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Consolidation is the process of removing entrapped air from freshly placed
concrete. Several methods and techniques are available, the choice
depending mainly on the workability of the mixture, placing conditions,
and degree of air removal desired. Some form of vibration is usually
employed.

This guide includes information on the mechanism of consolidation and
gives recommendations on equipment, characteristics, and procedures for
various classes of construction.

The paired values stated in inch-pound units and hard S units are usually
not exact equivalents. Therefore, each systemisto be used independently of
the other. Combining values from the two systems may result in nonconfor-
mance with this guide.
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ACI Committee Reports, Guides, Standard Practices, and
Commentaries are intended for guidance in planning,
designing, executing, and inspecting construction. This
document is intended for the use of individuals who are
competent to evaluate the significance and limitations of its
content and recommendations and who will accept
responsibility for the application of the material it contains.
The American Concrete Institute disclaims any and all
responsibility for the stated principles. The Institute shall not
be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be apart of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.
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CHAPTER 1—GENERAL
Freshly placed unconsolidated concrete contains excessive

and detrimental entrapped air. If allowed to harden in this
condition, the concrete will be porous and poorly bonded to
thereinforcement. It will have low strength, high permeability,
and poor resistance to deterioration. It may also have a poor
appearance. The mixture should be consolidated if it is to
have the properties desired and expected of concrete.

Consolidationisthe process of inducing acloser arrangement
of the solid particles in freshly mixed concrete or mortar
during placement by the reduction of voids, usually by vibra-
tion, centrifugation (spinning), rodding, spading, tamping, or
some combination of these actions.

Stiffer mixtures require greater effort to achieve proper
consolidation. By using certain chemical admixtures (ACI
212.3R), consistencies requiring reduced consolidation
effort can be achieved at lower water content. As the water
content of the concrete is reduced, concrete strength, perme-
ability, and other desirable propertiesimoro
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Fig. 1.1(a)—Pleasing appearance of concrete in church

construction. (TP :r-’d‘d

Fig. 1.1(c)—Close-ups of surfaces resulting from good
consolidation.

cementitious materials content can be lowered, reducing the
cost while maintaining the same strength. If adequate
consolidation is not provided for these stiffer mixtures, the
strength of the in-place concrete decreases rapidly.

Equipment and methods are now available for fast and
efficient consolidation of concrete over a wide range of
placing conditions. Concrete with a relatively low water
content can be readily molded into an unlimited variety of
shapes, making it a highly versatile and economical
construction material. When good consolidation practices
are combined with good formwork and good form release
agents, concrete surfaces have a highly pleasing appearance
(Fig. 1.1(a) through (c)).

CHAPTER 2—EFFECT OF MIXTURE
PROPORTIONS ON CONSOLIDATION

2.1—Mixture proportions

Concrete mixtures are proportioned to provide the
workability needed during construction and the required
propertiesin the hardened concrete. Mixture proportioningis
described in ACI 211.1, 211.2, and 211.3R.

- 3 2.2—Workability and consistenc
Fig. 1.1(b)—Pleasing appearance of concrete in utility Workability of freshly mixed wncreb@m_lmmﬁs
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THE RHEOLOGY OF FRESH CONCRETE
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Fig. 2.1—Parameters of rheology of fresh concrete.

Table 2.1—Consistencies used in construction”

Consistency Slump, Compacting | Thaulow drop
description | in. (mm) |Vebetime, s|factor average| table revolutions
Extremely dry — 321018 — 112to 56
Very stiff — 181010 0.70 56 to 28
. Otol
Stiff (00 25) 10to5 0.75 28t0 14
Stiff plastic (2% to ?5) 5t03 0.85 14107
; 3t05 *
Plastic (75 to 125) 3to0 0.90 <7
: .| 5to7-12
Highly plastic (125 to 190) — — —
: 7-12 plus
Flowing (190 plus) — 0.95 —

*Test method is of limited valuein this range.

consolidated, and finished. Workability is a function of the
rheological properties of the concrete.

