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ACI Committee 304 expresses its appreciation to John C. King for his work as the principal author of this document. Beginning in 1947, he evaluated data, prepared
specifications, and guided the conversion of repair procedures into those more suitable for new construction with preplaced aggregate concrete.

This guide explains the preplaced aggregate (PA) method for concrete
construction, describes special properties, and gives materials require-
ments where they differ from those used in normal concrete. A brief history
of the development of the procedure is covered. Short descriptions of
several typical applications are included.
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CHAPTER 1—INTRODUCTION
This report on preplaced aggregate (PA) concrete for

structural and mass concrete applications describes practices
as developed over many years by engineers and contractors
in the successful use of the method; defines the reasons for
material requirements that are different from those usually
specified for normal concrete; and provides information on
equipment, forms, aggregate handling, and grouting
procedures. A brief history of the development of the
method is given. Photographs with short descriptions for a
few major applications are used to illustrate techniques.

PA concrete, the finished product, is defined in ACI 116R
as" Concrete produced by placing coarse aggregatein aform
and later injecting a portland cement-sand grout, usually
with admixtures, to fill the voids.” Other terms describing
the method, used both in America and internationally,
include grouted aggregate concrete, injected aggregate
concrete, two-stage concrete, Prepakt, Col-Crete, Naturbeton,
and Arbeton. PA concreteis particularly useful for underwater
construction, placement in areas with closely spaced reinforce-
ment and in cavities where overhead contact is necessary,
repairs to concrete and masonry where the replacement is to
participate in stress distribution, heavyweight (high-density)
concrete, high-lift monoalithic sections and, in genera, where
concrete of low volume change is required.

1.1—History
LeeTurzillo and Louis S. Wertz conceived the PA method

of producing concrete circa 1937 during rehabilitation work
in a Santa Fe railroad tunnel near Martinez, Calif. When
grouting voids in the concrete at crown areas, the grouting
crew began filling larger spaceswith coarse aggregate before
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Fig. 1.1—Eroded area in spillway tunnel at Hoover Dam,
500 ft (152 m) below crest, before repair with PA concrete.

grouting to reduce the consumption of grout. The next
logical step was to form over the areas where concrete was
to be replaced, place a graded aggregate into the forms, and
grout the aggregate. The resulting “concrete” showed such
promise that Professor Raymond E. Davis was engaged to
develop grout mixtures and basic procedures to make the
method viable. In the course of this work, Davis also deter-
mined most of the unique properties of PA concrete, which
are cited elsawhere in this guide. A series of patents on the
method (trade-named Prepakt) and admixtures, mainly grout
fluidifier, were applied for and granted in about 1940. All
patents have expired, with the possible exception of some on
admixture refinements.

Initially, in view of the lack of any performance history,
the use of PA concrete was limited to the repair of bridges
and tunnel linings to extend their usefulness. After extensive
laboratory testing, the Bureau of Reclamation backfilled a
large eroded area in the spillway at Hoover Dam.}2 The
replacement was 112 ft (34 m) long by 33 ft (10 m) wide and
up to 36 ft (11 m) deep, asshown in Fig. 1.1. The next major
project was the addition to the upstream face to Barker Damd at
Nederland, Colo., in 1946. Thisresurfacing of the 170 ft (52
m) high dam involved anchoring precast concrete slabs some
6 ft (1.8 m) in front of the dam, as shown in Fig. 1.2, and
backfilling the space with coarse aggregate during the winter
when the reservoir was empty. The aggregate was grouted in
late spring in a 10-day continuous pumping operation with
the reservoir full. This work proved the method usable for

construction. In 1951, the U. S. Army Congd @ GidRaents
began to permit its use for the erisedimant cﬁ,églpjﬂgﬁgrgnarmg Hub
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cases, asillustrated in Fig. 1.3, and other structures. During
1954 and 1955, approximately 500,000 yd® (380,000 m3) of
PA concrete were used in construction of the 34 piers of the
Mackinac Bridge.* In 1950, construction companiesin Japan
bought rights to the method and built several bridge piers.
During the 1970s, the Honshu-Shikoku Bridge Authority
engaged in extensive research culminating in the construc-
tion of a large bridge complex. The Snowy Mountains
Authority, Australia, used PA concrete for embedding
turbine scroll cases and draft tubesin its hydroel ectric power
projects. The method dso found wide usein placing biological
shields around nuclear reactors and x-ray equipment. B. A.
Lamberton and H. L. Davis were largely responsible for the
development of heavyweight (high-density) PA concrete.

1.2—General considerations

The design of structures using PA concrete should follow
the same requirements as conventionally placed concrete.
The designer may take advantage of certain favorable physical
properties and placement procedures summarized in the
following sections.

