in the
plauning process, the State of Oregon and the
contrackor raised the question of problems
associated with temperature development in
such a large placement. At their request,
several analyses were performed using a
computer program based upon a one-dimensional
heat flow evaluation technique usually
teferred te as the Carlson Methed after its
developer, Roy Carlson (ref. 24).

The following assumptions were made while
applying the Carlson Method:

a. Heat flow is considered in one direction
only. For the tremie placement of Pier 12,
heat low in the vertical direction was
evaluated.

b. Heat generation within the concrete is
adiabatic.

c¢. The adiabatic temperature increase for a
mix being evaluated is directly proportional
to the adiabatic temperature increase of a
reference mix whose adiabatic curve is known.
The proportional constant is the cement con=-
tent of the trial mix divided by the cement
content of the reference mix.

d. Heat generation for a given amount of
pozzolanic material is one-half that
of the same weight of cement.

e¢. The thermal diffusivity of the concrete and
the underlying rock is 1.00 ft2/day (1.08 x
1076m2/s).

£. The initial temperature of the underlying
material is the same as the river water.

g. The continuous placement of the tremie may
be modelled by an incremental technique.

being constructed using cofferdams with tremde-
placed seals. Except where specifically noted,
the work covered im this report dezls with
nonstructural tremie-placed concrete meal of
Pier 12 of the North Channel Crossing.

Due to the assumptions noted and to uncertainties
about the input data for actual materials to be

used, the results of the predictions were viewed
as only relative indications of the temperatures

3.2.2 Geometry of Pier 12. This pier is the
northernmost river pier in the project. The
main 600 ft (133 m) span of the two bridges

will be between Pier 12 and Pier 13, the next

* For more information on the bridge itself and
the construction techniques being used, sae
references 19 through 23,
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which would be developed by the various mix-
tures. The temperature predictions are shown
in Table 15.

These predictions indicated that high tempera-
tures could be expected in the seal concrete
and that replacement of a portion of the cerent
would be the most feasible way of meeting the
State's desire for a 140°F (60°C) maximum
Lterperature.

The desire to reduce temperature in the seal
concrete was heightened by surface cracking of
a large pier shaft on shore which cccurred at
about the time the calculations were being
dene. This eracking was attributed to thermal
gradient problems.

It must be stressed that one of the most
significant assumptions of the Carlson Methed
is that heat flux occurs only in the vertical
dircction. Thus, the predictions above are
valid only for the center of rhe concrete mass.
For those areas near the edges of the seal,
where potentially significant temperature
gradients may develop, another technigue must
be used. To overcome this problem, a program
was written to allow use of an existing finite-
element program for predicrion of temperatures
in tremie concrete as is described in Chapter

5.

3.2.4 Tremie concrete mixture. Based upon the
predictions above, the concrete mixture des-
cribed in Table 16 was sclected for use. This
mixture was developed as 1s outlined in the
table. As is also shown in Table 16, this
mixture has an equivalent cement cuntent for
heat gereration purpeses of 61l 1b/yd3 (361
kg/m3) .

3.2.5 Placement technique. Tremie concrete
placement for Pier 12 began at 8§ A.M. on 15 May
1978, and was essentially continuous for 72
hours. The majority of the concrete was batched
in a {loating plant moored at the site. Two
pumps were used to transfer concrete from the
plant to the tremies. Additional concrete was
batched at a nearby ready-mix plant and was
trucked to the site. This concrete was pumped
along a causeway leading from shore to the
cofferdam. Figures 49 and 50 show the site and
the cofferdam during the placement process.

The tremies were manufactured from 10 in. (25.4
cm) pipe. Connections were flanged and gasket-
ed. A hopper was bolted onto the top of each
tremie and each tremie had its oun frame and
air-hoist to allow for vertical movement. The
upper portions of the tremies were made up of 5
ft {1.5 m) sections which allowed for remaval

of sections as the placement progressed. Details
of the tremies and the support frames are shown
in Figures 51 and 5Z.

The tremies were started dry with the lewer end
sealed with a metal plate and rubber pgasket
(Figure 53). The plate was wired onto the end
of the tremie. The concrete used to fill the
the tremies initially was therefore dropped
approximately 80 ft (24.4 m). Once full of
concrete, the tremies were lifted breaking the
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wires which allowed the concrete flow to begin.
The same sealing techniques were used when a
tremie was moved and restarted.

Three tremies (two supplied by the floating plant
and one supplied from shore) were normally in use
at one time. Placement was- started with all three
tremics along the short centerline of the coffer-
dam. As the seal in this area was brought up to
grade, the tremies were moved toward the ends of
the cofferdam. The locations for restarting a
tremie were established by soundings.

3.3 Observations and Discussion

3.3.1 Measured remperatures. The temperatures
which developed in the tremie concrete were mea-
sured using 34 resistance thermometers placed in
the northeast quadrant of the cofferdam. These
instruments were located at various elevations in
four planes (Rows 1-4) perpendicular to the long
axis of the cofferdam as is shown in Figure 54.
Exact instrument locations are given in Appendix H.

Readings were made manually using a variable

resistance box nominally every two hours for the
first 80 hours after the placement began (Figure
55)., Readings were them taken two or three times

daily for an additional 13 days until the contractor

began preparing to place the next lift of concrete
for the pier. Temperature data, a description of
the data recording technique, and data reduction
methods are given in Appendix I. The data ob-
tained are discussed below:

a. Masimum Cemperalures. Tle maximum tempera-
ture recorded for each instrument and a brief
desciption of instrument locatioms are given in
Table 17. MNote that the river temperature during
and following placement was approximately 55° F
{(13°C). The concrete placement temperature rang-
ed from 60 to 650F (16 to 187 C). The maximum
concrete temperature recorded therefore repre-
sents a 90 to 959 F (32 ro 35% €) increase.

The temperatures recorded for instruments 5, 7,
and 9 are less than anticipated. These instru-
ments may have malfunctioned or the low readings
may have been caused by a zone of incemented
material (described below in section 3.3.4).

A summary of temperatures based upon instrument
groupings is given in Table 1B. As anticipated,
the maximum temperatures developed in the ceater
of the concrete mass.

The temperatures which develioped near the out-
side edges of the seal and near the top surface
represent potentially significant thermal gra-
dients as is discussed below. The vange of
temperatures in the group of instruments near
the top surface of the seal may be attributed
to the varying depths of concrele cover which
were actually achieved.

b. Temperature histories. The locations of
four representative instruments are shown in
Figure 56. Time versus temperature curves for
these instruments are presented in Figures 57
through 60.



TABLE 15 - TEMPERATURES PREDICTED USING THE CARLSON METHOD

_ Cement Percent Seal Initial [Predicted
Cement Content Fly Ash Concrete Maximum
K Thickness ° °
Type Sacks/ yd Replace- £t (m) Temp., °F | Temp., °F
1b/yd3 ment (°c) ("¢}
(kg/m3)
;6; 0 176 (80}
(418) 20 164 (73)
I
7.0
658 ] 38 (11.6) 65 (18) 168 (76)
(390) 20 158 (70)
454 0 160 (71)
(418) 20 150 (66)
II Z;g 0 154 (68)
(390) 20 145 (63)
7.0
658 0 33 (10.0) 60 (16) 150 (66}
(390) 20 141 (61)

NOTES: (1)} Predicted temperatures at 10 days after beginning of
placement,

(2) All predictions assume river water temperatures of 45°F
(7°C).

Flgure 49. Overall view of site during placement of tremie
concrete for Pier 12 of T1-205 Bridge,
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TABLE 16 - TREMIE CONCRETE MIXTURE, PIER 12, I-205 BRIDGE

Cement, Type Il 526 1b /yd3 (312 kg!m3)

Fly Ash 165 1b/yd> ( 98 kg/u )

Coarse Agpregate 1,622 1bfyd3 (962 kgme)

3/4 inch (12,0 om) maximum

Fine Aggregate 1,277 1bfyd3 {758 kg/mS)

Water 304 1b /yd3 (180 kgfma)

Water Reducing Admixture Per manufacturer's recommendations
Slump 6 - 9 inches {15 - 23 cm)

Design Strength (28 days) 3,300 lb/in.2(22.8 MPa)

Actual Strengths (28 days) 5,000 lb/in.2(34.5 ¥Pa)

(approximate average)

Water-cement+fFlyash Ratio 0.44

This mixture was developed as follows:

Coment: 7 sacks/yd3 = 658 1b fyd3 (390 kg/ma)
Less 20 percent -132 (=78 3

Net 526 1b fyd> (312 kgfm)

3
Fly Ash: 125 percent of cement = 165 1b /yd” ( 98 kg/n’)
reduction

Figure 50. View Inside cofferdam during tremie concrete placement.
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Figure 51. Details of tremie placement equipment ~ frame
supporting hopper and pipe. Note air
hoist which allowed vertical movement of pipe

during placement.
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Figure 52, Tremie system being moved to new location. Note
flanged connections on upper portion of the tremie pipe.
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Figure 53, Steel end plate and rubber washer being tied to
end of tremie pipe to seal pipe during a change
of tremie location.
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Figure 55. Manual recording of temperatures in seal concrete,
Note interlocked ARBED H-pile system.
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TABLE 17 - MAXIMUM TEMPERATURES RECORDED IN PIER 12 SEAIL, CONCRETE

Max Elapsed Temp at Temp at
Inst. Instruyment Location Temp, Time, 386 Hra, 29 Days,
Ho. Row | Horiromtally | Vertically oF {°C) Hrs . oF (°C) oF (9C)
1* 1 Mid-Depth of Water in 57 (14) 140 57 (14) NA

Cofferdam _
* Water, 1 Ft Above

2 1 Design Seal Surface 58 (14) 340 57 {14) NA
T 1 C-L Top of Seal 57 {14) 140 57 (14) NA
L 1 c-L Top of Seal 110 {43) 110 92 (31) NA
Sk 1 c-L Mid-depth 129 (54) 180 129 (54) NA
6 1 c-L Bottom 122 {(50) 130 119 (48) Na
Fiek 1 off C-L Top Qtr Pt 95 (35) 250 79 (26) NA
B 1 off C-L Bottom Qtr Pt 155 (68) 310 155 (68) 150 (66)
Gk 1 Off’ C-L Mid-depth 116 (&47) 220 106 {41) NA
10 1 Cuteide Edge Top of Seal 82 (28) 90 60 (16) NA
11 1 Cutside Edge Top of Seal 107 (42) 100 61 (16) NA
12 1 Outside Edge Mid-depth 92 (33) 66 th {23) NA
i3 1 Outside Edge Bottom 94 (34) 26 81 (27) NA
14 1 Water Outside Cofferdanm Instrument Lost NA
15 2 ¢-L Top of Seal 90 (32) 120 82 (28) 78 (26)
16 2 c-L Mid-depth 150 (66) 380 150 (66) 154 (68)
17 2 Cc-L Bottom 119 -(48) 150 117 (47) 111 (44)
18 2 Outside Edge Top of Seal 121 (49) 130 93 (34} NA
19 2 Outside Edge Mid-depth 105 (4l1) 210 81 (27} NA
20 2 Outside Edge Bottom 101 (38) 50 84 (29) NA
21 3 c-L Top of Seal 114 (46) 140 101 (38) ¥A
22 3 c-L Top of Seal 139 (59) 180 130 (54) NA
23 3 c-L Mid-depth 154 (68} 370 154 (68) 148 (64)
24 3 ¢c-L Bottom 118 (48) 180 116 (47) NA
25 3 Outside Edge Top of Seal 108 (42) 140 a6 (30) 75 (24)
26 3 Outside Edge Top of Seal 127 (53) 170 105 (41) 87 (31)
27 3 Outside Edge Mid-depth 125 (52) 180 109 (43) 96 (36)
28 3 Outgside Edge Bottom 102 (39) 100 78 (26) 67 (19)
29 4 C-L Top of Seal 34 (34) 130 70 (21) NA
30 4 C-L Mid-depth 142 (61) 170 121 (49) HA
3l 4 C-L Bottom 100 (38) 70 90 (32) NA
32 4 Outside Edge Top of Seal 116 (47) 140 90 (32) NA
33 4 Outside Edge Mid-depth 143 (62) 150 112 (44) NA
34 A Outside Bdge Bottom 87 (31) 22 64 (18) Ra

*Instrument located in water, not

in concrete.

Instrument 3 was not embedded in coucrete as planned.

** Readings for these instruments appear to be questionable.

n

See text.



TABLE 18 - MAXIMUM TEMPERATURES GROUPED BY INSTRUMENT LOCATION

Inatruments and Temperatures

¥ co

At or near center-line of piler, # 5% 129 (54)
mid-depth of seal. . # 7% 95 (35)
. (Excluding Row &) $ 8 155 (68)
' # 9x 116 (47)

#16 150 (66)

#23 154 (68)

At or near center-line of pier, #6 122 {50)
bottom of seal #17 119 (48)
(Excluding Row 4) #24 - 118 (48)
Outside edge of cofferdam, #12 92 (33)
mid-depth of seal _ #19 105 (41)
#30 142 (61)

#33 143 (62)

Outside edge of cofferdam, #13 94 (34)
bottom of seal #20 101 (38)
#28 102 (39)

#31 100 (38)

#34 87 (31)

Near top surface, all locations , # 4 110 (43)
#10 82 (28)

#15 20 (32)

#f18 121 (49)

#21 114 (46)

#25 108 (42)

#29 94 (34)

#32 116 47)

NOTE: *Readings for these instruments appear to be questionable.
See text.
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Readings for several instruments were taken on

13 June 1978, 29 days after placement began.

These temperatures are also shown in Table 17,

A summary of temperatures 386 hours after placement
began (the end of regular readings) is as follows:

60-85°F (16-299C) 11 instruments
(exterior locations)

86-105°F (30-41°C} 7 instruments
(top of seal lacations)

106-125%F (42-529C} 7 instruments
{various locaticns)

126-155%F (53-689C) 5 instruments
(interior locations)

Thus, after 386 hours, the interior of the
concrete remained very close to its maximum
temperature while the edges and surfaces were
showing significant coeling.

c. Gradients. The data for those instruments
near the edge or near the top of the seal were
examined to determine the temperature gradients
which developed in the extreme portions of the
concrete. The outside surface of the concrete
was assumed to be at the water temperature,
550F (13° ¢). Table 19 summarizes these gra-—
dients by instrument location. The data in
this table point out the following:

l. Large temperature differentials developed
in the outside portions of the concrete - a
maximum difference of B8°F (31°C) above the
river temperature was recorded.

2. When the distances of the instruments from
the face of the concrete are taken into account
to develop a gradient in terms of remperature
change per unit length, the various instruments
may be compared. The gradients for the mid-
depth and top instruments, taken toc the outside
of the seal, are both approximately }.5° Ffin.
{0.4° C/em). For the top instruments taken
toward the top surface, the gradients were more
varied and ranged up to 4.4° F/fin. (1.09 C/em).

3. The rate of gradient developmeant was gen-—
erally consistent at 0.4%F/hr (0.29 C/hr) when
the bottom instruments are excluded. The

bottom instruments developed their maximum values
at a faster rate since the underlying material
was not as efficient a heat sink as the river
water.

d. Temperature induced stress. A detailed exam-
ination of temperature induced stress is beyond
the scope of this report. However, the following
caleulations are presented based upon typical
gradients described above to point out the sig-
nificance of the temperatures which were develop~
ed in the seal concrete.

Consider a mid-depth location 40 in. (1 w) from
the outside of the seal {typical temperature
instrument location) at which the gradient is
1.5%F/in. (0.33°C/cm}. Assuming complete con-
straint and neglecting creep the approximate
change in atress across the concrete section may
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be calculated using the following equation:¥

Au=  (E 0AT)R
where & = 5.5 x 10~%in./in./OF
AT = 1.5% F/in, x 40 in. = &0°F
R = 1.0 for complete constraint
For E = 1.0 x 10% ib/in.2, Ao = 330 1b/in.2
For E = 3,0 x 10° 1b/in.2, Ac = 930 lb/in.2

Further, assume a rate of temperature develop-
ment of 0.4%Bfhr (0.22° C/hr}. For the total
differentisl of 60°9F (33°C), the stress caleu-
lated above would be developed in 150 hours.

Since the exact properties of the concrete at
early ages are unknown, it is :mpossible to
say with certatnty what effects che stresses
calculated above would have on the seal, It
appears that these stresses are large enough
and develop rapidly enough to be of concern.

3.3.2 Measured versus predicted temperatures.
After the placemeat was complete, the Carlson
Method program described above was used to
predict temperatures within the seal based

upon the actual placement conditions (mixture
design, water temperature and concrete tempera-
ture}: The temperatures predicted by this

run were compared with the measured temperatures
to determine the reliability of the prediction
technique. Overall, the prediction techunique
was accurate to within approximately ten
percent of measured values when considering
locations near the center of the concrete
mass. A summary of predicted versus measured
temperatures for various elevations within

the seal ias given in Table 20. Comparisons

of the various instrument groups are given
below. Tables of predicted versus measured
temperatures are given in Appendix J.

A. Mid-depth instruments. The maximum tempera-
ture predicted at the end of 10 days after

the beginning of placement was 1449F (629C)

at a gtation approximately 13 ft {4 m)} above
the base of the seal. From about 7 ft (2 m)

to 28 ft (9 m} above the base of the seal,

the predicted temperature was slightly above
14Q9F (60°C), A comparison of the mid-depth
instruments along or near the center line of
the seal at the end of 10 days shows:

Inst. No. 5: 129°F (549 @)
Inst. Mo, 7:  920F (330 ¢)
Inst. No. 8: 1539F (67° G)
Inst. HNo. 16: 1459F (630 C)
Inst. Ho. 23: 150°F {66° C)

The readings for instruments 5 and 7 are not
consistent with similarly placed instruments.

* Ao = (E QdT)R
Where o = 2.5 x 1077 cm/em/© C
At = 0,33° Cfcm x 102 cm = 400
R = 1.0 for complete constraint
For E = 6895 MPa, AC = 2,3 MPa
E = 20685 MPa,AC = 6.9 MPa



TABLE 19 — TEMPERATURE GRADIENTS IN OUTER PORTIONS OF SEAL CONCRETE

Rate of
Instrument Ranges Temperature
Location Temperatures Gradients Development
B henen 37 - B8°F 0.9 - 2.1° F/in, | 0.2 - 0.6° F/hr
- ° - o - °
(5 Inst.) (21 - 49°C) (0.2 - 0.5° C/em) (0.1 - 0.3° C/hx)
Edge of Seal,
Bottom; Gradient 32 ~ 47°F 0.8 = 1.2° F/in. 0.5 - 1.6° F/hr
to Outside Edge (18 - 26°C) (0.2 = 0.3° C/cm) (0.3 - 0.9° C/hr)
(5 Inst.)
Top of Seal;
Gradient to 27 - 84° F 0.7 - 1.9° F/in. 0.3 - 0.5° F/nr
Outside Edge (15 - 47° C) (0.2 - 0.4° C/cm) (0.2 - 0.3° C/hx)
(9 Inst.)
Top of Seal; » o o |
35 - 53* ¥ 1.6 - 4.4° F/in. 0.3 - 0.4° F/hr.
G’?zi‘;ﬁ;:‘)’ Tor | (19 - 29° @) (0.3 - 1.0° C/cm) (= 0.2° C/hr)
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TABLE 20 -~ PREDICTED VERSUS MEASURED TEMPERATURES AT VARIOUS
ELEVATIONS, 240 HOURS AFTER BEGINNING OF PLACEMENT

Elevation
Above Measured Temperatyre
Bottom of Predicted Inst #/°9F(°C)
Seal, Fr. Temp., ©F (Multiple instr at same
{m) (°c) elevation are on same lipe)
35 {10.7) 5% (13}
34 71 (22} #3/56 {13); #15/86 (30)
32 110 (43) #4/101 (38); #21/108 (42)
an (9.1) 127 (53) #22/137 (58)
28 138 (59)
26 142 (51) #7%/92 (33)
24 (7.3) 143 (62)
22 143 {62)
20 143 (62) #16/145 {63)
18 (5.5) 143 (62) #5% /129 (54); #9%/116 (47); #23/150 (66)
16 143 {62)
14 144 (62)
12 (3.7) 144 (62)
10 143 (62) #8/153 (67)
8 141 (61)
6 (1.8) 137 (58)
4 130 (54)
2 118 (48)
1 103 {39) #6/122 (50); #17/119 (48); #24/118 (48)
¢ (0} 100 (38)

*
Readings for these instruments appear to be questicnable. See text.

TABLE 21 - SUMMARY OF CONCRETE PRODUCTION FOR PTER 12

Production, yd3 (m3)

ﬁiﬁié Land Floating Total
Plant Plant

0 10 477 (  365) 1,074 ( 821) 1,551 (1,186)
10 - 20 450 ¢ 344) 984 ( 752) 1,434 (1,096)
20 - 30 405 ¢ 310) 990 ( 757) 1,395 (1,067)
30 - 40 482 ( 369) 558 ( 427) 1,060 ( 796)
40 ~ 50 578 ( 442) 636 ( 486) 1,214 ( 928)
50 - 60 544 ( 416) 1,194 ( 913) 1,738 (1,329)
60 - 72 528 ( 404) 834 ( 638) 1,362 (1,042)
TOTALS* 3,464 (2,648) 6,270 (4,794) 9,734 (7,442)

*
ROTE: Totals for 51 units differ due to rounding.
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The remainder of the instruments are in good
agreement with the predictions, with the pre-
dictions being about LOOF (5.59C) below measured
values.

b. Bottom instruments. A comparison of three
instruments showed very good agreement with
predicted values. The maximum predicted temper-
ature was L10°F (430 C) at a station approxi-
mately 1 fr (0.3 m) above the base of the seal.
Measured temperastures were as follows:

Inst No. 6: 123° F (519 C)
Inst No. 17: 1199 F (489 C)
Inst No. 24: 119° F (48¢ C)

Again, the predictions are below the measured
values by about the same difference as for the
mid-depth instruments.

c. Top instruments. A comparison of four instru-
ments near the top of the seal also showed very
good agreement with predicted values, Due to

the variable cover which was achieved over che
instruments, the comparisons below are given in
ranges of temperatures representing the top 5

ft (1.5 m) of the seal.

Time after

placement Predicted Measured
started temperatures temperatures
OF o¢ oF oC
5.0 days 80-120 {(27-49) 90-125 (32-52)
10.0 days 71-132 (22-536) 86-138 {30-59)

As above, the measured values were above the
predicted values by about the same difference.

d, Edge instruments. As noted earlier, the
Carlson Method assumes heat flow in one direc-
tion only. For these instruments near the out-
side edges of the seal where significant lateral
heat flow could be cxpected, the measured temper-—
atures were well below predicted values. How-
ever, two instruments, 30 and 33, both located at
nid-depth at the end of the cofferdam, developed
maximum temperastures higher than anticipated

for their outside positions. Both instruments

did show significant remperature decreases by

380 hours showing the influence of the outside
locations, The extra concrete thickness be-
tween these instruments and the cofferdam wall
{when compared to other edge instruments) may
account for the higher temperatures which
developed.

31.3.3 Concrete flow patterns. Soundings were
taken by State inspectors throughout the place- -
ment period to monitor progress and to provide
data for examining the flow of the tremie con-
crete, Afrer the placement, the soundings were
also correlated with temperature readings in,an
attempt to discover why measured rLemperatures
were not as high as anticipated for instruments
5, 7, and 9. The following items are based
upon this sounding data and upon concrete pro-
duetion data.

a. Concrete production rate. Table 21 shows
concrete production data for the placement per=
iod. Since there was little delay between
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concrete production and placement, this data

may be viewed as essentially a record of concrete
placement. The total production was 9,734 yd3
(7,442 m3) with an average of 135 yd3/hr (103
m3/hx) for the 72 hr placement period. This

rate agrees well with that assumed for the

temperature predictions of 150 yd3/hr (115 n/
hr).

Production showed the most noticeable drop
during the 30 ro 4D hour period due te diffi-
culties of resupplying cement to the floating
batch piant. This slow-down can be seen in
the cross-sections presented below.

For the first 21.5 hrs while the tremies were
along the short centerline of the cofferdam,
the production rate translated into an average
concrete rate of rise of 0.8 fr/hr (24 cm/br)
adjacent to the tremies and 0.4 ft/hr (12
cm/hr) at the far ends of the seal. These
rates are both well below recommended rates
found in the literature {refs. 1, 4, and 15).

b. Concrete flow distance. Concrete was de-
tected both by temperature and by soundings at
the ends of the cofferdam within about 5 hrs
after placement began. This conerete was
flowing in excess of 70 ft (21 m}, again higher
than normally recommended limits (refs. 1 and
4.

c. Placement cross-sections. Figures 61 through
64 show cross—-sections of the seal during the
placement for four different locations. The
variations in production noted above are apparent
in these figures. Two items are of special
interest in these figures;

1. Temperature instrument locations were plotted
on Figure 63 in an attempt to explain the low
readings for instruments $, 7, and 9. The fig-
ure does not indicate any abnormality in the
rate at which these instruments were embedded in
the concrete.