As shown in Fig. 2.1, workability may be divided into
three main aspects:

1. Stability (resistance to bleeding and segregation);

2. Ease of consolidation; and

3. Consistency, affected by the viscosity and cohesion of
the concrete and angle of internal friction.

Workability is affected by grading, particle shape, surface
texture, proportions of aggregate and cement, use of
pozzolan or ground-granulated blast-furnace slag (GGBFS),
chemical admixtures, air content, and water content of the
mixture. Consistency is the relative mobility or ability of
freshly mixed concreteto flow. It also largely determinesthe
ease with which concrete can be consolidated. Once the
materials and proportions are selected, the primary control
over workability isthrough variationsin the water content or
by adding a chemical admixture. The slump test (ASTM C
143) iswidely used to indicate consistency of mixtures used
in normal construction. The Vebe test (ASTM C 1170) is
recommended for dtiffer mixtures. Values of slump,
compacting factor, drop table spread, and Vebe time for the
entire range of consistencies used in construction are given
inTable 2.1.

Other measures of consistency, such as the Powers
remolding test and the concrete rheometers recently developed,
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are available. These methods are infrequently used. The
various consistency tests have been discussed by Neville
(1981), Vallick (1966), and Ferraris (1999).

2.3—Workability requirements

The concrete should be sufficiently workable so that consoli-
dation equipment, when properly used, will give adequate
consolidation. A high degree of ahility to flow may be undesir-
able becauseit may increase the cost of the mixture and reduce
the quality of the hardened concrete. Where such a high
degree of ability to flow isthe result of too much water in the
mixture, the mixture will generally be unstable and will
probably segregate during the consolidation process.

In mixtures that are highly plastic to flowing (Table 2.1),
small nominal maximum-size aggregate and high content of
fine aggregate are frequently used because the high degree of
ability to flow means less work in placing. Mixtures such as
these may have undesirable characteristics such as high
shrinkage, cracking, and stickiness. At the other extreme, it
is inadvisable to use mixtures that are too tiff for the
intended conditions of consolidation. They will require great
consolidation effort and even then may not be adequately
consolidated. Direction, guidance, and trail mixtures are
often required to achieve the use of mixtures of lower slump
or fine aggregate content, or alarger nomina maximum-size
aggregate, so asto give amore efficient use of the cement.

Concrete containing certain chemical admixtures may be
placed in forms with less consolidation effort. Refer to
reports of ACI Committee 212 for additional information.
The use of pozzolans or GGBFS may aso affect the consolida-
tion effort required to properly consolidate concrete. Refer to
ACI 232.2R, 233R, and 234R for more information
regarding these materials. The amount of consolidation
effort required with or without the use of chemical admix-
tures and pozzolans or GGBFS should be determined by trial
mixtures under field conditions.

The workability of the mixture in the form determines the
consolidation requirements. This workability may be consid-
erably lessthan at the mixer because of dump lossdueto high
temperature, premature stiffening, delays, or other causes.

CHAPTER 3—METHODS OF CONSOLIDATION

The consolidation method should be compatible with the
concrete mixture, placing conditions, form intricacy, and
amount of reinforcement. Many manual and mechanical
methods are available.

3.1—Manual methods

Plastic, highly plastic, and flowing consistency (Table 2.1)
mixtures may be consolidated by rodding. Spading is some-
times used at formed surfaces—aflat tool isrepeatedly inserted
and withdrawn adjacent to the form. Coarse particles are
shoved away from the form and movement of air voids
toward the top surface is facilitated, thereby reducing the
number and size of bugholesin the formed concrete surface.

Hand tamping may be used to consslidat
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rammed or tamped. This is an effective consolidation
method but is laborious and costly.

The manual consolidation methods are generaly only
used on smaller nonstructural concrete placements and are
labor intensive.

3.2—Mechanical methods

The most widely used consolidation method is vibration.
Vibration may be either internal, external, or both.

Power tampers may be used to compact stiff concrete in
precast units. In addition to the ramming or tamping effect,
thereisalow-frequency vibration that aidsin the consolidation.
Mechanically operated tamping bars are suitable for consol-
idating stiff mixtures for some precast products, including
concrete masonry units.

Equipment that applies static pressuresto the top surface may
be used to consolidate thin concrete dabs of plastic or flowing
consistency. Concrete is literaly squeezed into the mold, and
entrapped air and part of the mixing water isforced out.

Centrifugation (spinning) is used to consolidate concrete in
concrete pipe and other hollow sections and piles and poles.

Many types of surface vibrators are available for dab
construction, including vibrating screeds, vibratory roller
screeds, plate and grid vibratory tampers, and vibratory
finishing tools.