1.3—Special properties

PA concrete differs from conventiona concrete in that it
contains a higher percentage of coarse aggregate because
coarse aggregate is deposited directly into the forms with
point-to-point contact rather than being contained in aflowable
plastic mixture. Therefore, the properties of PA concrete are
more dependent on the coarse aggregate. The modulus of elas-
ticity has been found to be dlightly higher and the drying
shrinkage less than half that of conventional concrete.>”

304.1R-3

Fig. 1.2—Barker Dam, Colorado, during refacing in 1946.
Coarse aggregate placed behind precast concrete dab forms
for the entire upstream face of the dam (170 ft [52 m] high by
1300 ft [400 m] long at crest). Grout was placed in one contin-
uous, 10-day pumping operation after the reservoir had been
refilled to load the dam and cool the aggregate. Behind the
form concrete, the new face has no joints of any kind.

Fig. 1.3—Turbine scroll case at Bull Shoals Dam powerhouse at comy!'etion oD ocuments
thefirst (10 ft [3 m]) lift of PA concrete. A second lift completed the embediieni. Document Sha ring Hub
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{b)

Fig. 1.4—Viaduct column and beams: (a) before repair; and
(b) 26 years after repair with PA concrete.

1.4—Strength
The strength of PA concrete depends on the quality,

proportioning, and handling of the materials as discussed
throughout this report. Compressive strengths up to 6000 /i n.2
(41 MPa) at 28 or 90 days, depending on water-cementitious
material ratio (w/cm), are readily attainable. Strengths of
9000 Ib/in.? (62 MPa) at 90 daysand 13,000 Ib/in.? (90 MPa)
at 1 year have been reported.®2 It would appear that strength
could be increased through the use of high-range water-
reducing admixtures (HRWRAS), silica fume, and/or other
admixtures, but neither research nor performance data are
available.

1.5—Bond
The bond of PA concrete added to existing roughened

concrete is excellent.” There are two reasons for this: 1) the
grout used to consolidate the PA penetrates surfaceirregul ar-
itiesand poresto establishinitial bond, and 2) thelow drying
shrinkage of PA concrete, where drying can occur, minimizes
stress at the interface. Unpublished test data on beams in
which PA concrete was placed against conventional concrete
showed a modulus of rupture of over 80% of that of a

Full document details: ACI 304.1R-92 (2005)

ACI COMMITTEE REPORT

monolithic beam of the older concrete, and numerous cores
taken from one concrete bonded to another and tested in
bending nearly always break on one side of the interface or
the other, but not at the bonded surface.

1.6—Durability

PA concrete was produced for many years without air
entrainment other than that contributed by the lignin and the
grout fluidifier. Nevertheless, PA concrete used for repairs,
which are normally exposed to severe weathering, has
shown excellent durability. A typical example is illustrated
in Fig. 1.4, which shows the condition of a column in the
West 6th Street Viaduct, Erie, Pa., before repair and of the
same column 26 years after repair. Another exampleis noted
in Reference 9. In thisinstance, the PA concrete refacing of
alock wall on the Monongahela River above Pittsburgh, Pa.,
from far below low pool level to the top of the lock walls,
was found to be in visibly sound condition at 35 years. A
series of tests conducted at the U.S. Army Corps of Engi-
neers Waterways Experiment Station Iaboratory10 on PA
concrete, however, showsthat air entrainment is necessary to
provide durability comparable to that of air-entrained
conventional concrete. Currently, Corps of Engineers Specifi-
cation for PA Concrete!! require that PA concrete contains
9 + 1% air entrainment measured in accordance with ASTM
C 33 15 minutes after completion of mixing of the grout.

1.7—Heat of hydration control

Where heat of hydration must be considered, the PA
concrete method makes it feasible to cool the aggregate the
forms. Then, by intruding chilled grout, in-place initial
temperatures as low as 40 to 45 °F (4 to 7 °C) are readily
obtainable. Temperature control procedures are givenin this
report in Chapter 5.

1.8—Closely spaced reinforcement

The PA procedureis particularly applicable where reinforce-
ment is too closely spaced to permit the use of vibrators,
which would be necessary even when HRWRAS are used
with conventional concrete. Because the coarse aggregate is
inert, it may be placed as forms are erected around the
reinforcement while access is still possible. When the
preceding is in place, the member may be grouted into a
monolithic unit of PA concrete.

1.9—Heavyweight (high-density) concrete

By preplacing heavyweight coarse aggregate, the hazard of
segregation can be avoided. AnexampleisshowninFig. 1.5.
Heavyweight fine aggregate can also be used in the grout.
Work and materials in this field are described by Ti rpak,12
Davis,® and Narrow.'® See also ACI 304.3R.