2. The location marked { * } in Figures 61 and
63 indicates an area in which & major zone of
uncemented material was found after the place-
ment was completed. The placement rate at

this location appears to be higher than average,
but would not normally draw attention during

the placement. The unusually steep slope of

the concrete at the 30 hour line of Figure 63
may have contributed to the formation of the
poor quality zome by trapping laitance.

c. Concrete slopes. The sounding data was
used to determine the surface slope of the
tremie concrete during and after completion of
the placement. The points made below may also
be seen on Figures 6] through 64.

1. The slope of the concrete parallel to the
short axis of the cofferdam wss much flatter
than that in the leng direction. This short
axis slope had an average value of 1:23 along
the centerlinme and 1:47 at the ends of the
cofferdam. These flat slopes probably resule-
ed from the close lateral spacing of the tre-
mies. While all three tremies were along the
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short centerline {approximately the first 21.5
hours), the spacing was less than 20 fr (6 m)
from tremie to tremie.

2. The slope along the long axis was usually
greater than that described above. It ranged
from an average of 1:6 for the zone nearest
the tremies to an average of 1:10 for the
areas closest to the ends of the cofferdam,

3. The slopes based upon soundings taken after
the placement was completed vary considerably
between sounding peints (approximately 18 ft
(5.5 m) apart) ranging from 1:7 to flat. In
general, the soundings showed that a reason-
ably flat surface was obtained.

3.3.4 Concrete guality. One author (Holland)
vistied the site once the cofferdam was de-
watered and ingpected the comcrete,
ing is based upon his observatioms, Che results
of core sampling, and observacrions of the Pro-
ject Engineer.

a. Visual inspection. The concrete which was
visible (not under water in low areas) was
gound and a minimun of laitance was present.
The surface concrete which was tested with a
heavy steel probe was resistant to penetration.
Ho cracking was visible on the surface.

One noticeable problem was very evident, how-
ever. The surface of the concrere was extreme=
ly uneven -~ much more so than was anticipated
from the soundings which showed a maximum dif-
fereptial between adjacent soundings of 2.6 ft
{0.8 m). A oumber of mounds 3 to 4 fr (0.9 to
1.2 m) tall were present as were several low
areas. The maximum differential between the

mounds and low areas was approximately 4 to 6 fr

{1.2 to .8 m). The mounds were located at the
positions of the tremie pipes near the end of
the placement when attempts were being made to
bring the top of the seal to grade,
65 and 66.

The mounding problem probably resulted from
the typically low volumes of concrete placed
through the tremies at the end of the place-
ment and the steep slopes being achieved near
the tremie pipes. Not enough concrete was
being placed Lo overcome flow resistance and
flatten out the slopes.

The mounds forced the contractor Lo remove
conerete to allow for correct positioning of
teinforcing steel for the next lift of con-
crete.

b. Cores. Initially, four cores were drilled
into the seal as is shown in Figure

67, When inspected, these cores were very
good and showed virtually no bad comcrete.

Two cores, #4 and #1, showed several inches of
possibly trapped liatance (Figure 68).

Water was flowing from all core holes, with
the greatest flow coming from hole #2, which
went all the way through the seal. Since
there was flow from the other cores which did
not go through the seal, a system of small

The follow-

See Figures
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seams of permeable material is probably pre-
sent. The flow may also be partially attribu-
table to any cracking which was caused by the
thermal gradients which were developed. Figure
69 shows this water flew from one core hole.

One of the investigators mentioned in the
Introduction, Lawrence Livermore Laboratory,
reported an anomoly in their readings in the
southwest quadrant of the cofferdam.

Core #5 {(Figure 67) was drilled to determine
the validity of the readings. This core turn-
ed out to be sound with no bad material found
at any depth.

c. Major void. A major void ares was dis-
covered on the north side of the seal in the
vicinity of the intersection of the noth edge
and the short centerline. This area has been
mentioned earlier and is shown on Figures 61
and 63. The void consisted of an area of un-
cemented aggregates. MNo explanation for the
origin of this void area is readily available.

This void wae actually two distinct areas.

The first began about 4 ft (1.2 m} below the
top of the seal and was 12 to 18 in. (30 to 46
¢m) thick. This area extended 10 rto 12 ft (3
to 3.7 m) in the long direction of the seal
and was reported as reaching about 20 in. (51
e¢m)} into the seal from the edge by a diver.

The second area began 8 to 10 ft (2.4 to 3 m)
below the top of the seal and was approximately
3 ft (1 m) thick. The diver could measure a
length of 15 ft (4.6 m} snd estimated a total
length of 20 to 25 ft (6.1 to 7.6 m}. This area
extended at least 6 ft (1.8 m) into the seal
from the outside edge.

The lack of cemented material in the lower
void is probably the cause of the low readings
of instruments 7 and 9 and possibly instrument
5. No hydration was accurring and there was
apparently water present to help carry heat to
the outside of the cofferdam. Both of these
factors could have contributed to the low
readings.

d. Diver inspection. In addicion to examining
the voids described above, a diver inspected
the vertical surfaces of the seal concrete
after the piling was pulled. WNo cracks were
found, but this does not necessarily rule out
cracking caused by thermal expansion since the
inspection was conducted under conditions of
poor visibility. Also, the subsequent cooling
of the concrete mass could have closed early
cracks.

3.4 Summary. The following items summarize
this placement:

1. A total of 9,734 yd3 (7,442 m3) of concrete
were placed by tremie for a nonstructural seal
for Pier 12 of the 1-205 Columbia River Bridge.
The placement was continueus for 72 hours with
an average concrete placement rate of 135 yd /he
(102 m>/hr),



Figure 65. Mounding on surface of seal. This mound was
located at one of the final tremie locatioms.

Figure 66. Low area in surface of seal. This photo was
taken during preparation of the next 1lift of

concrete.
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Figure 68. Section of core taken from tremie concrete, Note
the area at the 23 ft (7.0 m) mark. This amall
zone of laitance was the worst concrete seen on the
four cores.

Figure 69. Water flowing from core hole in tremle seal.

85



2. The concrete mixture used included fly ash

as approximately 24 percent by weight of the
cementitious material. The £ly ash was in-
cluded to reduce the heat pencrated by the
hydration process. This is, as far as is known,
the first major underwater placement to include
fly ash for the purpose of reducing heat.

3. Temperature predictions made for the seal
concrete using the Carlson one-dimensional
prediction technique proved to bec accurate to
within 10 percent of measured values. The pre-
dictions were, in this case, on the low side of
the measured temperatures. The predictions
were accurate for the entire vertical seclion
of the seal at those locations where lateratl
heat flow te the outside of the mass could be
neglected.

4. A maximum temperature of 1559F (680 )
developed in the center of the concrete mass.
Concrete temperatures developed as expected for
various instrument locations with the exception
of one zone of low temperature which is believed
to have been caused by an area later found to

be largely uncemented aggregate.

5. Steep temperalture gradients developed across
relatively thin concrete sections between outer-
most temperature instruments and the exterior

of the seal., These gradients developed rapidly

and may have been high enough to generate stresses

large encugh to cause cracking in the concrete
with consequent water entry into the mass.

6. Tremie concrete flowed a maximum distance of
over 70 ft (21 m) without apparent detrimental
ceffects. Cores taken near the extremes of the
flow revealed sound concrete. Cross sections
and calculations based on soundings showed
rather steep slopes in the direction of flow
nearest the tremies, 1:6, while near the ends
of the cofferdam the slope had flattened to
1:10.

7. The concrete produced was genmerally very
sound and capable of performing its intended
funcrion. Localized mounding necessitated
cxtra work for the contractor in preparing for
the next lift of concrete for the pier. Two
areas of uncemented aggregates were found
within the seal which required grouting.

&. Inspection of the seal concrete upper surface
after dewatering revealed no cracking. Ionspec-
tion of the vertical concrete surfaces by a
diver after removal of the cofferdam piling
also failed to reveal evidence of cracking.

9. Water ilow was observed from core holes
including holes which did not penetrate the
full thickness of the seal. Thin seams of
permeable material or cracks caused by therm-
ally induced stress or a combination of beth
are postulated as the source of the flows,
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CHAPTER 4
TREMIE CONCRETE CUTOFF WALL,
WOLF CREEK DAM

4.1 Objective. The objective of this portion
of the project was to observe and review place-
ment of tremie concrete during construction of
a cutoff wall through an existing earthfill
dam, Three areas were of particular interest:

a. Behavior of a tremie concrete mixture con-
taining a fly ash replacement of a portion of
the cement;

b. Placement of tremie concrete abt extreme
depths; and

c. Identification of problems in mixture design
or placement Lechnique which resulted in zones
of poor quaiity concrete,

4.2 Background

4.,2.]1 Description of the dam.¥ Wolf Creek Dam
is a multi-purpose structure (power generation,
flood control, recreation} located on the
Cumberland River near Jamesrown, X¥. It lies

in an area of karst topography approximately
sixty miles {97 km) from Mammoth Cave. Lake
Cumberland, impounded by the dam, is the largest
man-made lake east of the Mississippi River.

Construction of the dam was begun in 1941, but
work was discontinued for three years during
World War 11. The work accomplished prior to
the war was mainly site preparation and con-
struction of the cutoff trench under the earth-
fill portion of the dam. The project was
completed for full beneficial use in 1952.

The dam consists of an earthfill section 3940
ft (1201 m) long and a coacrete gravity sectionm
1796 ft (547 m)} long. The maximum height of
the embankment section is 258 ft (79 m}. The
concrete section includes a gated spillway with
ten radial gates having a rated discharge of
553,000 ft3/sec (15,660 w3/s). The power plant
has an installed capacity of 270,000 kw in six
units,

4.2.2 Description of problem. In October,
1967, a muddy flow appeared in the tailrace of
the dam. In March, 1968, a sink hole appesred
on the toe of the dam near the switchyard. An
investigation of this hole showed it was con-
nected to a solution cavity. In April, 1368, a
second sink hole appeared near the first. Dye
placed in this hole appeared in the tailrace
where the muddy flow had originally been seen.

A5 a result of these occurrences, an emergency
grouting program was undertaken. This program
resulted in placement of 260,000 ft3 (7,360 w3)
of grout but provided no assurance of completely
resolving the problems.

*For additional descriptions of this project
see references 25, 26, 27, 28, 29, and 30.

After extemsive site investigations, the Cotrps

of Engineers and its consultants theorized

that the flow was either through the original
cutoff trench or through a combination of the
cutoff treach and a series of solution features.
(it should be noted that the original cutoff
trench is only about 10 fr (3 m) wide at its
narrowest point. Photographs indicate that the
rack in the walls of the tremch is fractured

and jointed and in many cases the walls are
vertical or even overhang the excavated portiomn.)
The repair procedure recommended was to construct
a positive cutoff wall through the earthfill
portion reaching into sound rock below the

dam. Additionally, a cutoff wall was to be
constructed to isolate the switchyard area.

4.2.3 Repair procedures. The construction
procedure selected to install the cutoif walls
was modification of the siturry wail procedure
often used on foundation excavarions.® The
embankment cutoff wall is 2240 ftr (683 w)

long and has a maximum depth of 280 fr (85 m).
Due to concern over the stabiliey

of the dam during construction, the wall was
constructed of alternating primary (cased, 26
in. {66 cm) diameter on 4.5 ft (137 cm) centers)
and secondary {uncased) elements rather than
of panels as is frequently doue an slurry wall
foundation projects. Figure 70 shows a sche-
watic of these elements.

A total of 1256 elements were placed to con-
struct both of the walls for a total contract
cost of $96.4 million. These elements were
broken down as follows:

Over 250 ft (76 m) deep: 158
200 ta 250 fr {6l to 76 m} deep: 666
150 to 200 it {46 to 61 m} deep: 168
90 to 150 ft (27 to 46 m) deep: 174
less than 90 ft (27 m)} deep: S0

The contractor awarded the project, ICOS Cor-
poration of America, is a pioneer in the field
of slurry wall construction. Following is a
atep-by-step description of the procedure used
for the embankment wall %%

a. Site Preparation. Since the crest width of
the dam is only 3% ft (10 m}, the contractor
constructed a work platform 170 fr (52 m} wide
inside parallel walls of sheec piling. Actual
excavation took place in a concrete lined
starter trench which was constructed along the
axis of the wall. Much of the excavation and
casing handling equipment was especially de-
signed by the contractor for this project
(Figure 71)}.

*For a general description of the slurry wall
technique see references 31 and 32.

**Since the switchyard wall was much shallower
and since no problems were encountered during
tts construction, the remainder of the chapter
deals only with the embankment wall.
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Figure 71. Casing handling machine which rotates casing and
applies vertical forece for casing installatien
or removal.

. Figure 72. Breather tube in tremie hopper. The tube extends
to the top of the hopper and allows air to escape
during placement.
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b. Primary elements., Initially, a 53 in. (135
cm) diameter hole was excavated with a clam
shell to a depth of approximately 76 ft (23 m),.
AL that point a 47 in. (119 cm) diameter casing
was inserted and excavation was continued inside
the casing. Additional sections of casing were
added as necessary (with especially designed
joints which were flush inside and cutside}
until the casing reached down 142 ft (43 m).
From there to the top of the rock, a 41 in.
(104 cm} diamerer casing was used. Excavation
below the 76 ft {23 m) point was done through
bentonite slurry.

When rock was reached, a rock drill was used to
drill a 36 in. (91 em) diameter hole to the
planned bottem of the wall. Then, a NX core
hole was taken 25 ft (8 m} deeper into the
rock. This hole was pressure tested and, if
satisfactory, filled with grout., If the rock
failed the pressure test, the 36 in. (91 em}
diameter hole was continued deeper.

Once the heole was founded in sound rock, the 26
in. (66 cm) diameter permanent casing was
placed. This casing was filled with water tao
keep it in place., Afrer the permanent casing
was in place, the annular space between the
permanent and excavation casings was filled
with grout as the 41 and 47 in. (104 and 119
em) diameter casings were removed. The annular
space groul was allowed to set 10 days before
an e¢lement was filled with tremie concrete.

To begin the filling process, enocugh bentonite
slurry was placed into the casing to displace
the lower 20 ft {6 m) of water. The purpose of
this bentonite was to lubricate the inside
walle of the casing during concrete placement.
Concrete was batched and mixed at a plant near
the dam and transported to the tremie site by
trucks. Two unusual items concerning the
tremie placement are worthy of noting here.
First, the tremie hopper was equipped with a
breathing tube which allowed air to escape
during concreting (Figure 72). Almest no air
was seen bubbling te the surface as is common
on most tremie placements. Second, the con-
tractor developed a novel rechnigue for support-—
ing the tremie pipe. Figure 73 shows how this
technique worked.

¢. Secondary Elements. Construction of a
secondary element followed completien of two

ad jacent primary etements. The overall con-
struction sequence was planned to allew an
adequate curing period for the concrete in the
primary elements before work was started on the
intervening secondary element,

The construction process for secondary elements
was identical to that described above with the
following exceptions: First, the excavation was
accomplished using a clam shell which followed
the walls of the adjacent primary elements
{(Figure 74). This procedure removed the annu-
lar grout on one side of the primary elemeunts
and insured a concrete to casing bond once the
secondary elements were concreted, Second, the
secondary elements were excavated through ben-
tonite slurry for their full depth since they
were not cased.

The =econdary elements, once socketed into sound
rock, were then filled with tremie concrete to
displace the slurry.

4.3 Observations and discussion. The following
comments are based upon site visits be Ben €.
Gerwick, Jr., and T. C. Holland, and upen corre-
spondence with the Resident Engineer at the site.

4.3.1 Quality of tremie concrete. One item in

the construction procedure which is not mentioned
above is the extensive drilling cf cores which

was done - approximately ten perceat of the
elements were cored, This eoring program re-
vealed minor but consistent problems in the qualirty
of the conrcrete in the primary elements. These
problems included minor areas of segregated sand
and/or coarse aggregate, zones of trapped laitance,
and zones of lightly to extremely honeycombed
concrete. These bad areas are scattered vertically
in the cores and do not appear to follow a dis-
cernable pattern. Figure 7% shows a portion of a
core from one element showing the variations in
concrete quality.

Multiple borings taken in the same element have
shown rhat the zones of poor quality concrete vary
horizontally as well as vertically. For example,
in element P-465 the first boring showed a 41.5 ft
(12.6 m) loss of core. A second buring showed

was made which showed good concrete for its full
depth.

It is important to note that these problems have
been found in the primary elements only. Those
ancmal ies which have shown up in the cores of the
secondary elements have been explained by such
factors as loss of drill vertically causing cores
to cut into the annular grout near the primary
elements or by drilling intc a stepped portion

of the foundation rock causing loss of a portien
of the core. Professional staff at the site are
satisfied that all anomalies which have appeared
in the cores of the secondary elements can be
explained. However, as will be shown below, there
are not as readily available explanations for the
problems discovered in the primary elements.

4.3.2 Tremie starting procedures, One of the
areas suspected of contributing to the concrete
problems was the procedure used initially to seal
the tremie pipe. The placements were begun with
the tremie pipe full of water.

Initially, a rubber basketball was used as a
"go-devil" to start the tremie placements. The
ball, initially floating inside the tremie, was
forced down the pipe as concrete was introduced
inte the hopper. The ball separated the water
and the fresh concrete and pushed the water ahead
of itself out of the mouth of the tremie. This
procedure was abandoned due to the realization
that the hydrostatic head in the deep holes
collapsed the ball causing a loss of seal in

the tremie and a subsequent segregation and wash-
ing of the concrete.

The technique selected to replace the basket-
ball was the use of a pine sphere produced at
the site. While rhis did resolve the question



a, Loop is used to raise tremie as sectlons of pipe are removed.
Tremie pipe is supported by coupling resting on plate.

b. Tremie pipe being raised. Note how plates open to allow
passage of couplings.

Figure 73, Tremie support scheme,
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Figure 74, Secondary element excavation device, The curved
sectlons ride the adjacent primary elements.

Figure 75. Cores taken from primary clement, P-773. Note
variations In concrete quality.
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of ball collapse, the wooden balls did not Fit
snugly inside the tremie pipes {neither did the
basketballs) (Figure 76}. There is approxi-
mately 0.25 in. {0.64 cm) clearance between the
pine sphere and the tremie pipe; therefore, as
the ball and concrete moved vertically down the
pipe, some amount of washing of the concrete
was taking place.

The procedure followed to introduce the first
concrete into the tremie was also designed ro
guard against loss of seal, The pipe was ini-
tially raised only 0.3 fr (9 cm) as the firsc
concrete wad placed, After abour 40 seconds
(approximarely one cubic yard (0.8 m3)), the
tremie was raised an additional 0.6 fr {18 cm)
to allow rthe pine sphere to escape. By the
time the tremie was raised this second incre-
ment, sufficient concrete had been fed into the
tremie to insure that the mouth was adegquately
embedded.

Although there was undoubtedly leakage around
the sphere, a zone of poor quality concrete has
not been consistently found at or near the
bottom of various elements as would be expect-
ed. Perhaps the laitance or washed material was
carried upward on the sound concrete of perhaps
it was lost as an identifiable area due to re-
mixing. There is no evidence to indicate that
the zones of poor quality concrete found
throughout the vertical sections are a result
of initial leakage around the sphere. Finally,
the queston temains, if the leakage were re-
sponsible for the poor gquality concrete, why
was the problem evident ouly in the primary
elements?

One possible explanation relates not to the
leakage but to the sphere irself. Due to the

size of the primary elements, it was not possible

for the sphere to pass the tremie on the way
back up to casing (Figure 77). Perhaps the
sphere was following the tremie as it was
withdrawn and was inhibiting concrete flow and
remixing. Since the secondary elements were
larger, the spheres were able to return Lo the
sur face without causing a problem.

4.3.3 Tremie joint leakage. One factor which
is often suspect in cases of vertically scat-
tered peor concrete is leakage between joints
in the tremie pipe. The rapid downward flow of
concrete in the tremie caa suck water through
any leaks which may be present at the joints.
The result is a randomly washed and segregated
concrete.

At Woli Creek the tremie sections were threaded
together and the threads were liberally covered
with prease each time the tremie was assembled.
The sections were torqued together by two men
while a third hit the pipe with a sledge hammer
to tighten the connection. The tremie was
tested for leakage by lowering a light inside
and found to be satisfactory. From the pre-
cautions being taken, it is doutbful that tremie
ieakage was causing the problems.

4.3.4 Tremie centering. Another potential
problem area was the centering of the tremie in
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the holes - particularly the primary elements.
If the pipe were not centered, there was a
possibility of inhibiting rhe flow of the con-
crete as it leftr the tremfe mouth. To elimi-
nate this possibility, centering fins were
added to one section of the tremie pipe {(Fig-
ure 73). Cores taken after addition of the
fins containued to show anomalies, indicating
that poor centering was not the sole cause of
the poor quality concrete,

4,3.5 Concrete placement rate. In large volume
placements (such as Pier 12 of Chapter 3) the
placement tate of tremie concrete is often an
ares of concern. Too slow a placement rate
allows the concrete in place to stiffen which
inhibics flow. Table 22 examines placement
rates for six elements at Wolf Creek for which
data were available. These rates are based
upon total elapsed time from beginning to end
af the placement and, therefore, include time
for removal of pipe sections, waiting on con-
crete trucks, etc.

The lower volumetric rate (yd3/hr) (m?/hr) far
the primary elements is a reflection of the
more frequent stopping for rcemoval of pipe
sections, Yet even with this slower volumetric
rate, the primary elements have a higher linear
rate {ft/hr) (m/hr) duc to their smaller cross-
sectional area. The linear rate appears to be
significantly higher for the primary elements.

Altheough problems with race are usually asseci-
ated with too slow a placement, perhaps oo
rapid a rate may also be detrimental. No
reports on the effects of too rapid a placement
have been found in the literature. Intuitively,
however, a higher rate would seem to favor
remixing within the elements as the concrete

is placed.

4.3,6 Tremic removal rate. An aspect closely
related ro rhe placement rate is the rate at
which the tremie pipe is raised as sections
are removed (rhe mouth of the tremie must
remain embedded in the concrete), Here, the
theory is that too rapid a pull rate could
result in voids or honeycomb if the concrete
did not flow fully into the void left by the
tremie pipe. This problem is particularly pre-
valent if overall placement rates are low.

To guard against tog rapid removal of the pipe
from the elements, an inspector timed and
recorded the pull rate for each section of the
tremie. The same rate (0.3 fr/sec) (9 cm/sec)
was used for both the primary and secondary
elements.

Again, the question may be raised as to why

the problems, it a.result of pipe pull speed,
werg evident in only the primary elements.

This question is particularly bothersome since
the tremie sections were removed more freguently
from the primary elements. Hence, the concrete
had less time to stiffen and lose the ability
to flow into the void created by the withdraw-
ing tremie. Therefore, if pipe removal rate
were a factor, the problem would seem to be
less likely to occur in the primary elements.
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Figure 76. Pine sphere inside tremie at beginning of placement.
Note leakage around sphere.
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Figure 77, Position of pine sphere upon leaving tremie. Note
possible inhibition of concrete flow (1 in. = 2.54 cm}.
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Figure 78.

TABLE 22 - TREMIE CONCRETE PLACEMENT RATES

Fing added to tremie pipe to insure proper centering.

Elapsed A1 Volume of Volumetric

Element Time, em;:t(ggpth Ei?ﬁir(:?ﬁii Concreta, ( Sgﬁﬁr)
hr (yd?) (@) (13 yrieid

P611 1.1 212.8 (64.9) 193 (59 30 (23) 27 (21)
P771 1.2 212.1 {(64.9) 177 (54) 29.5 {23) 25 (19)
P773 1.4 213.1 (65.0) 152 (46) 29.5 (23} 21 (16)
P791 1.1 212.9 (64.9) 194 (59) 300 (23) 27 (21)
P795 1.2 212.9  (64.9) 177 (54) 30 (23) 25 (1%)
P8O7 1.2 212.7 (64.8) 177 (54) 29.5 (23) 25 (19)
P985 0.9 173.2 (52.8) 192 (59) 25 (19) 28 (21)
P1001 0.9 173.3  (52.8) 193 (59) 25 (19) 28 (21)
PRIMARY ELEMENT AVERAGE 182 (56) NA NA 26 (20)
5576 1.6 212.5 (64.8) 133 (41) 72 (55) 45 (34)
5594 1.7 212.6 (B4.8) 125  (38) 7z (55) 42 (32)
5676 2.1 212.7 (64.8) 101 (31) 75 (57) 36 (27
5746 1.8 212.9  (64.9) 118 (36) 73 (56) 41 (31)
5858 2.2 263.2 (80,2) 120 (36) 97. (74) 44 (34)
5956 1.5 172.7 (52.6) 115 (35) "6h (49) 43 (33)
SECONDARY ELEMENT AVERAGE 119 (36) NA WA 42 (32)
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#.3.7 Breaks in placing. Ancother area of con-
cern was the resumption of concrete placiag at
the beginning of each new truck lecad. A certain
amount of sand and laitance does cellect on the
top of the tremie concrete as the placement
moves up the hole. To prevent trapping this
material and to insure a better remixing at the
resumption of placement, the initial amount of
concrete was trickled inte the tremie. The
remainder of the load was unloaded at normal
speed. This same precedure was followed when a
truck load was broken into two placements to
allow removal of a tremie section. As can be
seen from the figures in section 4.3.11, below,
there does not appear to be a correlation be-
tween stopping/ restarting points and zones of
poor quality concrete.