Shock tables, sometimes called drop tables, are suitable
for consolidating low-slump concrete. The concrete is
deposited in thin liftsin sturdy molds. Asthe mold isfilled,
it is aternately raised a short distance and dropped on to a
solid base. Theimpact causes the concrete to be rammed into
adense mass. Frequencies are 150 to 250 drops per min, and
thefreefal is1/8to 1/2in. (3 to 13 mm).

Smooth-drum vibratory rollers are commonly used to
consolidate no-slump concrete mixtures.

3.3—Methods used in combination
Under some conditions, a combination of two or more

consolidation methods gives the best results.

Internal and external vibration can often be combined to
advantage in precast work and occasionally in cast-in-place
concrete. One scheme uses form vibrators for routine
consolidation and internal vibrators for spot use at critical,
heavily reinforced sections prone to voids or poor bond with
the reinforcement. Conversdly, in sections where the primary
consolidation is by internal vibrators, form vibration may
also be applied to achieve the desired surface appearance.

Vibration may be simultaneously applied to the form and
the top surface. This procedure is frequently used in making
precast units on vibrating tables. The mold is vibrated while
avibratory plate or screed working on the top surface exerts
additional vibratory impulses and pressure.

Vibration of the form is sometimes combined with static
pressure applied to the top surface. Vibration under pressure
is particularly useful in masonry units and the consolidation
of concrete production where the very stiff mixtures do not
react favorably to vibration alone.

Centrifugation, vibration, and rolling may be combined in
the production of concrete pipe and other hollow sections.
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CHAPTER 4—CONSOLIDATION OF CONCRETE
BY VIBRATION

Vibration consists of subjecting freshly placed concrete to
rapid vibratory impulses, which liquefy the mortar (Fig. 4.1)
and significantly reduce the internal friction between aggre-
gate particles. While in this condition, concrete settles under
the action of gravity (sometimes aided by other forces).
When vibration is discontinued, friction is re-established.

4.1—Vibratory motion

A concrete vibrator has a rapid oscillatory motion that is
transmitted to the freshly placed concrete. Oscillating
motion is basically described in terms of frequency (number
of oscillations or cycles per unit of time) and amplitude
(deviation from point of rest).

Rotary vibrators follow an orbital path caused by rotation
of an unbalanced eccentric massinside avibrator casing. The
oscillation is essentiadly simple harmonic motion, as
explained inthe Appendix. Acceleration, ameasure of inten-
sity of vibration, can be computed from the frequency and
amplitude when they are known. Itisusually expressed asg,
which istheratio of the vibration acceleration to the acceler-
ation of gravity. Acceleration is a useful parameter for
external vibration, but not for internal vibration where the
amplitude in concrete cannot be measured readily.

For vibrators other than the rotary type (for example,
reciprocating vibrators), the principles of harmonic motion
do not apply; however, the basic concepts described herein
are still useful.

4.2—Process of consolidation

When low-slump concrete is deposited in the form, itisin
a honeycombed condition, consisting of mortar-coated,
coarse-aggregate particles and irregularly distributed
pockets of entrapped air. Reading (1967) stated that the
volume of entrapped air depends on the workability of the
mixture, size and shape of the form, amount of reinforcing
steel and other items of congestion, and method of depositing
the concrete. The volume of entrapped air isin the range of
5 to 20%. Consolidation should remove practically all of the
entrapped air, which is important because of its adverse
effect on concrete properties.

Consolidation by vibration is best described as consisting
of two stages—the first comprising subsidence or slumping
of the concrete, and the second a de-aeration (removal of
entrapped air bubbles). The two stages may occur simulta
neously, with the second stage under way near the vibrator
before the first stage has been completed at greater distances
(Kolek 1963).

When vibration is started, impul ses cause rapid disorganized
movement of mixture particleswithin thevibrator’ s radius of
influence. Radius of influence is the plan-view-area that a
vibrator is able to produce sufficient impul ses to consolidate
concrete. The mortar is temporarily liquefied. Internd friction,
which enabled the concrete to suppori.itself in its original

honeycombed condition, is reduced dridi@GAIAG LS

becomes unstable and seeks o er Web%@t?ﬁﬂ?ﬁt@ﬂ%ipi% Hub


http://www.avadocuments.com/doc/aci-309r-05
http://www.avadocuments.com/doc/aci-309r-05

ACI COMMITTEE REPORT

Fig. 4.1—nternal vibratory “ liquefying” low-dump concrete.