1.10—Monolithic placements
Theonly limitsto height of amonoalithic placement arethe
strength of forms required to contain the PA and the need to

mix and pump grout continuously. from starl:d @@L NTS

grouting operation.
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Fig. 1.5—Hand placing high-density aggregate (barite) for
biological shield at Materials Testing Reactor, Arco, Idaho.

1.11—Exposed aggregate surfaces
With PA concrete, the formsarefilled with coarse aggregate.

The percentage of coarse aggregate in the resulting concrete
is significantly greater than the roughly 70% coarse aggregate
in conventionally placed concrete. If the surface grout is
green cut or sandblasted after removal of the forms, approxi-
mately 25% more aggregate will be exposed. This procedure
has been used to provide an attractive architectural finish.

CHAPTER 2—MATERIALS AND PROPORTIONING
2.1—Coarse aggregate
Coarse aggregate should be clean crushed stone or natural

gravel, free of surface dust and fines, and should conform to
the requirements of ASTM C 33, except that grading limits
should be those shown in Table 2.1. A screening and
washing operation is shown in Fig. 2.1. For economy and
minimal temperature rise, the void content of the aggregate
should be as low as possible. In general, minimum void
content is attained when the coarse aggregate is graded from
the smallest allowable particle size to the largest, consistent
with the usual limitations established for thickness of section
and spacing of reinforcement. In mass concrete, the only
limitation on the maximum size of coarse aggregate is that
which can be handled economically. The minimum size of
coarse aggregate determines the void dimensions through
which the grout must pass. Hence, minimum coarse aggregate
size and maximum fine aggregate size are related. Grading 1
or 2 from Table 2.1 is normally used in the Americas and the
Orient. In general, not more than 10% should passthe 3/4in.
(19.0 mm) sievewith 0to 2% passing a1/2in. (12.5 mm) sieve
(Grading 2). Wherethereisalarge amount of closely spaced
reinforcement, or where the placement is in relatively
shallow patches, the minimum may include up to 10%
passing the /2 in. (12.5 mm) sieve with not more than 2%
smaller than 3/8 in. (9.5 mm) (Grading 1). These gradings
may not always be readily available; special processing may
be required.

Void content will range between approximately 35% for
aggregate well graded between 3/4 in. (19.0 mm) and 6to 8in.
(150to 200 mm), to high as 50% for uniformly sized aggregate.
Void contentsaslow as 25% have been attained experimentally
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Fig. 2.1—Rotary screen is used to wash coarse aggregate
and remove undersize particles.

Table 2.1—Grading limits coarse and fine
aggregates for preplaced aggregate concrete

Percent passing
Grading 1 Grading 2 Grading 3
For 1/2in. For 3/4in. For 1-1/2in.
(12.5mm) (19.0mm) (37.5mm)
minimumsize | minimumsize | minimumsize
Sievesize coarse aggregate| coarse aggregate|coarse aggregate
Coarse aggregate
1-1/2in. (37.5 mm) 95 to 100 — 0.5
1in. (25.0 mm) 40to 80 * —
3/4in. (19.0 mm) 25t040 0to 10 —
12in. (12.5 mm) 0to 10 Oto2 —
3/8in. (9.5 mm) Oto2 Otol —
Fine aggregate
No. 4 (4.75 mm) — 100
No. 8 (2.36 mm) 100 90 to 100
No. 16 (1.18 mm) 95 to 100 80 to 90
No. 30 (600 microns) 551080 55t0 70
No. 50 (300 microns) 30to55 251050
No. 100 (150 microns) 10to 30 5t030
No. 200 (75 microns) 0to 10 0to 10
Fineness modulus 1.30t02.10 1.60to 2.45

* Grade for minimum void content in fractions above 3/4 in. (19.0 mm).

by deliberate gap grading, in which half of the aggregate was
1/2 to 1-1/2 in. (12.5 to 37.5 mm) and half was 8 to 10 in.

(200 to 250 mm).

In some European countries, it is
coarse aggregate having aminimum siz
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that used with conventional concrete. There are also occasions
where labor is so inexpensive that hand selection and place-
ment is feasible. For these situations, Grading 3, Table 2.1 is
acceptable.

2.2—Fine aggregate

Either manufactured or natural sand may be used. The
sand should be hard, dense, durable, uncoated rock particles.
It should conform to ASTM C 33, except the grading should
be as shown in Table 2.1. Fine aggregate that does not fall
within these grading limits is usable, provided results fall
within the requirements of Section 2.8.1.