4.3.8 Water temperature during placement. In
the original construction sequence Lhere was
not a delay between placement of the grout in
the annular space surrounding the primary
elements and placement of the tremie concrete
in the elements. The temperature of the water
in one element was measured at 1009F (38°9C) due
to the heat generated by the hydration of cem-
ent in the annular grout. Placement of tremie
concrete into hot water can result in rapid and
unpredictable setting or loss of slump, both of
which could inhibit flowability., In one in-
stance, a rapid set required removal of a por-
tion of the concrete in &n element.

These problems let to the practice of allowing
10 days between placement of annular grout and
tremie concrete. The water in the primary
elements was alsc exchanged for cooler water
prior te concrete placement.

Although this change in procedure did eliminate
rapid set problems, it did not preclude the
concrete quality problems as described.

4.3.9 Concrete mixture. One area in which

there was 2 noticable improvement was the tremie
concrete mixture itself. Characteristics of

the mixture are shown in Table 23, This mixture
is of particular interest due to the use of the
fly ash which was used to improve workability
and to reduce heat generatien.

None of the problems observed have been attri-
buted to the mix. However, the slump loss
characteristics of such a rich mix and the
high ambient temperature at the site suggested
that rhe addition of a retarder to the mix
would be beneficlal. A retarder was added and
subsequent placements appeared to be very
successful. The Resident Engineer stated that
the retarder made a significant difference,
most noticeably in the appearance of the con-
crete as it returned to the top of the holes at
the conclusion of a placement.

4.3.10 Obervation of placements. Shortly
after the addition of the retarder te the mix,
one of the authors of this report (Holland)
visited the site and observed placement of
several primary elements and one secondary
element., During the placements which were ob-
served, the concrete returning to the surface

appeared to be of the same quality as that
which was being supplied to the tremie (Figure
79).

Another area which had been questioned was how
to determine when sound concrete had reached
the top of the elements, For the primary
elements there was no difficulty making this
determination., Initially, clear water over-
flowed the casing. MNear the end of the place-
ment, the small amount of slurry which was
added to the primary elements began to appecar.
This slurry gradually thickened and ¢ontained
more and more granular material. Approximately
12-18 in. (30-46 cm) of very granular material
came to the surface before a concrete contain-
ing fine and coarse aggregate was visible.

This concrete appeared evenly on all sides of
the tremie and had a very uniform appearance.
(Before the retarder was added, elevation
differentials of up te 18 in. (46 cm) on opposite
sides of the tremie were reported as the
concrete began to return.)

The placement of the concrete in the secondary
element was identical to that in the primary
elements except that all fluid which was dis-
placed was slurry rather than water. The same
thickening of the slurry was noted and, again,
there was no difficulty determining when spund
concrete had returned.

As of the date of this visit, none of the
elements containing the retarded mix had been
cored. The personnel at the site agreed that
the placements had been very successful and
were quite confident about the expected coring
resulrs.

4.3.11 Core and placement logs. The results
obtained from coring those elements which were
observed being placed were surprising and
disappointing. While the secondary elements
continued to be free of problems, the zones of
poor quality concrete continued to be found in
the primary elements. While the problems did
not appear to he as severe as before the addi-
rion of the retarder, they were still evident.

The Resident Engineer established am excellent
system for inspecting and recording the work,
excavation, tremie concreting, and coring.
Reports were filed on a day by day and on an
element by element basis. Using the records
of four placements and the corresponding core
logs, Figures 80 through 84 were prepared in
an atfempt to correlate zenes of poor quality
concrete with any of the following factors:

- Initial pipe embedment;

- Breaks in placement to withdraw tremie
sections, and;

- Location of the end of the tremie.

As can be seen by studying these figures, none
of these factors appears to be related to the
zones of poor quality concrete.

4.3.12 Tremie resistance to flow. Another
area considered was the balance of the tremie
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TABLE 23 -

TREMIE CONCRETE MIXTURE, WOLF CREEK DAM

Cement

Pozzolan (Flyash)
Coarse aggregate
Fine aggregate
Water

Alr entraining admixture

Retarder/water reducer

Slump range

28 day compressive
strengths

with retarder
without retarder

apecified

564 1b/yd>
123 1b/yd>
1,619 1b/yd’
1,369 1bfyd3
275 1b/yd>

3
6 to 9 oz/yd
18 oz/yd3

6.5 to 7.5 in.

4,690 1b/in.>
4,770 1b/in.2

3,000 lb/in.2

335 kg!m3

73 kgfm3
961 kg/m3
812 kb/n®
163 kg/m3

(232 to 348 ml/m>)
(6% ml/mj)

(16,5 to 19.0 cm)

32.3 MPa
32.9 MPa

20,7 MPa

Figure 79. Primary element at completion of tremie placement.
Concrete returning to the surface appeared to bhe of
excellent quality.
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. Each Figure (81 through 84) presents an analysis of the tremie pipe
location on the left of the page and a summary of the core log on the
right of the page.

. Each vertical line represents placement of concrete from the bottom to
the top of the line. The tremie is fixed during each placement with
the mouth at the bottom of the line.

. Example:

NN/ N/

63

(@)

52 75

Center line shows placement from
El -115 to -63 ft. When concrete
reached -63, tremie mouth was
pulled to -75 ft,

i @,
(::) Embedment at Start of Lift
115

D Embedment at End of Lift

Figure 80. Key for Figures 81 through 84.
All distances and elevations in
feet (1 £t = 0.3048 m).

98



196

2125

Figure 81.

212.8 BOTTOM OF CASING

Analysis of element P-611.
All distances and
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elevations are in feet (1 ft = 0.3048 m}.
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Figure 82. Analysis of element P-985. GSee Figure 80 for explanation.
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Figure 83. Analysis of element P-1001. See Figure 80 for explanation.
All distances and elevations are in feet (1 £t = 0.3048).
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system when flow a was net cccurring due to
breaks in the placement. This balance may be
thought of in terms of resistance to flow which
may be calculated as the difference between the
theoretical hydrostatic balance of the tremie
system and the actual measured value. The
difference which is obtained may be attributed
to friction between the concrete and the tremie
pipe, to internal friction or cohesion of Che
concrete, or Lo a blockage or any other type of
restriction to flow. Figure 85 shows the geo-
metry of the tremie system and the technique
used to calculate this resistance to flow.

Measurements made on other projects have in-
dicated that the tremie system is normally very
close to the balance point and very little
resistance to flow can be measured. One set of
measurements was made by Gerwick at Wolf Creek.
This data is presented in Table 24.%*

The resistance to flow varies greatly from
measurement to measurement. The variations in
the range of 500 to 1000 1b/ft2 (2.39 x 10% to
4.79 x 10% pa) are believed to be typical.
However , note readings number 1 and 4 which are
an order of magnitude greacer than the remain-
der. This variation is not believed to be
typical. It was not possible to correlate these
measurements with a core log ¢of the element.

While these variations in resistance to flow
are not believed to be causing the problems
seen in the concrete, they may be indicative
a blockage or other restrictions to concrete
flow which could result in the anomalies de-
tected. If these variations are related to
zones of poor quality concrete, measurements
made inside and outside the tremie pipe during
placement could serve as an additional inspec-—
tion tool. Further research should be con-
ducted in this area.

of

4,3.13 Potential for concrete segregation. The
data used to develop the resistance to flow
values 2lso show that a significant potential
for segregation occurred whenever there was a
break in the placement.
very nearly to the balanced point, concrete
placed immediately after a break could have
fallen through distances great enough to cause
segregation.

In massive tremie concrete placements the flow
of the concrete through the tremie is con-
trolled by the depth of the pipe mouth embed-
ment in the fresh concrete. Such control was
not possible in the limited volume placements
of Wolf Creek since the concrete in the ele-
ments did not have adequate time to stiffen and
be able to control the flow. Therefore, not
only the concrete placed after breaks but also
most of the concrete placed may have been sub-
jected to long free falls resulting in segrega-
tiom.

*Additional data concerning resistance to flow
is available in reference 30.

Stnce the system returned
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There is no reason to believe that the poten~
tigl for segregation was different for the
primary and secondary elements.

4.4 Summary. The following items summarize this
placement:

1. A concrete cutoff wall was comstructed
through an existing earthfill dam using tremie-
placed concrete. A total of 1,256 individual
elements were constructed, with the deepest
tremie placement being approximately 280 ft (85
m) .

2. The cutoff wall was made up of alternating
cagsed {primary) and uncased (secondary) elements.
The primary elements were cased with 26 in. (66
c¢m) diameter steel pipe. The secondary elements
were rectangular and were slightly wider than

the primary elements. Their volume was approx-
imately two and one-half times that of the
primary elements.

3. An extensive coring program has shown the
quality of the concrete in the secondary
elements to be excellent. The concrete in the
primary elements has been plagued with minor but
persistent problems of segregated materials,
trapped laitance, and moderate to severe
honeycomb. The anomalies are scattered ver-
tically and horizontally within the primary
elements and do not seem to follew any pattern.

4. The construction of the tremie concrete cut-
off wall has been a highly successful operation
which will help to insure the continued safety
of the structure. Since the concrete problems
were limited to the cased elements, there is no
reason to believe that the wall will not perform
its indended functions.

5. An examination of the mixture design and var-
ious aspects of the placement technique such as
starting procedure, joint leakage, tremie
centering, placement rate, tremie removal rate,
and breaks in placement has failed to disclose a
single, responsible factor for the small locel-
ized areas of poor quality concrete. Instead,
the problems are believed to result from the
interaction of at least two factora. Firat, the
concrete was probably segregating during its fall
through the tremie pipe. Second, the concrete
in the secondary elements was apparently remix-
ing and overcoming the segregation while the
concrete in the primary elements was not as
successful in remixing. The inhibition of re-
mixing in the primary elements is believed to be
due to the following items:

a. The primary elements had & much smaller crosa
sectional area than the secondary eclements.

This smaller ares may have been acting in con~
junction with the wooden sphere and centering
fins to create a condition which restricted
flow and remixing.

b. The walls of the permanent casings which were
filled to create the primary elemente were much
smoother than the walls of the secondary

elements. These smoother walls may have reduced
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Filgure 85, Tremie geometry and derivation of resistance to flow.

TABLE 24 - TREMIE RESISTANCE TC FLOW MEASUREMENTS

Deck to Deck to
feastng | ripe 1o, | o Comerete | conrete riow, L7k
Ft (m) Fr (m)
1 236 (71.9) | 197 (60.0) 87 (26.5) | 3,948 (1.89 x 10%)
2 215 (65.5) | 160 (48.8) 86 (26.2) 987 (4.73 x 10%)
3 175 (53.3) | 132 (40.2) 73 (22.3) 546 (2.61 x 10%)
4 155 (47.2) | 100 (30.5) 40 (12.2) 2,709 (1.30 x 10%)
5 115 (35.1) 70 (21.3) 35 (10.7) 924 (4.42 x 10%)
6 95 (29.0) 40 (12.2) 19 ( 5.8) 756 (3.62 x 10%)
7 55 (16.8) 7 2.1) 0 777 (3.72 x 10%)
NOTES: (1) Deck 3 ft.(1m) above water

(2) Unit weight of concrete 147 1b/ft-
(3) Unit weight of water 63 1b/ft3

{2,355 kg/m3)
(1,009 kg/m3)
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the tendency of the concrete to tumblé and
remix. The slurry put into the primary elaments
aC the beginning of a placement may also have
reduced wall roughness and thus contributéd to
the problem. T

¢. The concrere was placed in the ;tfiary
elements very rapidly. The rate may have been
too rapid to allow for adequate remixing to
take place.

6. A definite reduction in concrete problems
was #een over the duration of the project.
This reduction may be attributed to a series
of modifications in the placement technique
and to the addition of a retarder to the con—
crete mixture. All of the modifications
enhanced the flowability of the concrete and
therefore contributed to better remixing in
the primsry elements. Since the effects of
these modifications were cumulative, it is
impossible to state which made the grestest
difference. The Resident Engineer stromgly
believes that the addition of the retardsr to
the concrete mixture was the moat significant
change.

7. Measurements made to determine the state of
hydrostatic balance of the tremie system are
postulated to be an indication of areas in

which to expect anomalies to occur. Additional
messurements and correlations with core logs
need to be completed to evaluate this hypothesis,



CHAPTER 5

TEMPERATURE PREDICTIONS FOR TREMIE CONCRETE

5.1 Objecrive. The objective of this portion

of the project was to develop a generalized
finite-element approach for predicting tempera-
tures in massive tremie concrete placements,
Emphasis was placed upon developing a program
which, given the characteristics of the place-
ment, would develop an appropriate grid system
and output the grid in a format suitable for
use as input to an independent finite-elemant
program which would perform the temperature
calculations.

5.2 Background.

5.2.1. Need for finite-element amalysis. The
use of a simple one~dimensional technique
(Carlsan Method) for predicting temperature
development in a tremie concrete placement has
been described in Chapter 3. As was noted
there, this technique accurately predicts tem—
perature development in the center of the mass
where heat flow in other than the vertical
direction may be neglected. However, the
technique is not applicable to areas near the
extremes of the placement. These areas are of
particular interest due to the possibility of
thermally-induced cracking as was also described
in Chapter 3.

It was felt that the best way to obtain the
temperature distribution at the boundaries of
the structure was to develop a capability to
perform a finite-element analysis of a tremie
placement.

5.2.2. Finite-element program selected. The
finite-element program selected to perform the
analysis was one which is commercially avail-
able at U.C. Berkeley. It was developed by
Ronald M. Polivka and Edward L. Wilson in 1976
(ref. 33). This program, entitled DETECT
{DEtermination of TEmperatures in ConsTructiom),
provides a two-dimensional linear analysis of
structures constructed incrementally. A
complete listing and description of the program
may be found in the reference.

2.2.3. Cracking predictions. Prediction of
temperatures in a massive concrete placement

ie only the first step in predicting if ther-
mally-induced cracking will occur. Both the
factors which tend to cause cracking (primarily
temperature changes for tremie-placed concrete)
and thoge factors which resist cracking
{tensile creep and scrength of the concrete)
must be examined. A detailed examination of
these factors is beyond the scope of the
present work. <Carison, Houghton, and Polivka
(ref. 34) present an excellent overview of the
factors involved in cracking of mass concrete,

Therefore, development of a program which will
allow predictions of temperatures in massive
tremie placements will not lead directly to
predictions of cracking. However, use of the
program will allow comparisons of temperatures
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and gradients based upon changes in placement
temperature, cementitious materials types and
amounts, and placement rates,

3.3. Qbservations and discussion

5.3.1. General description of program TEMP.

The program which was developed, TEMP, produces
impur data compatible for use with Program
DETECT. The output available includes element
identification and creation information and an
appropriate heat generation function. A listing
of program TEMP is in Appendix K.

The user of program TEMP has the following
options:

i. Vary placement geometry.
2. Vary placement rate.

3. Vary heat generation characteristics of the
concrete being placed.

4. Use of incremental or nonincremental con-
struction approach.

~5. Use of own rather than program generated grid

system,

6. Use of own rather than program generated heat
function.

7. Vary site conditions to include effects of
insulating surfaces, if any. {insulating sur-
faces are handled directly through input to
program DETECT.}

5.3.2, User options and variables. Following
is a detailed description of the options avail-
able to the user and a description of how these
options relate to the variables which are
involved in a rypical tremie placement.
user instructions for program TEMP are in
Appendix L, while instructions for interface
with program DETECT are in Appendix M,

Detailed

1. Pier geometry. The length, width, and thick-
ness of the concrete placement may be varied

as desired. The orientation of the axes is as
shown in Figure 86. Elements are generated

for input to DETECT for two-dimensicnal analysis
in the X-Y plane.

2. Tremie location. The program assumes that
one tremie pipe, located at 0.0 on the X-axis,
is in use in any plane perpendicular to the
Z-axis. Additional tremie pipes may be simu-
lated by adjusting the placement rate as is
described below,

3. Grid generation. The program will suto-
matically generate an appropriate grid, or the

user may input a specific grid, if desired.

The automatic grid generation option establishes
a two-dimensional grid which wiil allow for an



p | ' 2 LENGTH OF PLACEMENT
y = HEIGHT OF PLACEMENT

z = WIDTH OF PLACEMENT

0. BASIC GEOMETRY

54 | 1y

SEAL : T
o . 33
T | (10.Im)
142’ BASE OF | i_ |
{43.3m) | . - X SEAL &g -
‘ (16.5m)
(SECTION)
VZ
27"
ITB.Zr_n
(PLAN)

b. GEOMETRY APPLIED TO PER 12, | - 205 BRIDGE. (Chapter 3)
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adequate evaluation of the temperature distri-
bution within any size structure while mini-
mizing the number of elements necessary to
define the structure for the finite-element
temperature analysis. The grid spacing gener-
ated is the most intense at the boundaries of
the structure where the temperature gradients
are expected to be the greatest. The grid
decreases in intensity near the center of the
structure.

In Figure 87 a total of six grid spacings are
itlustrated for different base lengths and

heights. For.a given structure, the base and
height grids are created and then superimpog-
ed to obtain the two-dimensional grid pettern.

From Figure 87 it can be noted that the base
8rid is established using even 20, 10, 5, 2,
and 1 £t (6.1, 3.0, 1.5, 0.6, and 0.3 m)
intervals from the center outward with a
standard boundary established at the outside
edge of the structure. The height grid is
created using a similar scheme except that
the spacing is based upon 10, 5, &, 2, and 1
ft (3.0, 1.5, 1.2, 0.6, and 0.3 m) intervals
with standard boundaries at the top and base
of the structure. 1In addition, two founda-
tion elements with boundaries 10 and 20 ft
(6.1 and 3.0 m) below the base of the struc-
ture are included in the grid layout.

The grid interval at all boundaries is set at
0.5 ft (0.2 m), a spacing found to provide an
adequate definition of the temperature distri-
bution at the boundaries.

The automatic grid generation is recommended
for use in preliminary analysis. If desired,
the automatic spacings may be modified by
changing the appropriate values in subroutine
GENGRD in program TEMP,

4, Incremental construction. The normal mode
for the program is to create elements at
appropriste times in accordance with the
placement option selected. There is also the

opticn of c¢reating all elements simyltanecusly.

5. Concrete placement rate. There are three
options available:

a. Conatant rate of concrete rise over the
entire placement area. The user is asked to
specify a production rate (yd3/hr)(m3/hr) or
& total time to complete the placement for
this option.

b, Specified rate of rise at center (tremie
pipe location) or at the X-boundary. This
rate is then constant over the entire surface,

c. Specified rate of rise at center and at X-
boundary. When this option is selected, a
linear variation is used between thess two
points. The production rate specified for
the center is used as a constant along the Z-
axia,

6. Concrete heat generation. The user is
asked to specify the smount of cement and
pozzolan in the mixture to be evaluated. Three
heat generation curves are then available for
selection.* These curves represent a typical
Type I cement, typical Type II cement, and a
higher than average heat Type 1I cement. The
cement and pozzolan data is used in conjunc-
tion with the curve selected to produce the
heat generation function used as input for
DETECT,

The user also has the option of modifying any
or all of the 13 points which make up each of
the three available curves by entering desired
multiplication factors.

Finally, the user has the option to completely
bypaes this portion of the program and enter a
heat generation function directly into program
DETECT.

7. Boundary conditions. Values for the follow-
ing variables must be entered directly into
DETECT: concrete placement temperature, ther-
mal characteristics of concrete, water tempera—
ture during and after placement, insulation
characteristics, if any, and thermal character-
istics of foundation materials. The mumber of
time periods to be included in the evaluation
is also handled directly by DETECT. See Appen—
dix M and the user instructions for DETECT for
more details concerning input of these varia-
bles,

3.3.3 Example of program TEMP usage. Programs
TEMP and DETRCT were used to produce tempera-
ture predictions for a placement similar to
that of Pier 12 of the I-205 Bridge deascribed
earlier in Chepter 3. Variables were selected
to be consistent with those in the actual
placement. Table 25 presents the values of
the variables involved.

The option for a continuous placement rate of
150 yd3/hr (115 m3/hr) was selected for pro-
gram TEMP. This rate corresponde well to the
actual average placement rate of 135 yd3/hr
(103 m3/hr).

Iwo of the optional heat curves available in
program TEMP (Type II average heat cement and
Type II higher than average heat cement) were
used to produce heat function input data for
program DETECT. Additionally, three other

heat functions were used by being input direct-
ly into DETECT. Table 26 shows the values
associated with these five heat functions,

Temperatures predicted by Program DETECT
using input generated by Program TEMP are

-

* These curves are taken from those shown in
Reference 34.
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TABLE 25 - VARIABLES USED IN EXAMPLE PROBLEM

Placement Geometry:

X: 34,0 ft (16.5 m)
Y: 33.0 ft (10.1 m)
Z: 142.0 £+ (43.3)

Total volume: 9372 yd>,(7166 ) s
Placement rate: 150 yd”/hr (115 m
Foundation material:

/hr)

Thermal conductivity: 0,917 BTU/hr-ft-"F (1.59 W/m-K)
Specific heat: 0.194 BTU/1b-°F (812 J/kg-K)
Dengity: 125 1b/ftd (2002 kg/m3)

Concrete:

Thermal conductivity: 1.30 BTU/hr-fe—*F (2.25 W/n=-K)
Specific heat: 0.231 BTU/1b-°F (967 J/kg-K)
Density: 148 1b/fe® (2371 kg/m?)

Concrete placement temperature: 60°F (16°C)

Water Temperature: 55°F (13°C)

Mixture properations: (Used for heat functions generated
internally by Program TEMP)

Cement: 526 1bfyd3 5312 ks/m33
Pozzolan: 165 lb/yd~ (98 kg/m™)

TABLE 26 =- HEAT FUNCTIONS USED FOR TEMPERATURE PREDICTIONS*

Time, Type II, Type II1, Heat Heat Heat

hrs Average higher than Function Function Function

heat# * Average¥# #1 #2 #3

0 0 0 200 200 200

2 1% 82 o 30 30

A g8 g0 100 100 100

6 103 105 106 106 106

8 - - 75 5 60

12 109 110 - - -

20 b4 65 20 20 15

32 27 28 10 10 14

48 11 15 15 15 13

60 ? 10 15 12 12

96 4 6 10 5 10

180 1 2 5 3 3

290 o 0 1 1 2

1000 0 0 o 0 1

* Values shown are BTU/FtB—hr. Multiply by 10.34 to obtain W/m3.

“#Curves available within program TEMP.
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compared to temperatures measured in Pier 12

in Figures 88, 89, 90 and 91. For these
figures, represenfative temperature instruments
at various locations in the seal were selected.*
Then, the finite-element node closest to the
instrument location was determined. The

figures show the measured temperatures as well
as the predicted values based upon all five heat
funcrions.

Figure 88 presents measured temperatures for
two instruments located at mid-depth in the
seal, on the centerline (X = 0. ¥ = 18.5 ft
(5.6 m}) for Program TEMP}.

Figure 90 presents measured temperatures for an
instrument below mid~depth, off of the center—
line (X = 13.0 ft (4.0 m}, ¥ = 10.25 £t (3.1 m)
for Program TEMP).

Figure 91 presents measured temperatures for
two instruments located at mid—depth near the
outside of the seal (X = 23.7 ft (7.2 m),

Y = 18.5 fr (5.6 m) for Program TEMP}.

The following points may be made concerning
these curves:

1. The predicted temperatures are in goed
general agreement with the measured values.

2. There does not appear Lo be one heat function
which provides the most accurate agreement im’
all cases. The curves based upon the Type II
average heat cemept are close in Figures 89

and 90 while the curve based upon heat function
two appears to be the closest in Figure 88.

The curves based upon heat functions one and
three appear to be the closest in Figure 91.

3. The predicted temperatures are obviously
very dependent upon the heat function used.
Minor differences in the heat functions can
lead to major differences in predicted tempera-
tures during the period of interest. I1f pre-
dictions of actual temperatures within a place-
ment are desired, it is recommended that the
concrete to be used be tested to develop an
accurate heat function. However, if relative
predictions concerning the effect of changing
placement variables such as placement tempera-
ture or cement or p¢zzolan content are desired,
the heat curves built into Program TEMP

should be adequate,

4. The sensitivity of the temperature predic-
tions to variations in difficult-to-define
variables such as the thermal characterlstics
of the concrere and the underiying rock was
not examined. BSuch an examination is recom-
mended prior to use of the program for actual
temperature predictions.