It flows laterally to the form and around the reinforcing steel
and embedments.

At the completion of this first stage, honeycomb has been
diminated; the large voids between the coarse-aggregate
particles are now filled with mortar. The concrete behaves
somewhat like aliquid containing suspended coarse-aggregate
particles. The mortar still contains many entrapped air
bubbles, however, ranging up to perhaps 1 in. (25 mm) across
and amounting to severa percent of the concrete volume,

After consolidation has proceeded to a point where the
coarse aggregate is suspended in the mortar, further agitation
of the mixture by vibration causes entrapped air bubbles to
rise to the surface. Large air bubbles are more easily
removed than small ones because of their greater buoyancy.
Also, those air bubbles near the vibrator are released before
those near the outer fringes of the radius of influence.

The vibration process should continue until the entrapped
air isreduced sufficiently to attain a concrete density consistent
with the intended strength and other requirements of the
mixture. To remove al of the entrapped air with standard
vibrating equipment is usually not practical.

ACI 309.1R describes the mechanism and principles
involved in vibration of fresh concrete.

CHAPTER 5—EQUIPMENT FOR VIBRATION
Concrete vibrators can be divided into two main classes—

interna and externa. Externa vibrators may be further divided
into form vibrators, surface vibrators, and vibrating tables.

5.1—Internal vibrators

Internal vibrators, often called spud or poker vibrators, have
avibrating casing or head, and may have aflexible shaft. The
head isimmersed in and acts directly against the concrete. In
most cases, internal vibrators depend on the cooling effect of
the surrounding concrete to prevent overheating.

All internal vibrators presently in use are the rotary type
(Section 4.1). Thevibratory impulses emanate at right angles
to the head.

5.1.1 Flexible-shaft type—This type of vibrator is prob-
ably the most widely used. The eccentric mass is usualy
driven by an electric or pneumatic motor, or by a portable
internal combustion engine (Fig. 5.1(a)).

Full document details: ACl 309R-05
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Fig. 5.1(a)—Flexible shaft vibrators; electric motor-driven
type (top); gasoline engine-driven type (middle); and cross
section through head (bottom).

For the electric motor-driven type, a flexible drive shaft
leads from the electric motor into the vibrator head where it
turns the eccentric mass. The motor generall
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current characteristics. Fifty Hz AC current is used in some
countries. The frequency of thistype of vibrator isquite high
when operating in air—generaly in the range of 12,000 to
17,000 vibrations per min (200 to 283 Hz) (the higher values
being for the smaller head sizes). When operating in
concrete, however, the frequency is usually reduced by
approximately 1/5. In this report, frequency is expressed in
vibrations per min to conform to current industry practicein
the United States; however, frequency isgivenin hertzinthe
Appendix to agree with textbook formulas.

Fig. 5.1(b)—Backpack two-cycle gasoline engine-driven
vibrator.

309R-7

For the engine-driven types, both gasoline and diesd, the
engine speed isusually approximately 3600 rpm (60 Hz). A V-
belt drive or gear transmission is used to step up this speed to
an acceptable frequency level. Another type of unit uses a
two-cycle gasoline engine operating a a no-load speed of
12,000 rpm (Fig. 5.1(b)), so the need for a step-up trans-
mission is eliminated. This unit is portable and is usually
carried on a backpack. Again, a flexible shaft leads into the
vibrator head. While larger and more cumbersome than elec-
tric motor-driven vibrators, engine-driven vibrators are
attractive where commercia power isnot readily available.

For most flexible-shaft vibrators, the frequency is the
same as the speed of the shaft. However, the roll-gear
(conical-pendulum) type is able to achieve high vibrator
frequency with a modest electric motor and flexible shaft
speeds. The end of the pendulum strikes the inner housing
in a star-shaped pattern, giving the vibrator head a
frequency higher than the shaft driving it. Motor speedsare
usualy approximately 3600 rpm with a 60 Hz current
(approximately 3000 rpm with a 50 Hz current). A single
induction or three-phase squirrel cage motor is generally
used. The low speed of the flexible shaft is favorable from
the standpoint of maintenance.