2.3—Cement

Grout can be made with any of the non-air-entraining types
of cement that comply with ASTM C 150 or ASTM C 595.
The use of air-entrained cement combined with agas-forming
fluidifier can result in excessive quantities of entrained air,
resulting in reduced strength. Where air entrainment is
required for added resistance to freezing and thawing, air-
entraining admixture should be added separately. Dosage
should be determined by laboratory tests and verified by
actual tests to determine air content of the grout in the field.
Data on the use of blended hydraulic cement are not available.

2.4—Pozzolan

Both fly ash and natural pozzolans conforming to ASTM
C 618, Class F or N, may be used. Class F fly ash has been
used in the great majority of installations because it
improves the pumpability of the fluid grout and extends
grout handling time. It provides the same properties to PA
concrete as conventional concrete.’* Class C fly ash and
blast-furnace slag have been employed to a limited extent,
but data on grout mixture proportions, properties, and in-
place experience arelacking. There are no known dataon the
application of silicafumein grout for PA concrete.

2.5—Admixtures

25.1 Grout fluidifier—A grout fluidifier meeting the
requirements of ASTM C 937 is commonly incorporated in
the grout mixture to offset the effect of bleed water that
normally tends to collect on the underside of coarse aggregate
particles. It also reduces the w/cmto provide agiven fluidity,
and retards stiffening to provide added handling time in the
mixing-pumping cyde and in the penetration of the voidsin
the coarse aggregate mass. A grout fluidifier is customarily
a preblended material obtained commercialy. It normally
consists of a water-reducing admixture, a suspending agent,
aluminum powder, and a chemical buffer to ensure a properly
timed reaction of the aluminum powder with the akalies in
portland cement. Reaction of the aluminum powder generates
hydrogen gas, which causes expansion of the grout whilefluid,
and leaves minute bubbles in the hardened grout. The
aluminum powder is consumed in the reaction, leaving little or
no residua metallic aluminum. Normal dosage of grout fluidi-
fieris 1% by weight of the total cementitious materia (cement
or cement plus pozzolan) in the grout mixture.
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In the laboratory, 1% fluidifier should produce expansion,
asindicated in ASTM C 937, ranging from as much as 7 to
14% with cements containing 0.8% or more Na,O equiva-
lent, to aslittle as 3 to 5% with cements having 0.3% or less
Nay,O equivalent. The grade and type of auminum powder
in the fluidifier should be selected to produce approximately
all of the expansion within 4 hours. Expansion of field-mixed
groutsthat do not have the same fine aggregate-cementitious
meaterial ratios as those specified for qualifying the fluidifier
may produce excess bleeding. The amount of bleeding
should not be permitted to exceed the amount of expansion.
Bleeding and expansion should be determined in accordance
with ASTM C 940, using job materials.

The expansion of grout caused by the grout fluidifier
ceases at temperatures below 40 °%F (4 °C). In massive
sections or placements enclosed by timber forms, the heat
liberated by the hydrating cement normally raises the
internal temperature sufficiently for the grout fluidifier to
perform properly. Grout should be placed in an environment
where the temperature will rise above 40 °F (4 °C).

2.5.2 Air-entraining admixtures—Air-entraining admix-
tures should meet the requirements of ASTM C 260 to
provide resistance to freezing and thawi ng.10 The user must
remember, however, that the total air in the hardened grout
will be the sum of that contributed by the air-entraining
admixture and by the hydrogen generated by the aluminum
powder in the grout fluidifier. If the total is sufficient to
affect strength adversely, mixture proportions may have to
be adjusted, but the air content should be adequate to ensure
durability.

2.5.3 Calcium chloride—Calcium chloride must meet the
requirements of ASTM D 98 and has been used occasionally
to promote early strength devel opment. When used in excess
of 1%, however, this admixture depresses the expansive
action of grout fluidifier. Pretesting of the grout for expan-
sion, bleeding, and rate of hardening (ASTM C 953) and
testing of the grout in PA concrete at job placement temper-
aturesis advisable.

Wherereinforcement is present, the limitations on amounts of
cacium chloride and other materials that promote corrosion of
steel shdl belimited, asadvised in ACI 201.2R and ACI 318.

254 Chemical admixtures—Chemical admixtures
(ASTM C 494) may be considered for special situations. A
Type D water-reducing and retarding admixture (calcium
lignosulfonate) has been used successfully, for example, with
a factory-blended “non-shrink” grout to increase fluid tiff-
ening time from 15 minutes to nearly 60 minutes. Thorough
pretesting of materials to be used in the work is advisable.

2.5.5 High-range water-reducing admixtures—HRWRAS,
ASTM C 494 Types F and G, appear to be potentially useful,
but no data are available on their use in grout for PA
concrete.

2.6—Prepackaged grout products
Prepackaged “non-shrink” grouts of the type used under

machine base plates may be used, provided:

1. They can be mixed to the consistency Bﬂﬁumnts

called for in Section 2.8;
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