% Temperature instrument locations are pre-
sented in Appendix i.
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In addition to the comparison made with actual
measured temperatures, curves were prepared
showing temperature variations horizontally and
vertically within the seal. These curves were
prepared for the heat function based upon the
higher than average Type Il cement as is avail-
able within Program TEMP. Figure 92 shows the
locations of the nodes which were plotted while
Figure 93 shows horizontal variations and Fig-
ure 94 shows vertical variations.

Using the data presented in Figures 92 and 93,
two additional figures were prepared which show
temperature gradients within the seal concrete
at 80 and 200 hours after the beginning of the
placement. Figure 95 shows the gradients which
exist across a horizontal plane 12 ft (3.7 m)
above the base of the seal, Figure 96 shows
the gradients which exist in a vertical plane
at the centerline of the seal. Note that these

. two figures are plotted as temperatures of

concrete above the temperature of the water
surrounding the seal.

The following points can be made concerning
these figures:

1. Significant temperature gradients can be
expected to develop near the ocutside surfaces

of a massive tremie-placed seal. These gradients
develop soon after placement begins and remain
evident for a significant period of time.

2. The gradients predicted by.the finite-
¢lement program are consistent with the data
obtained in the Pier 12 seal placement described
in Chapter 3.

3. Without specific strain capacity and modulus
data, predictions of cracking cannot be made.
However, the temperature gradients appear to

be large enough to be capable of inducing
cracking in most concretes.

5.4. Summary. The following items summarize
this portion of the project:

1. A Fortran program, TEMP, was prepared
which accepts variables associlated with a
massive tremie placement and processes those
variables to develop input for an existing
finite element program, DETECT, which cam be
used to predict temperatures within the tremie
concrete. Program TEMP has a wide range of
options available to the user to allow
accurate modeling of & planned placement.

2. Predictions of maximum temperature and
temperature gradients near surfaces of tremie-
placed concrete made using programs TEMP and
DETECT were shown Lo be in good general agree-
ment with temperatures measured in an actual
placement.

3. Predicted temperatures were shown to be
very dependent upon the heat function used.
The sensitivity to other variables was not
explored.
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CHAPTER 6

FLOW PREDICTIONS FOR
TREMIE CONCRETE

6.1. Objective. The objective of this portion
of the project was to examine the possibility
of using a computer model to predict flow
patterns of tremie-placed concrete. Two areas
relating to tremie concrete flow were of partic-
ular interest: first, the relationship of cen-
crete placement rate and pipe spacing to con-
crete quality; and second, the influence of the
depth of tremie pipe embedment on the Fflatness
of the completed concrete surface. Additional-
1y, it was thought that if an accurate flow
prediction model could be developed, that model
could be used in conjunction with the tempera-
ture prediction programs described im Chapter 3
to increase the accuracy of the temperature
predictions.

6.2. Background.

6.2.1. Literature review, A brief sampling of
the literature dealing with tremie concrete
flow, pipe spacing, and pipe embedment follows:

1. The American Concrete Institute Committee 304
in its "Recommended Practice for Measuring, Mix-
ing, Transporting, and Placing Concrete”

(ref. 1) writes:

"Pipe spacing varies depending on
the thickness of placement and con-
gestion from piles or reinforcement.
The spacing is usually about one
pipe for every 300 sq ft (approx.

28 m2) of surface or about 15 ft
(approx. & 1/2 m) centers. However,
this may be increased to as much as
40 ft {approx. 12 m) centers in an
uncongested deep mass using retarded
concrete."

The Committee also writes concerning the con-
¢rete surface that, "Faster rares may produce
flatter surfaces”" and "the deeper the embedment
in concrete, the flatter the finished slope
will be." A placement rate resulting in a
vertical rise of concrete of 1.5 to 10 ft/hr
(0.5 to 3.0 m/hr) is recommended.

2, The Corps of Engineers in its Civil Works
Construction Guide Specification, Concrete
{cef. 35) requires that 'a sufficient number of
tremies shall be provided so that the maximum
horizontal flow will be limited to 15 feet”
(4.6 m). The Corps' Standard Practice for
Concrete (ref. 36) recommends a 5 ft (1.5 m)
embedment depth, but does not relate embedment
depth to surface flatness.

3. Scrunge (ref. 15} recommended the following:

a. The coverage of each tremie pipe should be
approximately 250 £t (23 m?).

b. The largest horizontal dimension of the forms
should be less than 15 ft (4.6 m). Partitions
should be used to break up larger placements.
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¢. The maximum distance from a tremie to a
form should not be greater than 10 ft (3.0 m).

d.
3

The depth of embedment should be a minimum of
fr (1.0 m).

. Vertical rise of the concrete should be
ft/hr (0.6 m/hr).

13

2

4. Concrete Construction magazine (ref. 2) made
similar recommendations which included coverage
per tremie pipe of approximately 300 ft2 (28 n?)
or a spacing of 15 ft (4.6 m) on centers, and
that a higher placement rate will lead to
flatter slopes in the tremie comcrete. A rate
of concrete rise of 3 ft/hr {1.0 m/hr) was
recommended. Concerning embedment, a depth of
2 to 5 ft (0.6 to 1.5 m) was given with the
comment "to get flatter slopes in the seal, a
deeper embedment is required.”

5. Gerwick (refs. & and 5) also recommended a
coverage of 300 £t? (28 m?) or 15 ft (4.6 m)
centers for the tremies along with an embedment
depth of 1.5 to 5 ft (0.5 to 1.5 m}. He wrote
“Deeper embedment gives a flatter slope provided
initial set has not taken place.” Concerning
placement rate, Cerwick recommended 1.5 to

10 ft/hr (0.5 to 3.0 mw/hr}.

6. Halloran and Talbot (ref. 17), writing of
their experiences constructing tremie-placed
drydocks during World War LI, made these
comments:

a. Tremie spacing should depend upon the con-
tinuity with which concrete is delivered to the
tremies.

b. The tremies should be spaced on 12 to 16 ft
(3.7 to 4.9 m) centers with the outside tremie
being less than 9 ft (2.7 m) from the forms.

¢. Closer spacing of tremies leads to flatter
surfaces.

d. A deeper embedment of the tremie pipe leads
to flatter slopes, with an embedment of 3 to
5 ft (1.0 to 1.5 m) recommended.

e. Placement rate should be sufficient to pro-
vide a rate of rise for the concrete of 2 to
3 ft/hr (0.6 to 1.0 m/hr}.

The recommendations given by the authors above
were based on experience gained on a wide
variety of tremie placements. These sources
may be summarized as follows: Tremies should
be closely spaced to minimize flow distance;
the preater the embedment depth of the tremie
pipe, the flatter the surface of the completed
placement; and, the higher the concrete place-
ment rate, the flatter the concrete surface.
Typical numerical values for rthese recommenda-
tions are:

- pipe spacing: 15 to 40 ft (4.6 o 12.2 m) on
centers.



- pipe coverage: 300 ftZ (28 m?),
- pipe embedment: 3 to 5 ft (1.0 to 1.5 m).
- rate of rise: 1 to 3 fet/hr (0.3 to 1.0 m/hr)}.

Only one source was found in the literature
which attempted 2z mathematical description of
these flow considerations. That work is des-
eribed in the next section.

6.2.2. Dutch investigation, The work published
by the Netherlands Committee for Concrete
Research {ref, 3) also included a chapter in
which the factors of pipe spacing, placement
rate, and tremie embedment were treated in a
mathematical model. The basic Dutch model was
founded upon the theory of viscous fluids and
was solved using an iterative finite difference
procedure, The Dutch investigators noted an
important limitation in their approach which
must be kept in mind: "Although the calculated
results appear reliable, their value must not be
overrated. To treat fresh concrete as a viscous
fluid in such calculations is a rough approxi-
mation, " :

The parameters of the basic flow model were
following:

- the cofferdam is circular, with a diameter
of 5.30 m (17.4 ft); at the start of the cal-
culations a layer of concrete is assumed to
be already present in the cofferdam; the
thickness of this even and horizontal layer
is H;

- at the center of the cofferdam is a vertical
concreting pipe with a diameter d (=300 mm)
(11.8 in.);

- at the start of the calculation the pipe is
embedded a distance h in the concrete;

- the effect of the dead weight of the concrete
is neglected;

- the viscositg of the fresh concrete is 0.1 nZ/
sec, ([.1 fré/sec.).

The findings of the Dutch investigators based
upon the use of this medel are summarized below.

1. A mound of concrete built up around the tremie
pipe similar to the mound seen in the large-scale
placement tests (Chapter 2). The mound extended
for a distance of approximately twice the embed-
ment depth from the center of the tremie pipe.
There is nothing in the Dutch descriptions which
suggests that the mound was formed by vertical
flow adjacent to the tremie.

2. The shape of the concrete surface was found
to be independent of the distance from the pipe
cutlet to the cofferdam bottom.

* The model is developed in terms of melers.
Since the use of the model is independent of
the units involved, only meters will be shown
in the text.

J. "If there is sufficient immersion depth, the
concrete feed into the cofferdam will cske place
in such & manner that concrete which is at the
surface will remain at the surface." This
statement, and figures in the Dutch report
describe a horizontally layered flow pattern in
which the first concrete placed may be expected
to be found on the surface of the finished
placement, Such a flow pattern is inconsistent
with the data obtained during the large-scale
placement tests (Chapter 2).

4. The concrete mound which builds up around the
tremie develops a slope of approximately 1:5.

The mound continues to develop until the shear
resistance of the fresh concrete is overcome.

At that time, a failure occurs {a semi—circular
soils type failure) which results in a mixing
oceurring at the toe of the mound (Figure 97).
This failure can occur after only a small volume
of concrete has been placed and must be tolerated.
The Committee explains

"In the mixing zone the concrete, so long
as it has not stiffened, will be able to
coalesce, With sufficient concreting
capacity to maintain an adequate rate of
feed it will be possible to ensure that
this will happen."

5. The Committee used its findings on tremie
concrete flow to develop a model which relates
pipe spacing and production rates for a square
placement. ‘This model is examined in detail
in section 6.3.1, below.

6. Recognizing that the initial model imposed
limitations that might not be realistic in
actual placements, a model without the require-
ment that the placement be divided into

squares was developed. This model uses an
advancing sloping front; and it is described in
detail in section 6.3.2, below.

7. The Dutch investigators also considered the
hydrostatic balance of the tremie system to
determine how much concrete would be required
in the tremie pipe to achieve flow., This work
is considered in section 6.3.4, below,

8. In regard to tremie pipe embadment, the
Dutch wrote, "It should be borne in mind, how-
ever, that better surface evenness is obtained
according as the pipe immersiom depth is greater.'
Unfortunately, they do not explain the basis of
that statement.

6.3, Observations and discussion, The various
Dutch models noted above are examined in the
following sections. Additionally, sample
calculations based upon maximum flow distances
and concrete production capability are presented
for a typical placement.

6.3.1. Square placement model. The basic Dutch
placement model involves & tremie placement
which is divided into squares with a length of

D units on a side.* The other parameters are
shown in Figure 98.
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TREMIE PIPE

MIXING ZONE.

/
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[*ASSUMED
FAILURE
SURFACE

Figure 97. Dutch failure model (after ref. 3).

TREMIE PIPE

2h |

| |

D

PRODUCTION RATE = Q, mhr.
SET TIME = t, hours

Figure 38. Dutch square placement model. Case shown is H<(0.25 D + C).
Shearing can be expected throughout the placement (after ref. 3).
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Based on consideration of a 1:5 slope and shear
failures in the toe of the slope resulting in
the mixing described above, the objective of

the medel is to reach the point at which the
pipe embedment becomes equai to 0.25 D by the
time the set time of the concrete is reached.

If that depth of embedment is not reached before
the set time is exceeded, the concrete would not
be able to remix and coalesce when Che shear
failures occur. Once the embedment exceeds

0.25 D, the toe of the slope will theoretically
be outside the placement area and no further
shear failures may be expected to occur.

Two cases may exist for the variables describ-
ing the thickness and size of the concrete
placement. Each case leads to a different
required placement rate.
Case 1: H < (0,23 D + C)m¥

Q = D2/t m3/hr
Case I1: H > (0,25 D + C)

Q =02 (0.25 D + C)/t nd/hr
Consider the following two examples:
Ex. 1. D 4
c=0.
£ 2
H=1
Volume required = 16 w3
H<l,25D+C
Q = 2 W/t

8 mi/br

Shear failures can he expected to occur through-
out the placement, However, the placement will
be completed at the same time the first concrete
placed reaches its set.

Ex, 2. Same conditions except
H=30m

Volume required = 48 3

H>0.25D+C

£
I

D2 (0.25 D + 0.25)/t

10 m3/nr
Time of placement = 4.8 hours.
Shearing will take place until the concrete

reaches a depth of h = 0.25 O + 0.25, {(h =
1.25 m). This depth requires a placement of

% Yariables are defined in Figure 98.
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20 m? which is two hours production which is
also the set time of the concrete. The workings
of the model are unclear during the remaining
2.8 hours of the placement since the concrete at
the surface has set, The Dutch report does

not consider this problem.

Disregarding the above short coming, the two
equations for determining placement rate may be
rewritten to solve for pipe spacing given avail-
able production capacity. Using this appreach,
the curves shown in Figure 99 were developed.
The curves are used as follows: With a place-
ment capacity of 75 m3/hr, a seal thickness

of 2.0 m, and a set time of 2 hours, what is the
maximum allowable pipe spacing? The answer,
from the curves is 8.6 m. Using these curves
leads to pipe spacings which are generally well
above those recommended in the literature.

The fallure of the model to consider place-

ment time after the set time of the concrete
leads to the same curve being developed for all
placements above a critical thickness for

each set time, where Hepjp = 0.25 D + C. Once
this critical thickness is exceeded, pipe spac—
ing becomes fixed for a given production rate.
For example, given a placement capacity of

75 m3/hr and a set time of 3 hrg, che maximum
recomnended spacing for all placements 3 m ov
more in thickness is 9.3 m. However, Herjg

= 0.25 (9.3) + 0.25 = 2.6 m, which means that

no such placements would be completed before the
initial concrete placed has set. To overcome
this problem, placements which are thicker than
Hepice apparently must be divided into squares
small enough to be completed within the set rime
of the concrete. & very thick placement, there-
fore, would require sub-division into many
smaller placements.

6.3.2. Advancing slope placement model. Realiz-
ing that it will not always be practical to
divide a tremie placement into the squares re-
quired for the above model, the Dutch investiga-
tors modified their model to use an advancing,
sloping front edge. The geometry of this model
is shown in Figure 100. The model requires the
concrete shown as cross—hatched be placed with
the tremie in the location showm. Then, the
tremie will be moved toward the far end of the
placement to place the next increment of con-
crete,

The same requirement that no shear failures occur
after the time that it takes for the concrete

to set is also imposed: "This can be satisfied
by choosing the rate of placing at least so high
that the concrete which at first is at the top
of the slope will, on completion of the con=
creting, have arrived at the final surface of
the concrete," Thus, the required production
rate becomes equal to the volume to be placed
divided by the set time of the concrete. Using
the notation shown on Figure 100, the required
placement rate becomes:

Q = (502 x width)/t m3/ne

Conaider the following examples:
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SET TIME = 2 hrs.

——— SET TIME = 3 hrs.

PLACEMENT CAPACITY, M3/hr

TREMIE SPACING, m.

Figure 99. Placement curves derived from Dutch square placement model.

VTREMIE
<

SHADED AREA = SH2
SHADED VOLUME =5H% x WIDTH

Figure 100. Dutch advancing slope placement model {after Ref. 3).



Ex. 1. A tremie seal is to be 15 x 30 m in plan
and 4 m thick. The set time of the concrete is
3 hrs.

Q = 400 m3/hr

Ex. 2. A tremie seal is to be 26 x 43 m in plan
and 9 m thick (approximate dimensions of Pier 12
of the 1I-205 Bridge described in Chapter 3).

The set time of the concrete is 3 hrs.

Q = 2160 m3/hr

Obvicusly, such production rates are beyond those
normally available,

6.3.3. Summary of Dutch placement models. The
Dutch Committee summarized its work on these
two placement models in the following statements:

"If high quality of the concrete is required
and the slab to be constructed is of con-
siderable thickness, it may be advisable

to concrete it in individual bays. This
will, of course, necessitate extra arrange-’
ments.

"If the cofferdam is not subdivided into
bays, the concrete obtained is likely to
be of somewhat poorer quality unless the
concreting capacity is high enough to
compensate for this. In the Committee's
investigations on core specimens it was
found that the tremie methods produced
relatively homogeneous concrete possessing
high compressive strength. Yet the
concreting capacity used on the jobs
inspecred was substantially lower than
the theoretically required capacity.

“From this it can be inferred that a sub-
division into bays or a very high concret-
ing capacity sppear necessary only in
cases where very stringent demands are
applied ro homogeneity,"

The Committee further stated, "In practice the
concreting scheme will be drawn up, suited to
the available capacity." This statement
identifies the greatest shortcoming of the
models,

The two models do provide additional geaeral in-
sight into the flow of tremie comcrete. Perhaps
their most practical use is to gerve as a
starting point for calculations of the nature of
those shown in section 6.3.5, below. The use—
fulness of the models for determining pipe spac-
ing or required placement rates appears to be
limited.

6.3.4, Dutch hydrastatic balance model. Another
area covered by the Duteh inveatigators was the
hydreostatic balance of the tremie system (this
balance was described earlier in Chaprer & and
the geometry was shown in Figure 85). It is

oot clear if the Dutch balance model was

also based on the viscous fluid caleculations
used to develop the two flow models.
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The Dutch model was developed using these con-
siderations:

1. The depth of embedment of the tremic is h.

2. The height of water above the concrete
sur face is z.

3. The ratio of unit weights of concrete and
water is Y , which is approximately 2.4,

4. The height of concrete necessary Lo over—
come internzl concrete friction is twice the
embedment depth, Zh.

5. Approximately 10 percent sdditional height
of concrete is required to overcome the friction
between the concrete and the tremie pipe.

Therefore, the level of concrete required
above the mouth of the tremie for flow to
occur will be:

Le = LY (h+ 2h + 2/v)

This equation may be solved for various values
of 2 and an assumed embedment depth of 1 ft
(1.0 m) as is shown below. Also shown is the
height of concrete required above the tremie
mouth to achieve a hydrostatically balanced
condirion, neglecting internal friction,

z, ft (m) Le, £t (m) Balance, fr (m)
14 (3.0} 14.5 (4.4) 7.2 (2.2}
20 (6.1) 19.1 (5.8) £E1.3 (3.4)
30 (9.1) 23.7 (7.2) 15.5 (4.7)
40 {12.2) 28.2 (8.6) 12.6 {6.0)
50 (15.2) 32.8 (1¢.0) 23.8 (7.3

Linited measurements made at actual massive
placements have shown that the concrete returns
very nearly to the balanced condition whenever
there is a brezk in the placements. Additional
work performed at Wolf Creek Dam {(ref. 10)
involved numerous measurements in the confined
placements. In those placements the concrete
also returned very closely to the balanced
condition. Thus it appears that the Dutch
model scomewhat over estimates the friction
which resists flow.

The Dutch model may be resrranged and used to
solve for the depth of embedment necessary to
control concrete flow. Based upon recommenda-
tions found in much of the literature that the
tremie hopper be kept full of conerete during
the placement, assume that a concrete level 2
ft {0.6 m) asbove the water surface is desired.
The values below are cobtained:

z, £t (m) h, fc {m)

20 (6.1) 5.6 {1.7)
40 (12.2) 10.3 (3.1)
ec (18.3) 15.3 (4.6}

Obviously, in & massive placement such embedment
depths would be impractical withour very high



placement rates. These calculations and the
hydrostatic balance measurements made certainly
question the feasibility of controlling the
flow of tremie concrete sclely by adjusting the
embedment depth of the tremie pipe.

6.3.5. Example placement calculations. The

basic scheme suggested by the Dutch models, but
without the restriction that the first concrete
placed must remain alive throughout the placement,
may be used te relate the factors of pipe spac-
ing, concrete flow distance, and plant produc-
tion rate. The talculaticns in the example

below represent the considerations which should

be included in a pre-placement evaluation,

1. Situation. A tremie-placed seal which is te
be 60 x 150 fr (18.3 x 465.7 m) ir plan and 42
fr (12.8 m} thick. Total volume required is
14,000 yd3 (10,700 m3). Concrete production
capacity is 150 yd3/hr (115 w3/hr) leading to
an anticipated placement duration of 94 hrs.

2. Tremie locatioms and spacing. Both fixed
pipe locations and advancing slope techniques
are to be considered. Figure 101 shows the
geomebry and neotation invelved,

a, Fixed locations, All tremies will be started
simultaneously and will remain in their original
locations for the duration of the placement.

b. Advancing slope. Tremies at one end of the
placement will be started inritially. Additiomal
tremies will be started once a predeterminted
embedment depth is reached. This approach
requires calculation of longitudinal flow dis-
tance when each new tremie is started as is
shown in Figure 102z.

Data showing concrete flow distances for various
numbers of tremies in the two placement methods
are given in Table 27. This data may be evalu-
ated by selecting the single row of tremies in
the fixed locations as a base against which the
other cases may be compared. This comparison

is shown in Table 28.

The use of a single row of tremies started

simul taneously appears to offer favorable maximum
flow distances with a minimun number of tremies.
However, it muat be remembered that the apparent
maximum for the sloping front technique exists
only until the next row of tremies is started.
Then, the maximum flow revercs to the diagonal
distance for the number of tremies involved.

Additionally, the problem of lairance accumula-
tion should be considered. Placemears invelving
simulataneous starting of tremies offer the
potential for laitance accumulation at all
intersecting faces of concrete. The advancing
slope technique forces laitance toward the end
wall where it may be collected and removed.

3. Volume considerations. Assume that the
advancing slope technique with five pairs of
tremies is selected. Using the geometry shown
earlier in Figure 102, the volume of concrete
in place when each new row of tremies is started,
the time when each row is started, and the rate

of rvise of the concrete may be calculated.
These values are shown in Table 29.

4. SBummary. These calculations offer a rough
approximation of an actual tremie placement.
While reasonable flow distances have been
achieved, the practical problem of delivering
concrete to ten tremies has been raised. Also,
once all ten tremies are in use, the rate of
rise becomes slow enough that there is a danper
of the conerete setting around the tremie if
embedment depths are not closely monitored.

The solution to these problems appears to have
three parts:

- tolerate greater flow distances.

- use a4 retarder in the concrete to allow for
a slower rate of rise,

- examine the possibility of adding additional
concrete production capacity.

6.4. Summary. The following items summarize
this portion of the project:

1. The recommendations found in the literature
for pipe spacing and rate of concrete place-
ment appear to be very conservative and difficult
to achieve in actual massive placements.

2. The flow modela, based on viscous flow
theory, which were examined do not appear to
cifer potential for determining optimum pipe
spacing and required production rates. The
medels do provide a starting point for examining
the variables involved using a simplified
approach.

3. An example of simplified calculations examining
tremie spacing and concrete production rates

for a typical seal was presented. Such calculationg
offer a good approximatien of actual placement
conditionsa with enough accuracy for pre-~construc-
tion planning.
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Figure 102. Geometry and notation of advancing slope technique (elevation).
Conctere will flow 2x + f when each tremie after the first is
started,



TABLE 27 - CALCULATED FLOW DISTANCES*

Case I — Single Row of Tremies Started Simultaneously

Flow distances, ft (m)

No. of
Tremies x ¥
1 75.0 (22.9) 30.0 (9.1)
2 37.5 {11.4) (all)
K| 25.0 ( 7.6)
4 18.8 ( 5.7)
5 15.¢ { 4.6)
6 12.5 ( 3.8)

Case II - Double Row of Tremies Started Simultaneously

Flow digtances, ft (m)

No. of
Tremies x X
2 75.0 (22.9) 15 (4.6)
4 37.5 {11.4) (all)
6 25,0 { 7.6)
8 18.8 ( 5.7)
10 15.0 { 4.6)
12 12.5 { 3.8)

Case IIT — Single Row of Tremies, Advancing Slope Technique

Slope of concrete = 1:6 .
Depth when next tremle is started = 2 ft (0.6 m)

Flow distances, £t {m)

NHo. of

Tremies z
2 48.0 {14.6)
3 39.1 (11.9)
4 35.4 (10.8)
3 33.5 (10.2)
6 32.5 { 9.9)

Case IV - Double Row of Tremies, Advancing Slope Technique

Same constraints as Case IIT

Flow distances, ft (m)

No. of

Tremies z
& 40.4 (12.3)
6 29.2 ( 8.9)
8 24.1 ( 7.3)
10 21.2 ( 6.5)
12 19.5 ( 5.9

80.8 (24.6)
48,0 (14.6)
39.1 (11.9)
35.4 (10.8)
33.5 (10.2)
32.5 ( 9.9

x + £

87.0 (26.5)
62.0 (18.9)
49,6 (15.1)
42.0 (12.8)
37.0 (11.3)

x+ £

87.0 (26.5)
62.0 (18.9)
£9.6 (15.1)
42.0 (12.8)
37.0 (11.3)

*
See Flgures 101 and 102 for notation used.
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TABLE 28 - COMPARISON OF PLACEMENT ALTERNATIVES

Needed to Better Casel

Case_I Case I1 Case ITII Cage IV

Nif Max imum No. Maximum No. Maximum Nominal No. Maximum | Nominal
0 of of of
Trem- fiow Trem— flow Trem- flow flow* Trem- flow flow*
fes It (m) ies ft (m) fes ft (m) ft (m) {es ft (m) fr (m)

2 48.0 (14.6)| 4 40.4 (12.3)| 5 42.0 (12.8)[33.5 (10.2)| 10 {42.0 (22.8)(21.2 (6.5)
3 39.1 (11.8)| 6 29.2 ( 8.9)| 6 37.0 (11.3)(32.5 ( 9.9)[ 12 (37.0 (11.3)(19.5 (5.9)
4 |35.4 10.8)] 6 29.2 ( 8.9)] >6 | >12

*
Nominal flow = maximum flow distance once next row of tremies 1s started.