5.1.2 Electric motor-in-head type—Electric motor-in-
head vibrators have increased in popularity in recent years
(Fig. 5.2). Because the motor isin the vibrator head, thereis
no separate motor and flexible drive to handle. A substantia
electrical cable, which aso acts as a handle, leads into the

HiE®
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Fig. 5.2—Electric motor-in-head vibrator; external appearance (top) and interna! cogrgﬁivlm ents

head (bottom).
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Fig. 5.3—Air vibrators for ordinary construction (top) and
for mass concrete (bottom).

head. Electric motor-in-head vibrators are generally at least
2in. (50 mm) in diameter.

Thistype of vibrator is available in two designs. One uses
auniversal motor and the other a 180 Hz (high cycle) three-
phase motor. In the latter, the energy is usually supplied by a
portable gasoline engine-driven generator; however,
commercial power passed through a frequency converter
may be used. The design uses an induction-type motor that
haslittle drop-off in speed when immersed in concrete. It can
rotate a heavier eccentric mass and develops a greater
centrifugal force than current universal motor-in-head
models of the same diameter. Vibrator motors operating on
150 or 200 Hz current are used in some countries.

5.1.3 Pneumatic vibrators—Pneumatic vibrators (Fig. 5.3)
are operated by compressed air, with the pneumatic motor
generally being inside the vibrator head. The vane type has
been the most common, with both the motor and the eccen-
tric elements supported on bearings. Bearingless models,
which generally require less maintenance, are also available,
as are a few flexible-shaft pneumatic models, with the air
motor outside the head.

Pneumatic vibrators are useful where compressed air is
the most readily available source of power. The frequency
is highly dependent on the air pressure. Therefore, the air
pressure should always be maintained at the proper level,
usually that recommended by the manufacturer. In some
cases, it is desirable to vary the air pressure to obtain a
different frequency.
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5.1.4 Hydraulic vibrators—Hydraulic vibrators, usng a
hydraulic gear motor, are popular on paving machines. The
vibrator is connected to the paver’ s hydraulic system by means
of high-pressure hoses. The frequency of vibration can be
regulated by varying therate of flow of hydraulic fluid through
the vibrator. The efficiency of the vibrator is dependent on the
pressure and flow rate of the hydraulic fluid. Therefore, it is
important that the hydraulic system be checked frequently.

5.1.5 Selecting an internal vibrator for the job—Effec-
tiveness in consolidating concrete is the principa require-
ment for an internal vibrator. It should have an adequate
radius of influence, and it should be capabl e of flattening and
de-airing the concrete quickly. The vibrator should be reliable
in operation, easy to handle and manipulate, resistant to
wear, and be such that it does not damage embedded items.
Some of these requirements are mutually opposed, so
compromises are necessary; however, some of the problems
can be minimized or eliminated by careful vibrator design.
For example, very high frequencies and high centrifugal
force tend to increase maintenance requirements and reduce
thelife of vibrators.

ACI 309.1R indicates that the effectiveness of an interna
vibrator depends mainly on the head diameter, frequency, and
amplitude. The amplitudeislargely afunction of the eccentric
moment and head mass, as explained in the Appendix.

Frequency may be readily determined (Section 16.3.1),
but no simple method existsfor determining the amplitude of
avibrator operating in concrete. Therefore, it is necessary to
use the amplitude as determined while the vibrator is operating
in air, which is somewhat greater than the amplitude in
concrete. This amplitude may be either measured or
computed, as described in Section 16.3.2. While not strictly
correct for internal vibrators, the centrifugal force may be
used as a rough overall measure of the output of a vibrator.
Figure A.2 in the Appendix explains how it is computed.

The radius of influence, and hence the insertion spacing,
depends not only on the characteristics of the vibrator but also
on the workability of the mixture and degree of congestion.

Table 5.1 gives the ordinary range of characteristics,
performance, and applications of interna vibrators. (Some
special-purpose vibrators fall outside these ranges.) Recom-
mended frequencies are given, along with suggested values
of eccentric moment, average amplitude, and centrifugal
force. Approximate ranges are also given for the radius of
influence and rate of concrete placement. These are empir-
ical values based mainly on previous experience.

Equally good results can usually be obtained by selecting
avibrator from the next larger group, provided in Table 5.1.
In selecting the vibrator and vibration procedures, consider-
ation should be given to the vibrator sizerelative to the form
size. Crazing of formed concrete surfaces is exacerbated by
drying shrinkage that occurs in the high concentration of
cement paste brought to the surface by a vibrator too large for
the application.

Thevaluesin Table 5.1 are not to be considered as aguar-

antee of performance under all conditions. The best measure
of vibrator performance is its effectiveness iﬁﬂ&l&ﬁ' wents

job concrete.
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Table 5.1—Range of characteristics, performance, and applications of internal* vibrators, flexible shaft,

and motor-in-head vibrators

Suggested values
Recommended

Approximate values

Diameter of | frequency, Eccentric Average | Centrifugal
head, in. vibrations per moment,* ampl itude$ | force, b
Group (mm) min (Hz) in.-Ilb (mm-kg)| in. (mm) (kN)

Radiusof |Réteof concrete
influence** | placement,” "
in.(mm) | yd¥h (m¥h) Application

1 | 34101-1/2 | 900010 15,000 | 0.03t00.10 |0.015t00.03| 100 to 400
(20t040) | (150t0250) | (0.4t01.2) | (0.4t00.8) | (0.4t0 1.8)

Plastic and flowing concrete in very thin
membersand confined places. May beused
3t06 1to5 to supplement larger vibrators, especially
(75 to 150) (1to4) in prestressed work where cables and ducts
cause congestion in forms. Also used for
fabricating laboratory test specimens.

» |1-1/4t02-1/2| 85000 12,500 | 0.08100.25 | 0.02t00.04 | 300to 900
(30t065) | (140t0210) | (0.9t02.9) | (0.5t01.0) | (1.3t04.0)

Plastic concrete in thin walls, columns,
5t010 3t010 beams, precast piles, thin dabs, and dong

(125 to 250) (210 8) construction joints. May be used to supple-

ment larger vibratorsin confined areas.

Stiff plastic concrete 3in. (lessthan 75 mm)
dumpin genera construction such aswalls,

5 | 21032 | 80001012000 | 0.20t00.70 |0.025t00.05( 7000 2000| 7to14 6to20  |columns, beams, prestressed piles, and

(50t090) | (130t0200) | (23t08.1) | (0.6t013) | (3.1t08.9)

heavy dabs. Auxiliary vibration adjacent to
(17510350) | (51015) o of mass concréte and pavements.

May be gang-mounted to providefull-width
internal vibration of pavement dabs.

Mass and structural concrete of 2 in.
(50 mm) slump deposited in quantities up
to 4 yd® (3 m?) in relatively open forms of

4 3to6 7000t010,500 | 0.70t02.5 | 0.03t00.06 {1500 to 4000, 12to 20 15t040  |heavy construction (powerhouses, heavy

(75t0150) | (120t0180) | (8.1t029) | (0.8t015) | (6.7 to 18)

(300t0500) | (11to31) |bridge piers, and foundations). Also,
auxiliary vibration in dam construction
near formsand around embedded itemsand
reinforcing stedl.

Mass concrete in gravity dams, large piers,
and massive walls. Two or more vibrators

5 5t07 5500t0 8500 | 2.25t03.50 | 0.04t0 0.08 |2500to 6000| 16 to 24 25t050  |will berequired to operate s multaneously

(125t0175) | (90t0140) | (26t040) | (1.0t02.0) | (11to27)

(400t0 600) | (19to38)  |to mix and consolidate quantities of

concrete of 4 yd® (3 m3) or more deposited
a onetimein theform.

*Generally, extremely dry or very stiff concrete (Table 2.1) does not respond well to internal vibrators.

TWhile vibrator is operating in concrete.
tComputed by formulain Fig. A.2 in Appendix.

§Computed or measured as described in Section 16.3.2. Thisis peak amplitude (half the peak-to-peak value), operating in air.
"Computed by formulain Fig. A.2 in Appendix, using frequency of vibrator while operating in concrete.

#Distance over which concrete isfully consolidated.

" These ranges reflect not only the capability of the vibrator but also differencesin workability of the mixture, degree of de-aeration desired, or other conditions experienced in construction.
TAssumestheinsertion spacing is 1-1/2 times the radius of influence, and that vibrator operates two-thirds of time concrete is being placed.