TAELE 29 - ESTIMATED PLACEMENT CONDITIONS*

Time, Hours Tremies Concrete Rate of Rise
in ?1aceqf at Tremies,
From o Use Ydd (m?) ft/hour/ {m/hour)
0.0 3.5 2 518 ( 396) 2.0 (0.6)
3.5 8.8 4 1,318 (1,008) 0.9 (0.3)
8.8 16.3 6 2,452 (1,875) 0.7 (0.2)
16.3 26.1 8 3,918 (2,996) 0.5 {0.2)
26.1 - 10 - -— 0.45%% (0.1)

*VYalues derived from geometry previously shown. Assumptions:

Concrete is level across short dimension of seal;
slope in long dimension is 1:6;
production rate is 150 yd3/hour (115 m3/hour);

production is evenly distributed among tremies in use.

**Theoretical rate of rise based on production capability and
size of seal.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Specific conclusions. The conclusions
prasented in this section relate to the stated
objectives in the six areas of this investiga-
tion. These conclusions are presented in the
same topic sequence as are the chapters of
this report.

1. For the conerete characteristics evaluated
using & series of standard and non-standard
tests, a traditional tremie ¢oncrete mixture
was significantly cutperformed. Concrete
mixtures containing pozzolanic replacements of
significant amounte of the cement (up to 50
percent} or containing entrained air were the
best overall performers.

2. Development and selection of a concrete
mixture for placement by tremie should be based
upon more information than is available from
the standard slump test. Three of the non-
gtandard tests evaluated, the tremie flow test
and the two segregation susceptibility tests,
appear to have potential for further use im
evaluating tremie concrete mixtures. Finally,
the slump loss test, conducted using the
standard slump test, should be included in the
testing program.

3. Additives which lead to thixotropic con-
cretes appear to offer no advantages for use in
massive tremie placements. Such concreres have
poor flow characteristics, are extremely diffi-
cult to restart flowing after a break, and offer
problems of manufacture and control during field
use. Thixotropic additives may be of benefit

in other types of underwater placements such as
very small volume or thin sections or im place-
ments subjected to flowing water.

4, The flow pattern of tremie-placed concrete
is extremely complex —— much more so than is
normally described in the literature. The

flow pattern as seen in these tests does not
appear to be that of a simple injection into a
mass of previcusly placed concrete. Instead,
the process appears to be as follows: Concrete
leaving the tremie forms a bulb around the
mouth of the pipe. The size and nature of this
bulb appear to depend upon the nzture and con-
gistency of the concrete mixture. For concretes
with low shear resistance, the bulb simply
expands and forces previously placed concrete
radially away from the tremie pipe. For a con-
crete mixture which is stiffer, the bulb tends
to be quite constricted. In this case, initial
flow takes place vertically adjaceat to the
tremie pipe. After flowing upward, this con-
crete then flows outward over the comcrete
placed earlier rather than pushing it away from
the tremie pipe. In both modes of flow the
resultant concrete can be of high quality and
homogeneity.

It appears that the differing descriprions of
tremie concrete flow presented by other re-

searchers (see Chapter 2) may have resulred

from differences in the concrete wixtures

tested rather than from observations of differ-
ent flow mechanisma. As far as is known, the
role that the concrete mixture plays in the flow
pattern of tremie-placed concrete has not been
reported previously.

5. The configuration of the surface of tremie-
placed concrete appears to be a functionm of the
type of flow which occurred when the concrete
was placed. For the first type of flow de-
scribed (expanded bulb), surfaces were very
Elat and there was essentially no mounding at
the tremie location. For the second type of
flow (upward and over), surfaces were much
rougher and a significant mound developed at
the tremie location.

6. The density of tremie—placed concrete de-
creased with distance from the tremie pipe.
Although these decreases were very small for
the resultant sound portions of concrete,
significant reductions were observed when
laitance was included in the calculations.
This reduction in unit weight could have serious
consequences in a seal placement in which the
weight of the concrete is necessary to offset
uplift forces. Therefore, & conservative
approach in evaluating required seal thickness
is indicated.

7. The observations of the colloidal layer at
the beginning of the placemente reemphasize

" the requirement for care in starting, handling,
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&nd restarting concrete flow through tremie
pipes. In particular, when a tremie pipe ia
moved, care should be takenm to restart con=
crete flow slowly in order to minimize formetion
of such a layer and the subsequent washing of
the concrete already in place.

B. Reinforcing steel was securely embedded by
tremie-placed concrete in the labeoratory tests.
However, as has been shown, even the presence
of well-apaced bars will impede the concrete
flow to some extent. These tests have reempha-
aized the need for care in detailimg reinfor-
cing steel for tremie concrete placementa Lo
insure adequate clear space for Fflow between
bars.

The possibility of embedment of the reinforcing
steel in laitance rather than concrete {as oc~
curred in Tests 1 and 2) must be kept in mind.
Positive measures must be takenm to insure that
sound conerete reaches and surrounds the steel,
particularly if bars are near the extremities
of the concrete flow patfern.

9, Even in carefully controlled laboratory
placements, varying smounts of laitance were
formed. Planning for the removal of this lait-
ance during placement is a necesrity, particu-
larly for reinforced tremie concrets structural
elements. Monitoring of concrete surface eleva-
tions during placement should be done to idem-
tify any low areas in which laitaance may be
trapped. Suitable equipment {(air lifts or



pumps) must be available for use in any low
areas that may develop during a placement.

10. The presence of substantial amounts of
pozzolan {up to 30 percent by weight) in the
concrete placed by tremie in the large scale
laboratory tests seemed to have no detrimental
effects on the nature of the product of the
placement. The use of substantial proportions
of pozzolan vffers potential economy and reduc-
tion in thermal strains, but may require a
ionger curing period in order to gain adequate
strength.

11. The presence of a water reducing and retard-
ing admixture had a significant beneficial
effect on the tremie-placed concrete -- surface
slopes were flatter, the mound at the tremie
location was eliminated, and laitance was
reduced. This effect is believed to be due to

a reduction in the shear resistance in the fresh
concrete which allowed a more favorable flow
pattern to develop. This beneficial effect was
not seen with all types of water reducing and
retarding admixtures which were tested.

12. The work on Pier 12 of the I-205 Bridge
showed that temperatures within the general
mass of the tremie concrete may bg evaluated
with reasonable accuracy using & simple itera-
tive method. However, this method is subject
to serious limitetions in providing tempera-
ture predictions for concrete at and near the
outside surfaces of the placement.

13. The temperatures measured in the critical
outside areas of the Pier 12 seal showed that
steep thermal gradients develop. Since precise
information on the early age characteristics

of the concrete was not obtained, it is not
posgible to state with certainty that thermally-
induced cracking did occur. However, the tem—
perature gradients observed were within the
range of values which could cause such cracking.

14, Acceptable quality concrete was found at the
extremes of the seal of Pier 12 after flowing
approximately 70 ft (21 m). This flow distance
is much greater than that normally recommended
in the existing literature for tremie-placed
concrete.

15. An area in the seal concrerte was seen to
have abnormally low temperature development
during the placement. This area was later
found to contain poorly cemented and uncemented
materials. This same area appeared as an anom-
aly in the placement cross gections developed
by soundings (although not striking enough to
cause concern during the placement). This in-
dicates that temperature and sounding data can
be used 28 indicators of locations of possible
anomalies and thus suggest locations for cor-
ing in order to verify quality of tremie con-
crete.

16, Water flow wae aseen in core holes which did
not penetrate the full thickness of the seal.
This flow is believed to have been due to a

combination of thin seams of laitance and
thermally-induced cracks in the concrete.

17. The concrete placed for the Pier ]2 seal
contained a fly ash replacement in order to
reduce temperatures. This concrete performed
well and no problems were attributed to the
presence of the fly ash.

18. The mounds seen on the surface of the seal
were very similar to those seen in the labora-
tory placements. The same flow mechanism may
have been responsible for both cases of mound-
ing. The sounding data do not provide sufficient
information to determine the precise flow mech-
anism which occurred during the Pier 12 seal
placement.

19. The examination of the Wolf Creek place-
ment revealed generally high quality concrete.
Some minor nonhomogeneities and laitance were
found in the primary elements. There appears
to be no procedural step which could be easily
changed and which would clear up the scattered
problems found in these primary elements. The
concrete was apparently segregating while flow-
ing down the tremie pipe itself. Due to a
combination of several factors {listed below),
there was not adequate remixing to overcome
the initial segregation. The factors believed
to have been responsible are:

a. The smzll crose-sectional area of the primary
elements;

b. The smooth walls of the primary elements;

c. The rapid rate of placement in the primary
elements,

20. Measurements taken inside and outside the
tremie pipe at Wolf Creek indicated that the
placement system was nearly at balance whenever
the placement was stopped, with the exception of
a2 few anomalies. The significance of these
anomalies is unot understood. The return of the
tremie system to & hydrostatically balanced state
indicates that earlier contepts recommending

the control of flow by means of pipe embedment
depth may not be correct or may require embed-
ment lengths too great to be practical, partic-
ularly for small volume placements.

21. With the exception of the few scattered
ancmalies found in the primary elements, high
quality concrete was successfully placed by
tremie at Wolf Creek in very deep (278 £t (85 m))
confined elements. Given adequate conditions to
allow remixing and a properly deaigned concrete
mixture, there is no reason to believe that
tremie placement depths could not be extended.

22. There is no reason to expect that the Wolf
Creek cutoff wall should not perform in a
satisfactory manner aince the primary elements
were encased in permanent steel pipes. However,
the use of very small diameter, uncased elements
for cutoff walls, as used in some previous dam
rehabilitation and improvement projects, does
not appear to insure a complete cutoff.
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23. The concrete mixture {which contained a fly
ash replacement of a portion of the cement) used
at Wolf Creek was cohesive and flowed well. The
inclusion of fly ash in this tremie concrete
mixture had no apparent detrimental effects.

24. An accurate prediction of temperatures
within & tremie seal (including areas near

the conerete surfaces) can be obtained using a
finite-element approach. The program which
was developed allowa the significant wvariables
in a tremie placement to be changed easily for
input to an existing finite-element program.
Use of this technique will allow for more
accurate and complete evaluation of thermal
considerations ‘for massive underwater place-
ments than has been the case to date.

25. The flow models which were examined were
derived from viscous flow theory. Their useful=-
ness for direct predictions concerning tremie
pipe spacing and placement rates appears to

be very limited. However, the models do pro-
vide a pood starting point for an analysis of
these variables.

26. Simple calculations which consider the
variables involved in & tremie placement appear
to offer an acceptably accurate evaluation for
congtruction purposes. Such calculations are
easily performed and will highlight areasa
which should be more closely examined —
excessive flow distances or low placement
rates. Once such areas have been identified,
they must be resolved to the satisfaction of
all parties involved in the placement.

- 27. In most cases, the critical factor in a
massive tremie placement will be the concrete
production capacity available. Use of a pro-
perly proportioned concrete mixture will do as
much as any other factor to offset production
limitations.

7.2. General conclusions. The following con-
clusions are of a more general nature or were
developed from the interrelarionships of the
various portions of this project:

1. Testing done during this project indicates
that the flowability characteristics of the
concrete are extremely important. These
characteristics determine the nature of the

flow pattern which the concrete exhibits after
leaving the tremie pipe which in turn determines
the surface characteristics of the concrete
placement.

2. Measurements taken inside and outside the
tremie pipe during placements have revealed
that concrete being placed by tremie does not
flow gently down the pipe. Instead, it may fall
significant distances inside the pipe resulting
in segregation. This segregation is generally
overcome provided there is adequate space and
roughness within the placement area to allow
remixing to occur. Care is recommended for any
placement in which there may be factors which
could inhibit this necessary remixing.
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3. The development of high temperatures from
hydration of cement within concrete placed by
tremie must be taken into account as would be
done for any other mass concrete placement.

Due to the typically rich concrete mixtures used
and the inaccessgible placement locations, temper-
ature problems are potentially more sericus for
a tremie placement than for other mass place-
ments. Adequate techniques are available to
predict temperature distributions within tremie-
placed concrete.

4. The three items mentioned zbove lead to an
increased understanding of the required charac-
teristics for a comcrete mixture which will be
used in a massive tremie placement. The concrete
must resist segregation during what may be a
significant fall in the tremie pipe; it must flow
readily to provide for adequate remixing and to
provide a flar surface; and it must not generate
excessive amounts of heat. A fourth require-
ment, the ability to resist washing out of cement
from the concrete may not be as significant as

is traditionally believed, particularly if the
concrete is designed to develop the expanding
bulb type of flow pattern. Additionally, a
concrete which resists segregation will in-
herently resiat loss of cement.

5. Unfortunately, with the exception of the
heat generation requirement, measurement of
these desired concrete characteristics cannot be
made using standardized procedures. It is clear
that the slump test must be supplemented by non-
standard tests during mixture development. As

a final atep, large—scale placements similar to
those in Chaprer 2 (butr not necessarily as
complex) are recommended prior to actual use of
a concrete mixture. Once the mixture has been
developed and verified, the standard tests should
be adequate for production control.

6. A "good" tremie concrete has traditionally
been characterized as being cohesive yet posses-
sing good flow characteristics. (Unfortunately,
neither of these qualities are readily measur-
able) These characteristics are usually achieved
by means of & high cement content, high per-
centage of fine aggregate, and a low water—-cement
ratio. Both the small- and large-scale tests
showed that the traditional tremie concrete mix-
ture can be improved upon. These improvements
include replacement of a portion of the cement
with a natural pozzolan or fly ash, use of en-
trained air, and use of a water reducing and
retarding admixture. Concrete mixtures which
followed the traditional "recipe'" but which in
addition possessed increased flowability due to
the addition of & water reducing and retarding
admixture performed better in the large-scale
laboratory test placements. This confirms
veports from field placements conducted over a
number of years. However, nore that improve-
ments in flowability were not seen with all
types of water reducing and retarding admixtures
which were tested.

7. The significance of possible thermally-induced
cracking in tremie-placed concrete is a funetion



of the role of the concrete. In a massive coffer-
dam seal, limited cracking may be acceptable and
extensive precautions may not be necessary. For
a reinforced structural tremie placement, the
possibility of thermally-induced cracking may
require additional temperature control measures,
The degree of restraint must also be considered
when evaluating the potential for cracking. Tre-
mie placements may range from essentially un-
restrained conditions such as in a seal on a

soft foundation, te highly restrained conditions
if the tremie concrete is placed on rock or on
previously placed concrete. 1F deemed necessary,
the techniques for comtrolling temperature
development in mass concrete placed above water
as described by Carlson, Houghton, and Polivka
(ref. 34) may be applied, with some exceptions,
to tremie-placed concrete.

8. Of the available techniques for controlling
temperatures within mass concrete, perhaps the
most readily adaptable to tremie concrete is the
replacement of a portion of the cement with a
pozzolanic material, Kone of the field place-
ments covered by this report showed any detri-
mental effects due to a concrete containing a
pozzolan being placed by tremie. Additionaliy,
concrete mixtures conraining pozzolan replace-
ments were among the outstanding performers in
the small- and large-scale laboratory tests.

9. Recommendations from the literature om pipe
spacing and placement rates appear to be very
congervative and extremely difficult to achieve
in massive placements. In the placement of
Pier 12 (and others) concrete was allowed to
flow much greater distances and was placed much
more slowly than is normally recommended. This
concrete turned out to be of very high qualiey.
Longer flow distances and slower placement rates
should be allowed in specifications for masaive
tremie placements. :

10, Very accurate temperature predictions were
achieved using simple models of concrete flow.
it is doubtful that significant improvements in
temperature pradictions could be achieved by
developing and using a more complex flow medel.

11, Existing recommendations concerning control-
ling the flow of concrete through a tremie by
raising and lowering the tremie may be mislead-
ing. The concrete in the tremie will gemerally
come to rest &t or near the hydrostatically
balanced condition. In most instances with a
normal embedment depth (3 to 5 ft (1.0 to 1.5 m),
it will not be possible to keep the tremie hopper
full as is often recommended. To keep the tremie
hopper full, pipe embedment would have to be deep
encugh to extend into concrete which is stiffen—
ing. 1In such a case the expanding bulb type of
flow may be prevented from occurring., Thus for
deep placements, it will usually be necessary

to accept a concrete level somewhere im the tremie

pipe below the hopper and to realize the potential
for segrepation which will exfiar, (Although in

most cases, adequate remixing will take place in
the pipe or after exir from the pipe).

12. Ko definitive relationship between pipe
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embedment depth and flatness of the concrete
surface was found. The work done in the large-
scale tests suggests that very flat surfaces can
be achieved if the proper concrete mixture is
used. Proper embedment may be more important for
maintaining the tremie seal than for surface
slope control,

13. Tremie concrete was successfully placed in
4 massive seal (9700 yd3 (7400 u3) and in deep
confined elements (278 fr (B85 m)) during the
projects observed while preparing this report.
At first glance it may seem that the mechanisms
and phenomena identified herein may only serve
to add additional restraints and complexity to
an already complex process. However, it is the
hope of the authors that the identification and
examination of these areas will serve to insure
greater reliability in future applications of
underwater concrete placement technology.

14. The work done in this research project has
shown that high quality concrete, structural
and nonstructural, can be placed under water by
tremie methods. This work is believed to make
a significant contributicn to improve practice
and results.

7.3. Reconmended practice. Following is a
recommended practice for massive tremie place-
ments. This recommended practice is intended
to serve as a planning tool and to amplify the
items included in rthe Guide Specification pre-
sented in section 7.4,

These recowmendations are based on the researtch
presented in this report, other research con-
ducted by the authors, and upon the experience
of the authors on a variety of placements.

1. Applicability. This recoumended practice is
applicable to all massive tremie concrete place-
ments - structural or nonstructural {reinforced
or nonreinforced). Typical placements would
include cofferdam seals, filling of precast con-
crete elementes or steel forms for bridge piers,
or elementa of offshore structures.

These recommendations are also generally applic-
able to other types of tremie concrete place-
ments guch as small volume placements, thin
overlay placements, and deep confined placements.
However, the special requirements of these non-
mass placements must be considered in conjunction
with these recommendations.

2. Basic concepts. These recommendations are
based on the following:

a. The concrete is placed under water using
gravity flow through & tremie pipe.

b, Appropriate ateps must be taken to insure
that the first concrete introduced into the
tremie is protected from the water until & mound
of concrete has built up at the mouth of the
tremie and a seal is eatablished.

e, The mouth of the tremie pipe must be kept



embedded within the mass of fresh comcrate. At
ao time should concrete be allewed to fall
directly through water.

4. The tremie pipe must remain in & fixed posi-
tion horizontally at all times while conerete

is flowing. Horizontal distribution of the com-
crete is accomplished by the flow of the concrete
after exiting the tremie; by halting placement,
mov;ng the tremie, reestablishing the seal, and
resumlng placement; or, by the use of multlple
tremies.

3. Concrete materials and mixture design.

a. General materials requirements. The pre-
cautions normally applied to concrete materials
ghould also .be applied for materials intended
for use in tremie-placed concrete. Cement and
pozzolans must meet appropriate specifications.
Aggregates must be clean, sound, free of
deleterious materials, and evaluated for
potential hermful chemical reactions. Mixing
water must be clean snd free of potentially
haraful materials. Admixtures must meet appro-
priate specifications. All materials should be
tested to insure compatibility.

b. Cement and pozzolans. Selection of the
appropriate type of cement and determination of
the suitability of including pozzolans must

be based upon evaluation of service conditions,
available aggregates, heat generatiom, and
availabilities of various types of cements and
pozzolans. The acceptability of a par:icular
pozzolan (increased workability, changes in
water demand, rate of strength gain) should be
verified before final selection.

. Aggregates. Well rounded natural aggregates
are preferred due to the imcreased flowability
of concretes contmining these aggregates. If
manufactured aggregates are used, the fine
aggregate and cementiticus materials contents
may have to be increased to achieve satisfactory
flowability. Aggregates should be well graded.
Maximum size for aggregaces used in reinforced
placements should be 3/4 in. {19.0 mm} aod in
nonreinforced placements should be 1 1/2 in.
(38.]1 mm). Fine aggregate content should be 42
to 50% of the total apgregate weight.

d. Desited characteristics. Concrete for tremie
placements must be cohesive and resist segrega-
tion as well as flow readily. Honstandard

tests are available which allow evaluation of
these characteristics for comparison of coon-
crete mixtures. Tremie concrete should not be
proporticned oa the basis of sctrength and/or
slump alone.

e. Basic mixture proportions. A starter mix-
ture, developed to include these characteristics
found to be beneficial in the present report,

is as follows:

Cement: 600 1b/yd3 (356 kg/m3)
Pozzolan: (15% by weight of cementxttous
materials) 105 1b/yd3(62 kg/m3)

Coarse Aggregate: 3/4 in. (19.0 mm}

Fine Aggregate: 45% by weight of total aggregate
content

Air Content: 5 perceat | percent

Maximum water-cementitious materigl ratie: 0.45

Admixtures: Water reducer and retarder

Slump: 6 to 7 1/2 in. (15 to 19 cm)

f. Modifications to the basic mixture. The
basic mixture may be modified as necessary de-
pending upon materials availability, service
conditions, temperature considerations, etc.
Modifications should be made with an aim of
retaining the flow and cohesiveness of the
basic mixture.

g. Testing. The proposed concrete mixtures
should be tested using standard ASTM tests for
bleeding, time of set, air content, unit weight,
glump loss, compressive strength and yield to
insure compatibility of components and suit-
ability of the concrete for its intended pur-
pose.

h. Final selection. Final aselection of a con=
¢rete mixture should be based upon test place-
ments made under water in a placement device
similar to that described in Chapter 2 of this
report or in a pit which can be dewatered
after the placement. Test placements should
be examined for concrete surface flatneas,
amount of Laitance present, quality of concrete
at the extreme flow distance of the teat, and
flow around embedded items, if appropriate.

4. Temperature considerations.

a&. The potential temperature increase should be
evaluated using a simple interative or a
finite—element technique. Anticipated thermal
gradients should alsoc be considered.

b. Based upon predicted concrete temperatures

and gradientz and the nature of the concrete
placement, a determination of the seriousness

of the predictions may be made. Limited crack-
ing mey be acceptable in a nonstructural placement
while Lie same degree of cracking may be un-
acceptable in a structural element.

¢. Maximum temperatures and gradients may be
reduced by employing the following stepa:

- Use & lower heat cement.

- Replace increased egmounts of cement with a
sultable pozzolan.

- Lower the concrete placement temperature.

5. Concrete mamufactyre.

a. Materials handling, The same requirements
for materials atorage and handling used for.
ingredients for concrete to be placed in the
dry must be imposed for concretes placed
under water.

b. Batching and mixing. The same requirements
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for accuracy in batching concrete ingredients
used for concrete placed in the dry must be
used for concrete placed under water. Control
of the amounts of concrete ingredients 16 one
of rhe most important inspection items avail-
able for underwater placements. The same
requirements for concrete mixer performance
used for placements in the dry must also be
applied for placements under water.

c. Testing during production. Once a concrete
mixture has been approved, slump, air content,
unit weight. and compressive strength testing
should be adequate for production control.
Because of the significance of the flowability
of the concrete to the succeas of the place-
ment, slump and air content tests should be
parformad more frequently than is done for
concrete pleced in the dry. A minimum testing
schedule would be:

- Slump: every 250 yd3 (190 m3)

- Ailr content: same as slumg

- Unit weight: every 500 yd3 (380 m3)

- Compressive strength: 6 cylinders for every
1000 ya2 {765 m3)

- Temperature: Whenever other testing is done

Compressive strength testing should be accomp-
lished at 7 and 28 days. Seven day strengths
may be used as a basia for determining when the
concrete has gained enough strength to allow
dewatering the structure,

d. Sampling during production. The lecation
far sampling during production and placement
will depend upon the elapsed time between pro-
duction and arrival at the tremie hopper. For
example, in the placement described in Chapter
3 a portion of the concrete was produced im &
floating plant at the site, Ssmpling at the
mixer was essentially the same as sampling ar
the tremie hopper. The remainder of the con-
crete was produced off site and was trucked
and pumped to the tremies. For that concrete,
sampling at the tremie hopper would be more
appropriate. In any case, the objective is

te insure that concrete with rhe proper char-
acteristics is arriving at the tremies.

e, Slump and air content loss. Tests to
determine the slump and air loss characteris—
tics of rhe selected mikture should be per-
formed using the cype of equipment which will
be used to transport the concrete from the
point of manufacture to the tremies. Based on
this testing, limite may be established on the
length of time between wixing and arrival at
the trvemie or on the number of revolutiona of
the trangit mixer drum, if appropriate.
sprecification provisions limiti-g elapied

time cr drum revolutions must complement any
provisions fer testing at the tremie hopper,
1f included In cases of conflict, concrete
periormance provisions rather than time or
revolutions should prevail. A summary of
recommended testing would be as follows:

(1) Mix at site ~ Test at mixe:
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(2) Mix off site - Deliver within specified
time or revolutions - and - Tost at trenie

f. Concrete temperature. The maximum allowable
concrete temperature should be established
based upon anticipated thermal conditions with-
in the placement. Depending upon the volume of
the placement, magimum temperatures in the
range of 60° to 90°F (16° to 32% C) have been
specified.

A Minimum concrete temperature of 409F (i5° C)
should be imposed. HNormally, freezing of con—
crete placed under water will not be a problem.
However, the flowability of concrete at lower
temperatures may be reduced. Because of the
potential for erratic slump loss behavior,
extreme care should be used in heating water
or aggregates to raise concrete temperatures.

6. Placement equipment.

a. The tremie should be fabricated of heavy
guage steel pipe. The pipe and all connections
must be strong enough to withstand all antic—
ipated handling stresses.

b. The tremie should have a diameter large
enough to insure that aggregate caused block-
ages will not occur. Pipes in the range of

8 to 12 in. diameter (20 to 30 cm) are adequate
for the range of aggregates recommers-d.

e. For deep placements the tremie should be
fabricated in sections such that the upper
sections can be removed as the placement pro-
gresses. Sections may be joined by flanged,
bolted connections (with gaskets) or may be
screwed together. Whatever joint technique is
selected, joints berween tremie sections must
be water-tight. The joint system selected
should be tested for watertightness before
beginning placement. (Flanged connections are
included in the Guide Specification.}

d. The tremie pipe should be marked to allow
quick determination of the distance from

the surface of the water to the mouth of the
tremie.

e. The tremie should be provided with a Funnel
or hopper to facilirare transfer of concrate
from the delivery device to the tremie.

f. A stable platform should be provided to
support the tremie during the placement.
Floating platforms are generallyjuot suitable.
The platform should be capable of supporting
the tremie while sections are being removed
from the upper end of the tremie.

g. A suitable power hoist should be on the
tremie support platform to facilitate vertical
movement of the tremie during the placement,
Use of a crame to provide this vertrical adjust-
menit is not recommended.

h. A crane should be available to lift che
entire tvemie pipe in case the tremie muat be
moved or lifted out of the water to be reaealed.



i. Depending upon the method selected for
sealing the tremie at the beginning of the
placement (see paragrsph 8}, an adequate supply
of end closure devices or go—devils should be
Javailable.

j. Airlifts or pumps must be available to
remove laitance and other unsuitable material
which accumilates in low areas during the
placement.

7. Preplacement planning.

2. Planning for the tremie placement must begin
asg acon as the decision to use tremie-placed
concrete i5 made, mot just prior to the begin-
ning of actual placements. Items with a long
lead time in the tremie process include:

- detailing reinforcing steel (if any) to mini-
mize restrictions to flow.

- detailing of forms, particularly if precast
elementa are to be filled with tremie con-
crete, to eliminate abrupt changes in sec~
tions, openings, or areas in which laitance
could aceumulate or be trapped.

- consideration of overexcavating the placement
area to preclude concrete removal if tremie-
placed concrete is above design grade.

~- consideration of incorporating members re-
quired to support the tremie platforms into
the internal bracing scheme of a cofferdam,
if appropriate.

b. The overell placement scheme should bhe de-
veloped considering the following items:

- Available concrete production capability.

- Availability and capacity of equipment for
transferring concrete to the tremies.

- The total volume of concrete to be placed.

- The various placement schemes available -
fixed tremie locations or an advancing slope.

- Any restrictions to flow such as reinforcing
steel or piles which must be embedded in the
concrete.

- Maximum flow diatance of the concrete. Flows
in the range of 30 to 70 ft {9 to 21 m)} have
produced concrete of excellent quality.

¢. Consideration of the above items should re-
sult in the development of a placement plan
which includes tremie pipe spacings and loca-
tions throughout the duratiom of the placement.
The plen should also include the planned loca-
tions to be used for relocating tremies as the
placement progresses,

d. The method of sealing the tremies at the

beginning of the placement must be considered
in detail. The most common techniques are:
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- Initial dry pipe achieved by using a plate
and gasket tied to the mouth of the tremie,
This method ig recommended for most place-
ments (and is included in the Guide Specifica-
tien.).

- Use of 2 go-devil to separate concrete and
water, This method can be very disruptive
to material beneath the mouth of the tremie
as the go-devil forces water out of the
tremie. Due to the possibility for washing
concretre in place, this method should not be
used to restart tremies. If inflatable balls
are used as go-devils, consideration should
be given to the depth at which the balls will
collapse due to water pressure,

- Use of a double pipe for deep placements in
which pipe bouyancy is a problem. This
method involves use of a smaller dismeter
tremie within the wain tremie to gain the
initial seal.

e. An inspection plan detsgiling sounding loca-
tions and frequency of soundings should be de-
veloped. Soundings should be taken over the
entire area of the placement on a regular basis,
such as every hour or every 200 yd3 (75 md).
Locatjons for taking soundings should be marked
on the structure to insure that all soundings
are made at the same location. Additionally,
soundings should be required on a more frequent
basis adjacent te each tremie to monitor pipe
embedment. Data obtained from soundings should
be plotted immediately to monitor the progress
of the placement,

f. A concrete sampling and testing plan, con-
sistent with the agency's other concrete test-
ing requirements and the recommendationa above
(paragraph 5c) should also be developed. This
plan should detail all testing and corrective
actions to be taken by the contractor to
insure that concrete of the desired character-
istics is delivered to the tremie.

g. A preplacement conference should be held in

~which all details of the placement are presented

to the owner's engineer. Placement should not
be allowed until the placement plan, concrete
mixture, inspection plan, and concrete sampling
plan are approved.

8, placement procedures.

a. All areas in which there is to be bond
between steel, wood, or hardened concrete and
fresh concrete should be thoroughly cleaned
impediately prior to beginning concrete place-
ment to remove mud, algae or other objection-
able materials.

b. Tremies atarted using a dry pipe technique
should be filled with concrete before being
raised off of the bottom. The tremie should
then be raised a maximum of 6 in. (15 cm) to
initiate flow. These tremies should not be
lifted further until a mound is established
around the mouth of the tremie pipe. Initial



lifting of the tremie should be done slowly
te minimize disturbance of material surrounding
the mouth of the tremie.

¢, Tremies started using a go-devil should be
lifted a maximum of 6 in. (15 ¢m) to allow

water to escape, Concrete should be added to
the tremie slowly to force the go-devil downward.
Once the go-devil reaches the mouth of the
tremie, the tremie should be lifted epough to
allow the go-devil to escape. After that, a
tremie should not be lifted agein until a
sufficient mound is established around the

mouth of the tremie.

d. Concrete supply to a tremie at the begiuning
of a placemeat should be uninterrupted until a
mound sufficient to seal the tremie ham been
established.

e. Tremiez should be embedded in the fresh con-
crete from 3 to 5 fr (1.0 to 1.5 m). Exact
embedment depths should depend upon placement
rates and set times of the concrete.

f. Tremies shall not be moved horizontally
while placing concrete.

g. All vertical movements of the tremie pipe
must be done slowly and carefully to prevent
logs of seal.

h. If loss of seal occurs in the tremie, place-
ment through that tremie must be halted immedi-~
ately, The tremie must be removed, the end
plate mast be replaced, and flow must be re-
started as described above. To prevent wash-
ing of concrete in place, a go-devil should

not be used to restart a tremie afrer loss of
scal.

i. Concrete placement should be as continuous

ag possible through each tremie. Excessive
breaks in placement may allow the concrete to
stiffen and resist restarting of flow once
placement resumes. Interruptions of placement
of up Lo approximately 30 minutes should allow
restarting without any apecial procedures.
Interruptions of between 30 minutes and the
initial set time of the concrete should be
treated by removing, resealing, and restarting
the tremie. Interruptions of a duration greater
than the initial set time of the concrete should
be treated as a construction joint as discussed
below.

j. If a break in placement results in 2 plamned
{or unplanned) horizontal conetructiom joint,
the concrete surface should be "preen-cut" after
it sets. The concrete surface should be jetted
immediately prior to resuming concre.e place-
ment ,

k. The rate of placement should be as high as
the production capacity allows. Representative
rates of concrete rise range upward from

0.5 ft/hr (0.2 m/hr). These values ghould be
calculated by dividing the entire placement
ares by the plant capacity, as was done in the
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example provided in Chapter 6.

1. The volume of concrete in place should be
monitored throughout the placement. {Underruns
are indicative of loss of tremie seal since the
washed and segregated aggregates will occupy a
gresater volume. Overrung are indicative of
loss of concrete from the forms.

m. Tremies and airlifts should be relocated as
governed by soundings and the placement plan.

Tremies which are relocated should be resealed
in accordance with the procedures given above.

n. Tremie blockages which oceur during place-
ment ghould be cleared extremely carefully to
preveat loss of seal, TIf a blockage occurs,
the tremie should be quickly raised {6 in. to
2 ft (15 to 61 cm)) and then lowered in an
attempt to dislodge the blockgege. The depth
of pipe embedment must be cloggly monitored
during 211 such attempts. If the blockage
cannot be cleared readily, the tremis should
be removed, cleared, resealed, and restarted.

0. Soundings should be taken ae specified in
the inspection plan,

p. Concrete samples should be tested in accord-
ance with the concrete sampling plan.

9. Post-placement evaluation.

a. Coring should be conducted in areas of
maximum concrete flow or in aress of suspect
concrete quality.

b. After dewatering, the surface of the con-
crete should be accurately surveyed to evalu-
ate the adequacy of the concrete mixture and
the placement plan.

c. After removal of forms or sheet piling, the
exterior surface of the concrete should be
inspected by divers for evidence of cracking,
voids, honeycomb, ete.

7.4 Guide specification. The following apecifi-
cation is based upon the recommended practice
presented above. This specification is intended
for massive placements such as for bridge piers
or major offshore conatruction. The guide
specification was prepared based upon the follow-
ing assumptions:

4
1. The using agency has its
covering concrete materials

o!'n specifications
add manufacture.

2. This guide specification will be part of a
larger project specificatiom; it is not intended
to stand alome.

3. The contractor will be responsible for quality
control testing as apecified by the owner.

4. The term "Contracting Officer" has been used
to denote the owner's representative. This term
should be replaced by "Resident Engineex" a»
appropriate.



Underwater Mass Concrete (Tremie Concrete)

1.1 General

P.1.1.
shall be placed by the tremie process.

1.1.2. The contractor shall conduct a preplace-
ment conference to review all details of the
concrete mixture proportions, tremie equipment,
placement procedure plan, concrete sampling and
testing plan, and inspection plan.

1.1.3. No underwater placements shall be made
until all concrete materials, concrete mixture
proportions, tremie equipment, placement pro-
cedure‘plan, concrete sampling and testing plan,
and inspection plan are approved by the Con-
tracting Officer.

1.2. Materials

1.2.1. All materiala for underwater mass con-
crete shall meet the requirements for materials
for concrete placed in the dry as specified in
gsection of these specifications. The
following additional requirements shall also

apply:

a. Cement shall be Type I or II meeting the
requirements of ASTM C 150, (NOTE: The option-
al heat of hydration requirement of ASTM C 150
shall be invoked if calculations indicate
thermal problems.)

b. Chemical admixtures governed by ASTM C 494
shall be tested in conjunction with the air-
entraining admixture and cement proposed for use
on the project to insure compatibility.

1.2.2. The following weights and volumes of
proposed concrete materials shall be provided
to the Contracting Officer for approval {(and
mixture proportioning) no later than days
prior to the beginning of placements.

(NOTE: Specify required
veights and volumes,)

Coarse Aggregate
Fine Aggregate
Cement

Pozzolan (if any)
Admixtures

Warer

1.3. Concrete proportions

1.3.1. Concrete proportions shall be (provided
by the contracter (provided by the Contracting
Officer). The following mixture shall be used
for bidding purposes:

Cement: 705 lb/yd3 (356 kg/mw3}, Type I or IL.
Pozzolan: If required or permitted, replace up
to 15% by weight of cement with an equal weight
of pozzolan meeting the requirements of ASTM C
618, Class F or K.

Coarse Aggregate: 3/4 in. (19.0 mm) maximum for
reinforced placements; 1 1/2 in. (38.1 mm)
maximum for unreinforced placements.

Gravel aggregate (rounded) shall be used.

Underwater mass concrete in bid itemw
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{(NOTE: If gravel is unavailable, suitable work-

ability will normally require higher sand per-

centages up to 50% and additlonal cementitious material)
Fine Aggregate: 42-30 percent by weight of total
aggregate. -

Air Content: 5 percent - 1 percent

Maximum Water~Cementitious Material Ratio: 0.45

Slump: 6 to 7 in. (15 to 19 cm)

Admixtures: Water Reducer and retarder.

1.3.2 Final approval of a concrete mixture
developed by the contractor shall be based eon
concrete performance in a larpe-scale flow test
in which a minimum of 10 yd3 (8 m3) shall be
placed per test. Concrete for these tests shall
be placed in a water—filled box or pit using the
tremie eqguipment and procedure proposed for the
project. The water temperature shall be close
to that anticipated in the actual field place~
ment .

1.4. Concrete Manufacture

1.4.1 All materialas for concrete placed under
water shall be stored in accordance with the
requirements for materials for concrete placed
in the dry as specified in sectiom of
these specificatioms.

1.4.2, All batching, mixing, and transporting
equipment for concrete placed under water shall
meet the requirements for batching, mixing and
transporting equipment for concrete placed in

the dry as specified in section of these
specifications.
1.4.3. The method(s) of transporting concrete

to be placed under water from the point of
mwanufacture to the tremie hopper shall ensure
delivery without segregation or excessive delay.

1.4.4, Concrete to be placed under water shall
have a minimum temperature of 40°F (159GC) and

a4 maximum temperature of OF. (NOTE:
Maximum temperature should normally be between
60¢ to 90°F (16° to 329C) and should be deter-
mined on the basis of anticipated thermal
problemns.

1.4.5. Concrete to be placed under water shall
arrive at the tremie hopper (no later than
minutes after discharge from the mixer)
(after no more than revolutions of the
transit mixer drum). (NOTE: These limits
should be established by slump and air content
loss testing.) (NOTE: The provisiona of this
gection must agree with those of section 1.5.4.

1.5. Sampling and Testing Requirements

1.5.1. The contractor shall develop a concrete

sampling and testing plan which shall include

the testing shown in Table 1.1. This plan

shall be submitted to the Contracting Officer
days prior to begimming placement.

1.5.2. The contractor shall be responsible
for conducting all testing on the sampling and
teating approved plan.



TABLE 1.1 MINIMUM TESTING REQUIREMENTS
Frequency At Tremie
Test Standard 1 Teat for each: At Mixer Hopper

Slump ASTM C 143 250 ya3 6~7.5 in, 6-7 in. (15-18 cm)
(190 m3) (15-19 cm)

Air Content ASTM C 231 250 ya3 54 12 3 - 6%
{190 =3)

Unit Weight ASTM ¢ 138 500 ya3 * *
(380 w3)

Compressive ASTM G 31 6 cyls

Strength ASTHM C 39 1000 yq3 3500 psi 3500 psi
(765 ¥ (24 Mpa) (24 Mpa)

* No requirement - report measured value.

1.5.3. Results of testing {except for compres-
¢ive strength testing) shall be provided to the
Contracting Officer at the end of each shift
during which testing is conduycted. Results of
compressive strength testing shall be reported
within 24 hours of testing.

1.5.4. Testing shall be accomplished using
samples of concrete takem at (the point of
diacharge from the mixer) (the tremie hopper)

(or both), (NOTE: Location of sampling should
be based upon elapsed time between mixing and
arrival at trewie hopper.} (NOTE: The provisions
of this section must agree with those of section
1.4.5.).

1.5.5. Compressive strength tests shown in
Table 1.1 shall be conducted using three 6- by
12-in, (15- by 30 cm) cylinders at 7 and 28
days.

1.5.6. Concrete temperature shall be measured
and recorded whenever other testing is conducted.

1.6. FPlacement Equipment

1.6.1., The tremie pipe zhall be of heavy guage
(minimum 0.25 in. (6.4 mm) wall thickness)
steel pipe with & minimum ineide diameter of

10 in. (25 em). The tremie shall be marked to
allow determination of depth to the mouth of
the tremie.

1.6.2. Joints between sections of tremie pipe
shall be gasketed and bolted so as ta be water-
tight under project placement conditionms.

1.6.3. A hopper or fumnmel of at least 0.5 yd3
(0.4 n?) capacity shall be prevwided or tap of
the tremie pipe to facilitate tramsfer of
concrete to the tremie.

I.6.4. A& power hoist (which is capable of
steady vertical control) shall be provided to
accommodate vertical movements of the tremie.
A& gtable platform shall be provided to support
the tremie pipe, hopper, and hoist.
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1.6.5. A supply of extra end plates and gaskets
shall be maintained to allow resealing of tre-
mies, if necessary.

1.6.6. A crame or other lifting device shall be
available to completely remove the tremie from
the water for the purpose of resealing or
horizontal relocation.

1.7. Placemant Procedure

1.7.1. The contractor shall develop a compre-
hensive placement procedure plan in accordance
with the provisions of this apecification. This
plan shall be pubmitted to the Contracting
Officer for approval at least days prior
to begioning placements.

1.7.2, All areas in which there is to be bond
between steel, wood, or hardened concrete and
fresh concrete placed under water, shall be
thoroughly cleaned irmediately prior to begin-
ning placements. Cleaning shall be accomplished
uaing high pressure a&ir or water jetting. Air-
lifts or pumps shall be uged to remove mud, silck,
or send from placement areas.

1.7.3. Placement of underwater mass concrete
shall be a@ continuous an operation as possible.
Placement shall continue uninterrupted until

the entire placement is completed. Interrup-
tions of placement through a single tremie shall
not exceed 30 minutes without removal of the
tremie and carrying out the restarting pro-
cedure., .

1.7.4. The concrete placement rate ehall be
sufficient to produce a minimum vertical rise
of concrete of 0.5 ft/hr (0.2 n/hr), calculated
by dividing the entire placement area (ftzg
{n?)) by the conerete production rate {({ft*/hr)
{(n3/hr)).

1.7.5. Tremie pipes shall be spaced to give a
maximum concrete flow distance of 50 fr (15 m).



1.7.6. The placement shall begin with the tremie
pipe sealed with a watertight plate, The empty
tremie pipe shall be sufficiently heavy to be
negatively bouyant when empty. "“Rabbits"

or "go-devils" shall not be used to start the
tremie, The tremie shall be sealed, lowered

to the bottom, and filled with concrete. The
tremie shall then be lifted 6 in. {15 cm) to
initiate concrete flow. Concrete supply shall
be continuous until soundings indicate the re-
quired embedment is developed.

1.7.7. The mouth of the tremie shall remain
embedded in the fresh concrete at all times
unless the tremie is being completely removed
from the water. At no time shall concrete be
allowed to fall through water. Embedment shall
be from 3 to 5 ftr (1 to 1.5 m) at all times.

1.7.8 A tremie shall not be moved horizontally
while concrere is flowing through it, To re-
locate a tremie, it shall be lifted from the
water, resealed, reloceted, and restarted in
accordance with section 1.7.6.

1.7.9. ALl vertical movements of the tremie
shall be carefully controlled to prevent loss of
seal. 1If loss of seal occurs, placement

through that tremie shall be halted immediately.
The tremie shall be removed, resealed, replaced
and restarted in accerdance with section 1.7.6.

1.7.10. Tremies shall be relocated during the
placement in accordance with the placement plan
and as indicated by scundings.

1.7.11. 1If circumstances force a suspension in
placement greater than the time of initial set
(a5 determined by testing during mixture
development)}, then the surface of the concrete’
shall be green-cut after the concrete has set.
Placement shall not be resumed until the con-
crete surface has been prepared in accordance
with gection 1.7.2.

3.7.12. Airlifts or pumps shall be provided to
remove laitance which accumulates during place-
ment. Airlifts snd pumps shall be relocated

as indicated by soundings.

1.8 Inspection

1.8.1 The contractor shall develop an inspec-
tion plan covering locations and methods of
taking soundings during the placement and
post-placement inspection. Soundings shall be
taken each hour during placement. Soundings
shall be spaced so as to cover the area, plus
cornersz and at the tremie pipe discharge. This
plan shall be submitted approval by the
Contracting Officer days prior to begin-
ning placements,

1.8.2. Data from soundings shall be furnished
to the Contracting Officer at the end of each
shift during which concrete is placed. Data
from post-placement inspections shall be fur-
nished no later than days after the
inspecticns are completed.
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5. Temperature predictions.

1.8.3. Afcer the cofferdeam is dewatered, a
survey shall be made to establish final surface
elevations of the concrete placed under water.
Elevations shall be determined at each location
for which soundings were required.

1.8.4. Cores shall be drilled and recovered as
directed by the Contracting Officer. For bid-
ding purposes, s minimum of cores shall

be drilled at locations of maximum horizontal
concrete flow. Additional cores may be required
4t no expense to the owner at all locations in

which tremie seal is lost.

}.8.5. After removal of (sheet piles) (extermal
forms), the surface of the concrete placed
under water shall be inspected by diver for
evidence of cracking, voids, honeycomb, or

other unsatisfactory concrete, A written

report of this inspection shall be furnished
within days of cowpletion ¢f the inspec-
tion. Suitable repsirs shall be made, by grout
injection or underwater epoxy injection, as
indicated and approved.

7.5. Recommendations for further work, Follow-
ing are several areas in which the authors be-
lieve additional study would be beneficial:

1. Confined placements, Determine if the
problems seen in the primary elements of Wolf
Creek have occurred in other placements and if
similar problems seen in filling piles and small
diameter shafts with tremie concrete are relaced.
Determine if there is a critical diameter or
cross-sectional area below which succeasful
placements are impracticable.

1. Hydrostacic balance. The anomalies in hydro-
atatic balance noted in the Walf Creek place-
ments need to be evaluated further in a program
which includes measurements and coring., Do the
anomalies represent areas of poor quality con-
crete? If so, measurements of concrete levels
made during a placement could serve as an
additional inspection tool.

3. Temperature monitoring system. An inexpensive
system to monitor temperatures in a tremie place-
ment and to compare measured and predicted
temperatures needs to be developed. Such a
system could alert field personnel to unexpected
occurrences during & placement and present a
starting point for post-placement verification
coring.

4. Concrete density. Examine cores from severzl
placements to determine the loss of density
which may be expected for tremie-placed concrete
as a function of flow distance from tremie pipe
and depth of water in which placed.

The finite element
approach to temperature prediction in tremie-
placed mass concrete should be extended to
determine the sensitivity of the predictions

to the many variables involved.



6. Confined placements. Examine the feasibility
of uging a vibrator attached pear the mouth of
the tremie pipe for deep, confined placements
and perhaps for all mags placements. Such a
technique appears of interest.but has not yet
been tested nor proven and hence should not be
used on prototype placements until testing has
been carried out.

7. Temperatuvra cracking. Examine the crack re-
sistance of concrete which has set and cured
vader the thermal gradients known to exist

near the extremes of a massive tremie placement.

B. Concrete flowabiliry. The flowability of a
concrete appeared to determine the flow pattern
which was exhibited once the concrete left the
tremie. ‘There needs to be a teat which can
measure that flowsbility directly. Perhaps a
variation of the vane shear test used in soila
testing could be developed.

9. Thixetropic admixtures. Examine uses for
thixotropic admixtures for concretes to be
placed cnder watcr, A& thixotropic concrete
would be beneficial in applications in which
only limited £flow is desired after the concrete
leaves the mouth of the tremie or is exposed

to running water.

10. Mixture optimization, Develop more
econowical concrete mixtures for mass tremie
placements. The work done in this project has
defined the characteristice for successful
placement. Can more economical mixtures be
developed to match those characteristics?
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APPENDIX A: CONCRETE MIXTURE PROPORTIONS - MIXTURE EVALUATION TESTS

1. Mixture proportions for each of the 1l mixtures evaluated in the small-

scale laboratory tests described in Chapter 1 are presented in Tables A-l

through A-11.

2. Data presented in this appendix are summarized in Table 2 of Chapter 1.

3. Only data for Mixture 1 (Table A-1) are presented in this volume. Data

from remaining mixtures may be obtained from the authors.

4, The following conversion factors are required for the tables in this
appendix:

1 1b (mass) = G.4536 kg

i 1b (mass)/ft> = 16.02 kg/m>

1 f1 o2/1b = 65.2 ml/kg

1 ya3 = 0.7646 m>
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TABLE A-l, PROPORTIONS-MIXTURE

No. '
DESCRIPTION : REFERENCE MIKTURE

BATCH WTS. AND VOLS. , I YD®, SSD.
1T E M SPECIFIC weEIGHT, Va¢u&&‘,
G RAV 1Y L8 T35
cemanT 3.15 705 2.59
Pox 2ot AN — — —
cohRSE aes| 2.68 | 66| 9.93%
FINE AG6G .| 2.68 1259 8.13
WATER | .00 311 5.08
MR, | A na ~A 0.27
ToTaus 4042 | 21. 00
ESTIMATED UNIT WT, LB/FT3: [49.7
waATeR- CEMENT RATIO: 0.45

ADMIXTURES: WATER REDUCER/RETARDER,
2 FL ©Z /94 Lb CEMENT,
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APPENDIX B: CONCRETE MATERIALS — MIXTURE EVALUATION TESTS

1. The components of the concretes evaluated during the small-scale tests de-
scribed in Chapter 1 are described in the following paragraphs. As far as was

possible, the same materials (i.e., same sources) were used for the large-scale

placéments described in Chapter 2.

2. Aggrepates. Fine and coarse aggregates were purchased from Kaiser Sand
and Gravel and were from that company's Pleasanton, California, quarry operation.
- Coarse aggregate: 3/4-in. (19-mm) nominal maximum size
Absorption: 1.0 percent
Specific gravity: 2.68
- Fine aggregate: Top sand
Absorption: 2.0 percent
Specific gravity: 2.68

3. Cement. Cement was purchased from the Kaigser Cement Company plant at

Permanente, California. The cement was a Type II conforming to ASTM C 150.

4. Pozzolan. The pozzolan used was a natural material sold by Alrox Earth
Resources, Santa Maria, California. The material met the requirementa of
ASTM C 618, Class N. The specific gravity was 2.54.

5. Bentonite. The bentonite used was sold by the American Collold Company and
was marked with the trade name "Volclay 200." The specific gravity was 2.71.

6. Admixtures. Admixtures used were from laboratory stocks {with the excep-

tion of the thixotropic additive).
- Water reducer/retarder: Sika Plastiment.

- Air-entraining agent: Master Builders AE-10.
- Thixotropic additive: Sikathix manufactured by Sika Chemical Corporatiomn.

7. Water., City water, Berkeley, California.
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APPENDIX C: SUMMARIZED DATA - MIXTURE EVALUATION TESTS

1. Data for each of the three tests performed on the 11 concrete mixtures are
presented in Tables C~1 through C-10. These data are summarized in Table 3,
Chapter 1.

2. 'Each test for which data are presented in this appendix represents three
batches of concrete, as is explained in Chapter 1. Detailed data on a batch-

by~batch basis are presented in Appendix D.

3. Only data for Mixture 1 (Table C-1) are presented in this volume. Data from

remaining tests may be obtained from the authors.

4, The following conversion factors are required for the tables in this

appendix:

1 in. = 2,54 cm
1 1b (mass)/ft> = 16.02 kg/m>
1 1b (force) = 4.448B N
1 1b (force)/in.2 = 0.006895 MPa
To convert deg F to deg C,
deg C = (deg F -~ 32)/1.8
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|

TABLE C-l. DATA SUMMARY-MiI%._L

TesT 1Tem  |vesT 1| TesT = ltesT 3 | AVE
SLOMP, IN. 74 6.1 7.4 7.2
oot wTr, b3 149.9 | 1%0.9 | ISlo | 150 6
AR conTenT, , 2.1 -5 /-2 . 6
Tewe., °F i 12 €9 71
TREMIE FlLow) IN. 1}-o@ . 5 .7 1.4
TVWE ivnaL | 266 375 o8 383
OFm?:-G FinklL | 480 470 <d2. 497
hvor wiree. | 26 |20 |25 | 2.4
CoHESION 1VDEN 0.07 |0o.©4 | 0.1D O.- o7
STARBILITY FACTR | ©0.79 | 0.78 | 0.79 | ©.79
TEMP.  INCREMESF| 373 34 2SS 34

Tme.Hes | 1g.2 [18.6 |20.2 | 190
Co mP- 7v4ys (4070 | 4560 | 4350 | 4330
STREN) 28 A8 [$960 | 6310 |b(40 | b ldo
telink o bavs €00 | 7520 | 7460 | 7300
e 785 | 655 | 790 | 145
SLumP T= /5min] B2 73 9o 79
:;:s ’ = 30 19 | 57 66 78
REMAINNVG  _ 64 50 52 55
0;::WAL = 90 6l 43 45 so
= 20 50 32 45 42
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APPENDIX D: DETAILED DATA - MIXTURE EVALUATION TESTS

1. Detailed data for the tests performed on each batch of concrete of the 1]
mixtures tested are presented in Tables D-1 through D~29. These data are sum-

marized in Appendix C and in Table 3, Chapter 1,

2. Only data for Mixture 1, Test 1 (Table D-1), are presented in this wvolume.

Data from remaining tests may be obtained from the authors.

3. The following conversion factors are required fof the tables in this

appendix:

1 ia. = 2.54 cm
| 1b (mass)/ft> = 16.02 kg/m>
1 1b (force) = 4,448 N
1 1b (force)/in.2 = (.006895 MPa
To convert deg F to deg C,
deg C = (deg F - 32)/1.8
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TABLE D-Il., CONCRETE TEST

|

DAT A
MIXTURE _L_ TEST L

GENERAL S HARACTE&ERISTICS

BATCH SLUMP, IN. jONIT W, th J{43 .‘7. AR TEMP, oF
| 1 150 | 1. 5 72
L} 150.8 | ~a 7
1% 148 .8 2.6 ull
Ave 7.4 149.9 2| 1)
2. TREMIE FLow —TEST, /M
@4 __ 100 g2 _ V20 sy O
13 TWME ofF S&T , MmN, 7
‘ InITINL S 66 Er e 480
4' BLEEDING ELAPSED TImE,mwv b2
. voruwmeE, ml o2 Zo WATER 2.6 |
5 CORESION 1#NDEK
. 4._0.06 B2 091 e _2°7
L SEGREGATION FALTOR

ay_ 0.9l s~ 0.77 ave _©0:-79
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TABLE D-1. (CONTINUED)

i

7. TEMPERATURE DEVELOPMENT
: c YL I TIAL , O F MAY, OF TIME To mAK, HES
o 92 | 06 11.3
2 7\ 104 /9.0
AVE T4 105 8.2
i3, COMPRESSIVE S TRENGTH
evL 7 vAYS 28 DAYS 9 DAYS
Lbs b /in*| Lbs Lb/in™] Lbs Lb [1a 2
b Wa750 | 4060 | 166,000| 5SBT0 |/95, 500| 6300
+ |115,000| 4070 |110,000| 6© 10 |[94,5C0] LBBO
115,750| 4090 169,750 OO0 (196,250} 69 40
ave | — 4070 | — 5960 — 69 1o
°) SPLITTINMNG TENSILE 10. SLump LoSS
sTRENGT (28 DAYS)
YL Lbs Lb/in> TWME, ww | stomb,18.|9, oF Teo
\ (23,000 B(5 0 7 100
21950| 775 s 157 | 82
® 2,50 | 765 3o 52 79
AVE | — 765 o 4% G 4
o |4/ | 6l
120 13/ | 50
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APPENDIX E: SOUNDING DATA ~ LABORATORY PLACEMENT TESTS

1. As is described in Chapter 2, the tremie concrete placed in the large-scale
laboratory placements was broken into three approximately equal segments.
Soundings were taken at 20 locations over the surface of the placement box at
the conclusion of placing each of the three segments of concrete. The sounding

pattern used was shown in Figure 17, Chapter 2.

2. Soundings were taken using a weighted plate attached to a measuring tape.

The plate was of sufficient area to prevent its sinking into the soft concrete.

3. The data was obtained as distance from a fixed reference point to the sur-
face of the concrete under water. This data has been converted to thickness of
concrete in place by subtracting test readings from those obtained at each point
prior to each test. These reduced data for each test are presented in Tables E-1

through E-5.

4. Only data from Test 1 (Table E-}) are included in this volume. Data from

remaining tests may be obtained from the authors.
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TABLE E-I

CONCRETE THICK~
‘NESS AS DETERMI(NED
BY SOUNDINGS,

TEST 1.

5TATIcN! coLoR 4 | cooR 2 lceotworRr 3
IN, cm | N, CM | N, &M

|1 j18:© 1457 (280 | 7| |40-% [/02.9
2. 145 | 36.8 122.6 | 512 2458 | 62.2

3 160 | 40| 22.5 [Hh1.2 |25.0 | 3.5

4 ({-o 27.9 | 210 | 632.3 |2)% |54¢.6

5 s 1292 210 |33 |123c |58.4

o 5.0 | 12.7 |15 (419 |0 |43.2
7| 6o | 152 /8o | 457 |185 [47.0
8 05 | /'3 |40 [ 356|140 |35 6

9 0-6 7.3 1456 | 368 | 1445 |36.8

e 00 0.0 Q0 | 229 | (05 (26.7

1 o0 0.0 | 90 12291105 |26.7
12 0.0 | o0 /. © 2.5 | 9.6 | 24.1
5N 00 o.0 /. © 2.5 9.5 1241

i4 7% c.0 {05 | /-3 | 95 (24.1

15 ©-0 0.0 1 g5 |21 6 | // o [271.9

YA o0 | po | /4.5 (368 | /155 [29.4

1_| 55 140 | /85 |47.0 | /85 410

i 8 ¥ ¥ 230|584 | zz.0 |58.4
19 * X 235 |569.7 | 2490 ]|et0
_2e_ | X v | 260]66.0|27.0 940

% NoT Thiex
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APPENDIX F: SURFACE PROFILE DATA - LABORATORY PLACEMENT TESTS

1. As is described in Chapter 2, the gsurface of each of the tremie concrete
placements in the laboratory was mapped to establish surface profiles. Measure-
ments were taken at five locations laterally (outside edges, 1 ft (30.5 em) in
from the outside edges, and centerline) and at every 1-ft (30.5 ce) Interval

along the long axis of the box.

2. Measurements were made down from a fixed plane to the surface of the con-
crete. The data presented in Tables F-1 through F-5 have been reduced to give

actual concrete thickness.

3, Figure 14, Chapter 2, shows the left/right orientation of the placement box.

The tremie was located at station 1.5 with flow toward station 20.

4, Only data from Test 1 (Table F-1) are, included in this volume. Data from

remaining tests may be obtained from the authors.
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TABLE F-1. FINAL CONCRETE
o THICKNESS, INCHES,
TEST | . (I-IN.=2.5dcm)

STATioNy | R.00T | RIGHT | cewTER| L&FT [L. 00T
o 3.5 | 40.0 | 410 | 29.5 | 375
| — — s — ———

lTeems | 380 425 | 49.6 | 41.5 | =355
2 — —n — — —_
3 34.0 26.5 | 360 35.S 28.5
4 z70.5 32.5 | 20.8 | 2.5 |250
5 255 265 2.0 | 23.9 23.0
6 23.0 22.0 220 239 22 .0
~1 2). 5 2.0 2410 22.0 2! 5
g 2.5 22.0 | 22.5 | 22.0 /.0
4 20-5 20.5 210 215 20 .5
io /9.0 2/ 5 0.0 23 .06 | 20.5
'y /8.0 /8.0 9.5 /9.0 19.0
‘2z 17.0 6.0 | j7.0 175 7.5
13 6.5 | 155 | 6.5 | 155 | /55
et /5.0 4.5 /45 /6. 5 /4.5
1s | /4.0 /3.5 /3 5 /4.0 /3.0

e lvr2.5 | H.S IR0 /2.0 ar-)
L1 /)0 | o5 0.5 | 0.8 | w05
L8 /0.5 7-5 7.5 9.5 9.5
{9 9-5 | 9.5 ¢ 5 9.5 2 ©
20 9.5 | 9.0 9.0 85 | 8.5 |




APPENDIX G: COLOR LAYER DATA — LABORATORY PLACEMENT TESTS

1. As is described in Chapter 2, cores were drilled in the hardened concrete
to determine the final distribution of the variously colored segments of con-

crete, The coring pattern used was presented in Figure 14, Chapter 2.

2. Cores were recovered, measured, and logged. In cases where complete core
recovery was not possible (usually due to mechanical rather than concrete prob-
lems), the total thickness of the concrete at the location of the core was used
to determine the coler distribution. For geveral cofes it will be noted that
the length of core recovered is not equal to the thickness of the concrete as
reported in Appendix F. The discrepancies are due to ridges on the concrete
surface and minor errors in measuring the lengths of the cores. In these in-
stances, the total thickness.of the colored layers has been made equal to the

thickness determined during the surface profile measurements.

3. Data for the centerline and right edge of the box for the five tests are
presented in Tables G-1 through G-10.

4. Only data from the centerline, Test 1 (Table G-1), are included in this

volume. Data from remaining tests may be obtained from the authors.
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TABLE 6-1 . CONCRETE COLOR .
DISTRIBUTION,
CTEST L.

- (1-IN. ==2. 5’4—cm)

L i,

LOcCATION '“TT;._.'_.'_' E RL\N E ”f“ —

STATION| CONC, |TOTAL | TO®? OF cOowoR, MEAS. |

THICK- [LENGTN | Flom BoTToM oF o
Ness FRa oF CORE, Box , IN. S S .

IN. | | eeay/| neD | BLAK |
BlowN

77 TremiE | 495 |41.0%| 3.5 | 23.0 | 495

3 360 {3606 | — | 36.0 | —

5 25.0 7.0 | — [ R%0©0 | T

7 2/ 0 | .2/0 o ;2/ o | =— | e

2 2/.0 22.0 | /e | — {1 . __| | |

) /8.5 22. O(U 7;}“ e B
15 /3.5 s 0() R S

17 to.5 70 .% /0. 8 — o

19 9.5 9;9@ 9. 5 _— —_

KPoRTION ©F <oPE NoT TREWVERED.
() CORE TAKEN oN RIDGE OF CONCRETE ,
(2) CORE NCLUDBDED LooSE AGGCLEGATE.
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APPENDIX H: TEMPERATURE INSTRUMENTATION PLAN - PIER 12, 1-205 BRIDGE

1. The instruments used to record temperature development in the tremie con-
crete seal of Pier 12 of the I-205 Bridge were Resistance Thermometers supplied
by the Carlson Instrument Company, Campbell, California. A total of 34 instru-
ments and 4523 ft (1379 m) of lead cable were used.

2. All instruments, cables, and switches were tested under hot and cold condi-
tions in the laboratory prior to being used in the field. All elements performed

satisfactorily during testing and during actual field use.

3. As noted in Chapter 3, one quadrant of the pier was ingtrumented. Instru-
ments were placed in four planes perpendicular to the long axis of the coffer-
dam.. These planes were designated Row 1 through Row 4, Each row was made up
of two or more vertical lines of instruments. Figure H-1 shows the general in-
strumentation plan in relation to the cofferdam. Figure H-2 shows a blow-up ef
the instrumented quadrant while Figures H-3 through H-6 show the horizontal
locations of the instrument lines within each of the four rows. Figures H-7
through H-17 show the detailed vertical locations of the instruments on each

*
line.

4. Vertical instrument lines were made up of a steel supporting cable with
the instruments attached to the cable at the appropriate elevations. The steel
cables were heavily weighted at the lower end and were attached to the cofferdam

bracing at the upper end.

5. All lead-in cables from the instruments were connected to a central terminal/
switching board. This board was in turn connected to a variable resistance
bridge (Carlson Box) which was balanced to obtain the readings. A schematic

of the system is shown in Figure H-18.

6. A listing of instrument numbers and recording channels is shown in Table H-1.
The particular sequence shown was selected to allow channels 1 through 6 to be

connected to the instruments which initially would be in contact with the concrete.

Of the figures showing locations on each vertical line, only Figure H-7 is
included in this volume. Remaining figures may be obtained from the authors.
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APPENDIX I: DATA RECORDING AND REDUCTION - TEMPERATURES IN PIER 12 SEAL CONCRETE

1. Temperatures were read nominally every 2 hours. Actual reading times varied
slightly due to conflicting activities within the cofferdam and the schedules

of the persons taking the readings. Actual start and stop times for the read-
ings were recorded on the data sheets. These two times were averaged to estab-

lish the reading time for each set of data.

2. Total time required to complete one set of readings was approximately

20 minutes. Six of the data channels were read at the beginning and end of
each sequence. The values for these two readings were then averaged to offset
any discrepancies which might have ocurred due to the time required to complete

the entire sequence of readings.

3. Readings were taken in ohms by balancing a variable resistance bridge
(Carlson Box). This raw data was converted into temperatures following instruc-

tions provided by the manufacturer of the resistance thermometers,

4. The temperatures obtained at the actual reading times were further reduced
to provide temperatures at the nominal reading times (every 2 hours through
80 hours and every 10 hours from 80 to 380 hours) using a straight line inter-
polation technique. This last step was done to allow easler comparison with

predicted temperatures.

5. Reduced temperature data for the 33 instruments are presented in Tables I-1

through I-33.

6. Only data from Instrument 8 (Table I-8) are included in this volume. Data

from remaining instruments may be obtained from the authors.
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APPENDIX J: PREDICTED VERSUS MEASURED TEMPERATURES - PIER 12, I-205 BRIDGE

1. The tables in this appendix compare the temperatures predicted using the
Carlson Method with those actually measured in the seal concrete of Pler 12 of

the I-205 Bridge as is described in Chapter 3.

2, Due to the limitations of the Carlson Method which are described in the text,
predictions made using that technique are valid only for instruments for which
one-dimensional heat flow can be assumed. Therefore, the following tables in-
clude only those instrumenté in the interior of the pier for which this assump-
tion is wvalid.

3. The following tables are included:
a. Table J-1, Top ¢f seal instruments.
b, Table J-2, Mid-depth instruments.
¢. Table J-3, Bottom of seal instruments.

4. Note that in Table J-1 a range of predicted values is given. This was done
gsince a variable thickness of concrete was actually placed over the top lnstru-

ments. The cover was calculated to be:

Instrument No. 4 2.0 ft (0.6 m)
Instrument No. 15 0.7 ft (0.2 m)
Instrument No, 21 2.6 ft (0.8 m)
Instrument No. 22 4,6 ft (1.4 m)

5. Note that the readings for instruments No. 5, 7, and 9 are significantly
below the predicted values. See Section 3.3.4 of the text,
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TABLE. J-1,.
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TABLE J-2..

DEPTH.

TREM \E SEA\-.

- —r s s

N ————— e B EE S

NEAR CENTER'\‘;\NE or-‘ .

PREDICTED VS, MEASURED
- TEMPER_P\TURES MID-
INSTR UMENT‘S '
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_ [Fuarseo] PreD. | MEASURED TEMPERATURES |
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TABLE J-2,

DEPTH

NEAR CENTER\_\NE

_OF TREMI\E SEAL

(CONTINUED)

_ |ELA®SED] PRED. | MEASURED TEMPERATURE%
| TIME, | TEMPS? 16 [INST. 23|ImsT
PFCI]|

_PREDICTED VS. MEASURED
TEMPERP\TURES MID-

INSTRUMENTS

24 B
3¢ — |
48 (84 (29)l80 (a7)ke (19)
eo_ (103 (3Dlwe (@)pd (34
12 iz (4413 (as)i0] (42) -
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w8 |10 62|z GO9 @a)us (48)
180 |no (a3)lhez (so)

192 |ia (a3))12E (s0)
204 109 (43)|122(50)] |
216 o (#3122 Go) |V @e)lus @) . |
228 |09 (43122 (o) 110 (48X 1A _(48)] ...
240 |09 (43)1zr (50)]119 @8) 11 ﬁﬁ)
X FT oF seAL



139

APPENDIX K: LISTING OF PROGRAM TEMP

(Note: Flow chart follows listing.)

PROGKAM TEMP (INPUT, OUTPUT,PUNCH)
COMMON /DES 7 ByH,0yHEDL 18) yHED2(15)
COMMON /TIMEVA/ V,PR,NFCyNFB,TC(400}

COMMON /GRIDCU/ K(BO},YIBOl

DIMENSICH NOD{5])

READ S00, MODE,HMED4HED2

1F {MGDE.EQ«3HSTLP )} GO TO 9599
CALL TITLE

READ 1000, oy HyDyINyNSeNHy ISHIP

IF (19,EGe11 PUNCH 900y MCDE,HED

PRINT 2050y {34 tiy D
V=BEH*D/27

B = Hs2,.

D= D72,

IF (InNLEG.O) GO YEC S0
READ 1050, (X{I1)s+I=1,N8)
READ 10530, (Y1), I=14NH)
a0 TO 60

CALL GENGRD (N3¢NH)
NHL = NH-]

Ntll = Nt - 1

NP = NHA=NH

NET = NF1%nHL

R==Y{ 1}

o0 110 L = 1y NH

o0 L10 9 = 1, N3
PR{LsJ) = X{J)
PY{iLyJ} = ¥Y(L)

CONT [NUE

CALL CCNCOP {NB1lsNH1)
CALL HEATOGN (I2)

CALL VITLE

PRINT 2000y N33y NiyHeits NPy NET
PREINT 20390

IF (IPLFQL0) GO TC 139

SHNCDE PGL

~
L
2
U=akNT DA TA

II il 41 n
BN Y

IF (Irateld PUNCH "_JlJOO’A'B'A'ﬂQA

HINCH 5300y NP L

iy 13 J=1enNH

NU 139 I=1,N3

K=K+1

PUNOH S10Jy KQBKlJ'l”pY(J'l'
CENTINUET

= 9

nHFLEaﬁwT
3=8H CATA

"OIMENS ION PX(30, 30), PY(30, 30}, NE{ID)

pi34A LB

IE (.“’.l‘i\?oli P ONCH 9000 Ay AsdeAylisA,B

PUNMCH 9000, LeNFT L eKeKoeKedyl

PUrCi 20000
WUaCir 510, J

£ = 1)

I 130 L= be NN
=1
1F (v (L)
I3 l1aag ) »
£K€J) = N2+ 4
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IF(J «EC. NB) GO TO 140

NT{J) = NET + 4 = (L*NBL)

1F(L-EQ. NH) GG TG 140

K = K + 1

NOD(1) = K

NODL2) = N3 & K + L

NOD(3) = NOD{(2) -1
: "NTD{4) = NOD(3) - NB

NOD(S)Y = NOL(&) + 1

IF (1P eEuel) PUNCH 6000y, {(NUDI(I)} I=1,5)4M,TC(K)
140 CONTINUFE

Kl= NH + 1 — L

PRINT 2100, PY(Klsl)y {X{J)y J = 1y NB)

PRINT 2101

IF(L «EuWe NH) GO TU 150

N2 = NBLlAL

N = {NET + 1} — N2

M1 = N + N4l — 1

PRINY 23020, (NE(J)y 4 = Ly N81}

PRINT 2400, {TC(J},y 4 = Ny N1}

150 CONTINUE
PRINT 2200 , (PX{1,J4), J = t, NB)
PRINKT 4000
PRINT 64290
M=0Q

L=2a

DO 200 L=1yhH
IF (PY[(L,1)«GTs0s)} GO ¥0D 210
M=M+1

200 CUNTINUE

210 N=NBL+NHI1-=M
IF (IP.EQ,.0) GO TO 220
A=ZBHCUNVECTI
K=8HCN DATA
PUNCH Y0uVeA+BsAcOsAB9A,8
PUNCH 5200y LN

220 L=1
F=N[,&MEND
J=1+Ng
IF (IP.CWel) PINCH 6500,L gLy JeNB -
PrRINT tlbOO'LQ I’J|Nd

LL=NHLI-—M
1={P=NB
J=NP

1IF (1P FQ, 1) PUNCH ES500sL e lsJdenND
PRINT 6603 yLylyJdeNB

=1

L=tL+1l

[ =hBENH L+ 2

Jd=f-1

IF (I[P.EW,1) PUNCH £I300 sy JaK
PRINT &o00yLs [4JeK

L=t #htl

I =NP

J=1-1

LF (1P ,Cu.l) SJNCH 6500l ,1+J4K
PRINT 00003l edyK
GC T 1

W) FOGRMAT (AS,3X,1 4384, /1544

OO0 FAPMAT (J3F10.0,5151

1050 FUuwMAT (3F10.04

2000 FUORMAT (7774 - Twi=DIMENSTONAL FINITE ELEMENT ANALYSIS®,/
L/ RX g ANACYS TS OF SECTION SYAMETRIC ABOUY CENTERLINE OF STRUCTURE= ¢
g TUTAL ~NJMHBER IF SASE DIVISIONS =%, 4, :
D HX, crASs 2n,Foelp® FEET (CANTERLINE TO X-HUUNDARY) X,
EVAY TUTAL NJYBER OF HEIGHT JIVISIONS =%y [ 4,
A BAe  ETGHT T #F talyed FEEYT ¢ % 4FSely® FEET OF FOUNDAT[ON®,/
5/ . TUF AL NJAGBER (IF NUDAL PJOINTS %, 14,
BV AS TUTAL NIMBER OF ELEMENTS =X, L4, |
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¥ OIMENSIONS OF STRUCTURE & %, 20X, E, Y%,
17 G413X, Kg¥, )
27 * LENGTH (X} =% ,FSal,y¥ FEET*, 20Xy ¥ ¥y
e *j_ HEIGHT (Y) =R FOaly® FEET.*' 20X, £ ¥y

4/ X% WIDTHT (Z} zH  FS .1 4% FEETX, 20X, Xyoue XE
5/ ABXy ®.¥, _
6/ 45Xy nZ ¥}

2090 FORMATL( /71X % AL 1GHT NODAL PCINTS FOR TEMPERATURE ANALYS ISy ELEM
1ENT NUMOERS AND ELEMENT CREATION TIMES {HOURS ) *}

2100 FORMAT | Z4F7.1, 3H % 20F56.0,/)

2101 FORMAT (+» %)

2200 FUORMAT (8X, 12101 Hx)y 780Xy 20F6.1)

2300 FORMAT (13X, 2016}

2400 FORMAT (13X, 20F6.l) )

4000 FURMAT(s% CENTERLINE ¥ ,25X,% HORIZONTAL DISTANCE FROM CENTERLINE
1 OF STHUCTURE, FEETH)

5300 FORMAT (AI3)

S100 FORMAT {15,%X,2F10,41)

AOO00 FORMAT {515,20%Xs [S+10XsF1044)

04 Q0 FORMAT (//7/7 43X x CONVECTIOGN ELEMENTS AND NOOAL POINT DATA ¥,/
1 8X , % ELEMENY® 410X, * NODAL POINTS #4,10X,%5TEP FUNCTION%,/
2 BX 4 * NJIMBERX 10Xy * I J %)

6500 FORMAT (315,15X,15)

o000 FORMAT { 9X|[5'11XgISyIO,ISX‘15'

QO00 FCRNMAT (3X,3An8)

J9%9 STOF
END

SUBKROUTINE TITLE
COUMMLN FDES
ARINY 2000,

/ BeryDyHED(18),HED2(1S)
HEJ, HED 2

2000 FORMAT (LHL, 2X,+1944,15A4)
RETURNM
END
SuUbBtOUT INe CONCOP {NBL yNH1 )
C{AAIN ZILES /7 B.H,D.HED(IB).HED?(IS)
CUMMIN /T IMEVAZ V422, NFC,NFR, TC(400)
REZAD 1'-)0()'9H,HT|NFC|NF!3
IF (HTeSQe04) RT=V/PR
{F (!’b:.EQ-f).) 2aA=wsPT
RiR=HART
N=1
IF (NFC.3Ta0) =2
IF (NFHaaTL0) =3
ARIRT 2073 N
GO 10 (104203001 N
10 »RrINT 20T
GE T2 59
2y PRIT 20772
GC 17T 5
20 HAIRT 29373
=) PRIMT 21004V PR RARGRTY
CALL TIVECR (N,hill;NHll
1920 FURMAT (2F1042,215 o
2379 FInMAT (/73X COHUCUNCRETING OPERATINGy 8X, 1BAUSER APTILON NUMdt@lls’
2071 FURNMAT (8%, * (PROJUCTIUN RATE SPECIFIED, CONSTANT HATE OF RISE #,
1 Suver ENTIAC SURFACE)R,/7/) )
S2ITE CNMAT (2X, ¢ (PATE OF RISE SPAECIFIED AT CENYER OF STRUICTURE gy * ¢
1 MOL~STA ST kKATE GF RISE CvewR ENTIRE SJRFACE} *Q//I
2373 FHim AT fivky ® ( <ATULS OF RISE SPECIFIFD AT CENTER AND AT *, |
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B 1  =X-BOUNDARY OF STRUCTURE, *, o
2 /20X, ALINEAR VARIATION BETWEEN CENTER AND X~BOUNDARY, ¥ ,
3 729X, WUNIFORM RISE BETWEEN CENTERLINE AND Z-BOUNDARY)%,//)

2100 FURMAT (6X,¥TOTAL CONCRETE VOLUME %*,23X,1H=,FB.2,% CUBIC YARDS #,/
1 6X,%PRODUCTION RATE, AVERAGE¥,21XslH=4FBe2y% CUBIC YARDS PER ¥,

W’

BT kHUURK ./ B X XRATE OF RISE, AVERAGE AT CENTER OF STRUCTURE =%

3 FBe2,F FECT PSR HUUR ¥, 7/ 6X,*¥TIME YO COMPLETIDNR 427Xyl H= 4FBe2y
4 ® RQUAS® ) -

_RETURN

END

SUBRIUTIMNE GENGRU (NO gNH)
COMMON /OES / B4HyDHED(18)

COMMON #GRIDCO/ X(30),¥(301}

DIMENSION S{5)y Gl(5)y G2{5),G63({5)

QAT A (G(1) I=145) 7209106350520 gls/

DATA (G‘(I;; I=1459) /7754y 31ayg 10ay Seyp 0s/
DATA (G20 1)y 1=1395) 7434,y 18eyBay2e90e/
DATA ‘\’;3{1,1 I=1'5’ /l°u'5.lq’o!2otlo,

H2 = H/AZ2,.

NHZ2 = H2

CALL GRID (H2, Ny Ay G3,G62)
NH = N%X2 +1

= Hu il
Te =iy
oC
[ B ]

ZwWmnr=
Fr<wozZuol

-1
L = 1y, K1
SNH 2= X{N=L)
(L+3).EQeds) Y{L#+3)=.5

Y(K)=H=-Y{L+2}
100 CONTIENUC
CALL GRID (B.,NA , Xy G, G1l}
HETURN
END

Ko (K o
T Eade i N Yo T T
(g )

z
T oo T e

GAWRUUTEING GRID (i3, Ny Z+Gy S
DIMENILIN Z(30)s GILH)y GLID}
Z{1) = 2
N = 1
DO 20 Jd = 145
C = H=Z44)
1F (2 «LY. GLLJ)Y) GO TG 20
DO 101 = 24 1Y
Moo= N O+ 1
ZINY = Z{N-1) ¥+ G(J}
1F{Z (N «GTa {5=011JYY) GO TO 20
19 CONTIRUYS
S0 COMYINUY
ZANY = 1
[ (Z(N=1)aEQa3) ZIN=1)=Z(NI-G(D}/2»
HET WA
Lt
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SUDRUUYTINE TIMECR (NyNOLyNHL}
COMMON /DES 7/ ByHaDHEDC(LIB)
COMMUN ZGRIDCGF X(30),Y(30)
COMMON ZTIMEVA/Z V,PR,NFC,NFB,TCla00)
?IntNaIDN 71(1001.12(1001
i=H
12-=H+lo
B VIZBT2.2D0/27.
VZ2z (.
IF {(NFCetue0) GU YU S0
PRINT 2400
CALL TIME (NFC,TI1 ,H)
IF (NFB.EQ.0) 3D TO 100
PRINT 2410
CALL TIML {(NFB,T2,H)
T TGO TO 150
50 TL(1)=0,
OU 80 [=2,12
V2=Vl +V2
80 TIH{1)=2.=Vv2/PR
10¢ T2(1) =T1(1)
150 CALL TITLE
PRINT 2000

T PRINT 2050,T1(11},T2(1)
DO 200 I=1,11
IF (NoLTe3} T2(1+1)=Ti{1+1)
PROL = 4%vI/(THOTIHRLIST2(L41)=-T141)=T2(1))

T DI=TI(It /24,
D2=T2(13/7249 .
PRINT 210040 TLI #1301 ,T2(141}),0D2,P&0OD
200 CUNTINUC
; 20 240 I1=-1,NAL
240 X{Ii={X{1)+x(I#L})/2,.

K=0Q

D) 50 I=] 4NHL

IF (Y(I)1.1.T.0.) GO TO 250
K=x+1

YEK)=(Y{I)+Y (141} )2,
250 CONYINUF
M=NH1 -K

2890

G0 TC 310
1}yy78

[Tl
-
N ol iR

44+MA-wﬂJuH?~

R I WP N |
el s I (V]

[ E ]

HE e oL I (T |

nx
g
(LI 1
Fo
+
~

-
D

L+ (Fe=F L= (lae=(L=Y{(I))}}
;:

Znh
(.-_-‘ C."n e

inXe
lI?“'

-

-

(—LONTINUE
FURMAT (//72% 44 PRODUCT ION PATE *,/) -
FIIRMAT {(wsAh, * HEIGIHT, FEET TIME, HOJRS (CAYS) TIME, *,
i <HUUKS (DAYS ) PRODUCTION RATE PER FOOTY OF RISE #,/

g R L IHAT CENTERLINE 413Xy I3HAT X=8UUNDARY 415X,

3 *» CUILIT YARUL PER HOUR #*,

G Z15Ky D H4¢UXsFT a2421XKyFE2)

L1000 FUreMAT (12)('1413(9)-'F5.212H {,F6.2;2Hi lplsprS.Z' .

2400 FORMAT (/777X 250 ECIF TFD RATE ¥ RISF AT CENTERLINE OF STRUCTURE®)
2410 FUORMAT(///73X+%SPLCIFLIED RATE GF RISE AT X=BOUNDARY OF STRUCTURE®]
LT L=y
t N

Crts ol
D -
(el ol = Fa

VY]
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uNH

2
2

B =
CﬂQ&

SUBROLTINE TIME (LyTeH

}
DIMENSION T{100) (FT(50)4FH(50)
READ 1000, ((FTL{I1),FHCINY,I=1,0)
PRINT 190G0 ) ’ i
?TEST 2000, ((FHCTI),FTLI))yl=1,L)
T{1)=FTC1)
Y

DO 100 I=1,411
40 lF (1.LE., FH{N)} GO TO 50
CNEN+L

oo 10 490 ' ' )
T{I41 32T A L) ¢ (FT(N)=FT{N=1 1)/ {FH(N)~ -
TiEs1) =T )/ {FHIN)~FHIN=1))
FORMAT :4(2F10.01) :
. /78X, * HMEIGHT, FEET*, 6X; XTIME, * - =
FORMAT (mXyF8a2 05X F Be2) P ME+ HOURS %71
RETURN
€ ND

oo
SO0LO

$UBHUUT!NE HEATGN (1P}

DLMENSD LN 1Y1(13',1Y2(13)1HTY2(13]

DAY A ‘TY](I‘,I=I|13) /O.'c195,0218'023810248'0145[q060‘0023'a015'
1 .UOF,.OUZ..JOO];.DOOI/

DATA (TYZ([),[=1.13' /Oo,t1309o1¢5o¢l7°§o‘30Q0105,0044'o°18'00121
1 -007'0001,-0001|.3001/ -
DATA (HTY3(1'9[=1'13, /0.,.135,.148,.1?3..181..10?..046,.025,.016,
1 -010.-003..0001'00001/ :

READ 1000, CEMyPCZ, 1M

[F (CEM.Ewels) GO TD 50

catl. TITLE
PRINT 2200
GO 10 (1042043001
10 PRINT 20310,CEM
PRINT 2100,P04
CALL HEATwVL {(TYl, CEMGPOZe My IR
G0 19 £
20 PRIET 2070,C0M
PRINT 2100,PCL
CALL HEATVL (7T |CEM,DGZ,M'ID,
GL 10 59
30 PRINT 2C30.CF 4
PRINT 2100,¢0Z
CALL FEATVL{HTY2,CEMPZ4M,y tr}

2909 FURMATY (2F 10 Dai)y215)

Q00 FURMAT (s 773%, SCEMENT SPECIFICATIONS *,/1)

D010 FORMAT (8Xy * TYerE 1 ¥,FS a1 x PUUNDS PER CUBIC YARD %y
1 ' (AVER AGE HEAT G&NERATIGN *i

020 FORMAT (dx, & TYPRE Il ¥,F8s.1ly ¥ POUNDS PER CUBIC YARD *

1 * (AVElkkaoEe HIEAT GENERATIUN *}
U400 FORMAT (Hx, > TYFE i1 #,F8.1, ¥ POUNDS PER CualC YARD *

1 * (HIGHER THAN AVERAGE HEAT uENERA1lLN %)

Fl00 FORMAT (8Xy M PUZZOLLAN *,FBely ¥ POUNDS PER €CUBIC YARD %)

S0 RETOUWN
ZNJ
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SUBROUTINE HEATVIL. (T,
DIMENSION T{13),FI1{132
DATA (AGE{[),I=1,413)
17 290,491000./7
[F (T{12)4£Q4+0001) T 2)=0
IF (T(13).EQe«0001) T{13)=0
PRINT 2000
ITF TMWEN.J) GI TO 90
READ 1000,F1
PRINT 2200
60 TO 109
T 790 PRINT 21900
100 00 200 I=1,
HK=CA+B/2.,)
I¥ (MeEQ.0}
1F (FIIIJ.%
L 4

16901 1207200¢73241884¢96049960 41800

(1)

O 70 150

0.) FL(1I¥=1.
E

(1Y HRH,FL{ L) yHRM

HHM =HR®F1
SBRINT 2300
GC TO 190
1SV PRINT 2300,
HEMzHR
190 T(f)=HRM
200 CON1INUE
T IR {LP.REQL.0) GO TD 9999
1
1z
A=BHHEAT GEN
B=8HFUNCT,
PUNCH 90004+AyByA RyAs8,A,8
PUNCH 3000.L+K
PUNCH 3100, {0 AGE(I) TLI})41I=1,13)
1000 FORMAT (13FS,.0)
2000 FURMAT (//3Xy SHEAT GENERAYION FUNCTION & )
2100 §f ORMAT (33X, ®*T(ME,HOURS HEATY RATE, BTU/FT 3/HOUR ® }
2200 F ORMAT (8%, *TIMFE ,HJURS HEAT RATE, BYU/FT 3/7HOUR *,
' i 44X, % FACTOR MODIFLED HEAT RATE ¥) o
2300 FORMAT (BX,FB 4l 42X sFR .1 ,3;20X4FB,2,6X4F8.11}
2000 FAORMAT ( 2I5)
3100 FGRMAT (8F 1042}
2000 FURMAT [3x,8481
WG9 RETURN
E N

13
*T
G
*
1}
AG
Ad

E{ 1} 4HR

1
L
K
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APPENDIX K (Continued):
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iNPOT
TIUTLES

K

(NPUT
PLACEMENT
GIEOMETRY

'

NPT

GV
o TION

INPOT
VSR
G R\D

<§
vyes

GEVERNTE
&G
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PROGRAM TEMP FLOW CHART.

GEN ERANTION

AOTOMATIC GRID
SELSCTED 7

(SuBR GENGRD)



1

N PUT
PRoPUCTION
RNTE

1

CALCOLATE
ELEMEST

CREATICA]

Y

NPUT
MIRTURE

Pro R TioNS

Il

INPVT  AEWT

FONCTION
SELLTTED

_y

CAL CULATE
HAEAT

CURVE

- ¥

ovTpLT

GEOMETRY
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(suBR coucoP)
(SuBR TMECR)
(suoB2 WeATEN)
(SveR HerTEN)

( SUBR HEAT w.)

#*



' ou‘T‘Pb'T' * |
PRoDUCTION
DA TA

X

oL TPLT

heEXT
colvE

oUTPVT
RKTE OF .

ov TPV T
FEM
&RD

END

Xk (F SELETTED, OFTION Wikl PUNCH
APPRO IR/IATE DATA FOR USE wiTH
PROGRAM DETECT.
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APPENDIX L: USER INSTRUCTIONS - PROGRAM TEMP

Program TEMP is described in general in Chapter 5. Below are specific instruc-

tions concerning preparation of the cards required to run the program.

I. Problem Initiation and Title - (AS,3X,18A4,15A4) Total Cards = 2

Column Variable Description
1-5 MODE Punch START, Problem Initiation
6 -8 BLANK

9 - 80 HED Description for Identifying Output
Second Card |

1l - 60 HED2 Continuation of Description
(can be blank card)

Note: ‘Only information on first card can be used
directly with DETECT.

TI. Structure Dimensions, Grid Generation and Punch Control Card
(3F10.0,5I5) Total Cards = 1 ’

Column Variable Description
1-10 B Total Base Length of Structure, feet
' (X-direction)
11 - 20 H Height of Structure (above foundation), feet
(Y-direction)
21- 30 D Total Depth of Structure, feet
(Z-direction, normal to 2-D grid)
31- 34 e :

35 IN Option (a) 0: Automatic Grid Generation.
Option (b) 1t OGrid coordinates specified by

' programmer.

36 - 39 -—-

40 NB Only specified if Option (b} IN = 1; otherwise,
leave blank for Option (a). Total number of grid
lines specified along base length of structure
from centerline to X-boundary (max. = 18 for DETECT
program),

4] - 44 ---
45 NH Only specified if Option (b) IN = 1; otherwise,

leave blank for Option (a). Total number of
grid lines specified along height of structure,
ineluding any in foundation (max. = 18 for DETECT

rogram) .
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Column Variable Description

46 - 49 b Option (c) 0: Incremental Construction - All
elements have specific creation
times established in this program.

Option (d) 1: All elements exist at start of
program - used for analysis of
existing structure.

51- 54 -
55 1P Option (e) 0: No data cards punched for input
into DETECT program.

Option (f) 1: Punch data cards.

I1I. Grid Generation Cards (8F10.0) If Option (a), total cards = 0 (no cards).
: If Option (b), two sets of cards, as many
as necessary to specify X and Y coordinates
of grid.

Option (b} - First Set of Cards - X Coordinates of Grid

Column Variable Description

1 - 10 X(1) X coordinate of grid measured from centerline of
structure. X(1) must equal 0.

11- 20 X(2) Consecutive X-coordinate from centerline to X-
boundary.
etc.
71 - 80 X(8) Consecutive X-coordinate from centerline to X-
boundary.

Next Card (if necessary)
1-10 X(9)
etc.
X(NB) Last X-coordinate must equal total base length
3 2 (total number of X-coordinate lines equals

NB specified on Card IT).

Qption (b) - Second Set of Cards - Y Coordinates of Grid

Column Variable Description

1 -10 Y(1) If foundation coordinate, specify distance below
structures as negative value (example: 20 feet
below structures = -20). If no foundation elements,

Y(1) must equal 0.0.
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1v.

Note:

Column Variable Description
17 - 20 Y (2) Foundation or structure coordinate at foundation
and structure intercept. The ordinate must equal
0.0.
etc.
Y (NH) Last Y-coordinate must equal height of structure

(above foundation). Total number of Y-coordinates
lines equals NH specified on Card II.

Concreting Operations (2F10.0,21I5)

Column Variable Description
1 - 10 PR Option 1{(a) - Production rate specified, average
' cubic yards per hour. Can be left
blank if Option 1(b) selected.

11 - 20 RT Option 1(b)} - Total time to completion, from start
to finish for structure concreting
operation. Can be left blank if
Option 1(a) selected.

21 - 25 NFC - Option 1: 0 Constant rate of production, constant |
rate of rise over entire surface.

Option 2: Specify total number of specific data
set points given to establish rate of
rise at centerline of structure (max.
number = 50).

26- 30 NFB Option 1 or 2: 0

Option 3: Specify total number of specific data
set points given to establish rate of
rise at X-boundary of structure.

Option 1: Constant rate of rise over entire surface.

Option 2: Rate of rise specified at center of structure (or X-boundary),

constant over entire surface.

Option 3: Rate of rise specified at center and at X-boundary of structure,

linear variation between center and X-boundary
constant rate between center and Z-boundary
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Rates of Rise Specified 4(2F10.0) If Option (1), total cards = 0 (no cards).

: If Option (2), as many cards as required
to specify NFC number of data points
(time, height) at centerline of structure.
1f Option (3), as many cards as required
to specify NFB number of data points
{time, height) at X-boundary.

Option (2) - Rate of Rise at Centerline Specified

Column - Variable  Description
1-10 FT(1) Time at height No. 1 must = 0.
11 - 20 FH(1) Height No., 1 must = 0.
21 - 30 FT(2) Time at height No. 2.
31 - 40 FH(2) Height No. 2.
etc. etc.

FT(NFC) Time of completion must = RT value on Card IV.

FH(NFC) Total height of structure above foundation must
= H on Card I.

Option (3) - Rate of Rise at X-Boundary Also Specified

Same as for Option (2) set of cards - Option (3) cards follow Option (2)
cards.

Column Variable Description

FT(NFB) Time of completion must = RT value on Card IV.

FH(NFB) Must = total height of structure = H on Card I
above foundation.

Heat Generation Function (2F10.0,2I5}

Column  Variable Description

1-10 CEM Number of pounds of cement per cuBic yard of
concrete (if blank, no heat generation function
formulated). “

11- 20 POZ Number of pounds of pozzolan per cubic yard of
concrete.

21- 25 1 Option A: 1: Type I cement heat generation (average)}.
Option B: 2: Type II cement heat gencration {(average).
Option C: 3: Type II higher than average heat generation.



VII.

Note:

Column  Variable  Description

26 - 29 --- Option D: 0: No modifications to internal program
heat generation functions.

30 M Option E: 1: Modifications made to internal heat
generation functions.

Modification Factors (13F5.0) - No cards if Option D.
One card if Optlon E. (Blank card if no
modification.)

Column Variable Description
1-5 F1(1) Decimal factor multiplication of heat rate function
) Number 1.

6 - 10 F1(2) Decimal factor multiplication of heat rgte functiqh

Number 2.
etc.

56 - 60 F1(12) Function number appears as 0.0 on output, but is
assumed to be .0001*CEM+ POZ/2 before modification

61 - 65 F1(13) made.

On first run through, no modification need be made. Heat rate functions
are printed out so future adjustments can be made if necessary.
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APPENDIX M: INTERFACE INSTRUCTIONS -~ PROGRAMS TEMP AND DETECT

As 1s described in Chapter 5, program TEMP was written Lo provide input, based

upon common variables found in a tremie concrete placement, to the finite-

element program, DETECT, which does the actual temperature calculations.

Below

are instructions which indicate how the output from program TEMP interfaces

with program DETECT.

Polivka and Wilson's description of the program (Reference 33).

I1.

ITI.

Iv.

VI.

Problem Initiation and Title

Master Control Card

Nodal Point Coordinates

Boundary Condition Functions

A. Control Information

B. Time Function Data

Nodal Point Boundary Conditions

Element Specification

Type 1 - A. Control Information
B. Material Properties
Information

187

Additional information on program DETECT may be found in

2, foundation'Z punched :

’ i Source
:Number of j Program : Must Indiv.
; Cards | "TEMP" w  Punch
| |

1
' 1 i vd [
' | , !
' 1 | *Partial ' ve
\ I Info. :
1
1 As many as ‘ v :
| number of ¢ '
, nodes. ‘ i
| ' |
| | |
! 1 | *partial '  Check
' ] Info. t
i t
' 3 1Heat Gen. )
! | Values |
' | (Function ,
' | L
A O ' , Any Additional
! | Boundary Value
I | , Functions
\ |

As many as | :
:specified !
, V). , ,
' ' 1
1 i
i 1 ! v’ i Check
, One for each lCards l v
|materia1 - ,supplied ! '
l1. concrete ,with 1 & !



; Source

'
)
| Number of | Program | Must Indiv.
t

1

A. Lift Data Control Cards INumber of

y cards speci-
 fied on (II}.

VII. Solution Time Span Data

Cards | UTEMP" Punch
C. Element Data VAs many as | v~ A
'y number of ' '
:elements. | '
| |
Type 2 - A. Control Information ! 1 . :
B. Element Data | As many as )
| Tequired. i ,
i '
Type 3 - Cooling Pipe Elements | None Requiredl —-— -
| 1
]
i
]
I

\

B. Initial Conditions | As speci- : ' v~
| fied on ' '
| VII() - |
to follow I
| a card. !
VIII. New Problem Data Same as I fhrough VII.
IX. Termination Card "STOP" 1 v~
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APPENDIX N: SAMPLE OUTPUT - PROGRAMS TEMP AND DETECT

l. Figures N-1 through N-5 present samples of output from Programs TEMFP and

DETECT which are described in Chapter 5.

2. The output from Program TEMP shows the automatic grid generation and the
constant rate of concrete production options. The geometry of the placement

is that shown in Figure 86 of Chapter 5.

'LOAN COPY ONLY

NATIOML SEA GRANT DEPOSITORY
PELL L1BRARY BUILDING
URI, NARRAGANSETT BAY CAMPUsS
NARRAGANSEW. RI 02882
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