5.1.6 Special shapes of vibrator heads—The recommen-
dations in Table 5.1 assume round vibrator heads. Other
shapes of vibrator heads such as square or other polygonal
shapes, fluted, and finned, have different surface areas and
different distributions of force between the vibrator and the
concrete (Fig. 5.4).

The effect of shape on vibrator performance has not been
thoroughly evaluated. For the purpose of this guide, the
equivalent diameter of a specially shaped vibrator should
be considered as that of a round vibrator having the same
perimeter.

5.1.7 Data to be supplied by manufacturer—The vibrator
manufacturer’ s catalog should include the physica dimensions
(length and diameter) and total mass of the vibrator head,
eccentric moment, frequency in ar and approximate
frequency in concrete, and centrifugal force at these two
frequencies. The catalog should also include certain other
data needed for proper hookup and operation of the vibrators.
Voltage and current requirements and wire sizes (depending
on the length of run) for electric vibrators should be given.
For pneumatic vibrators, compressed air pressure and flow
capacity should be stated as well asthe size of piping or hose
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Fig. 5.4—Saveral of the different sizes and shapes of vibrator
heads available. From Ieft to right: short head, round head,
sguare head, hexagonal head, and rubber-tipped head.

(also depending on the length of run). Speed should be given
for gasoline-engine driven units.
Information for hydraulic vibrators should include recom-

mended operating pressures and-a chad B G ERES
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Fig. 5.5—Rotary form vibrators: pneumatically driven (top)
and electrically driven (bottom).

5.2—Form vibrators
5.2.1 General description—Form vibrators are external

vibrators attached to the outside of the form or mold. They
vibrate the form, which in turn transmits the vibration to the
concrete. Form vibrators are self-cooling and may be of
either the rotary or reciprocating type.

Concrete sectionsasthick as 24 in. (600 mm) and up to 30in.
(750 mm) deep have been effectively vibrated by form vibrators
in the precast concrete industry. For walls and deeper place-
ments, it may be necessary to supplement aform vibrator with
interna vibration for sections thicker than 12 in. (300 mm).

5.2.2 Types of form vibrators

5.2.2.1 Rotary—Rotary form vibrators produce essen-
tially simple harmonic motion. The impulses have compo-
nents both perpendicular to and in the plane of theform. This
type may be pneumatically, hydraulically, or electricaly
driven (Fig. 5.5).

In the pneumatically and hydraulically driven models,
centrifugal force is developed by a rotating cylinder or
revolving eccentric mass (similar to internal vibrators).
These vibrators generally work at frequencies of 6000 to
12,000 vibrations per min (100 to 200 Hz). The frequency
may be varied by adjusting the air pressure on the pneumatic
models or the fluid pressure on the hydraulic models.

The electrically driven models have an eccentric mass
attached to each end of the motor shaft. Generally, these
masses are adjustable. In most cases, induction motors are

Full document details: ACl 309R-05

ACI COMMITTEE REPORT

_—
N

Fig. 5.6—Reciprocating form vibrator.

used and the frequency is 3600 or 3000 vibrations per min
(60 or 50 Hz AC). Higher frequency vibrators operating at
7200 or 10,800 vibrations per min (120 or 180 Hz) are also
available (6000, 9000, or 12,000 vibrations per min [100,
150, or 200 Hz] in Europe). These higher frequency vibra-
tors require a frequency converter. There are also eectric
form vibrators with frequencies of 6000 to 9000 vibrations
per min (100 to 150 Hz) that are powered by single-phase
universal motors.

The manufacturer's catalog should include physical
dimensions, mass, and eccentric moment. For pneumatically
driven models, frequency in air and approximate frequency
under load should be given. For electric models, the
frequency at the rated electric load should be stated. The
centrifugal force at the given frequency values should be
provided. |n addition, the catal og should provide dataneeded
for proper hookup of the vibrators (asin Section 5.1.7).

5.2.2.2 Reciprocating—In reciprocating vibrators, a
piston is accelerated in one direction, stopped (by impacting
against a steel plate), and then accelerated in the opposite
direction (Fig. 5.6). This type is pneumatically driven, and
frequencies are usualy in the range of 1000 to 5000 vibra-
tions per min (20 to 80 Hz). These vibrators produce
impulses acting perpendicular to the form. The principles of
simple harmonic motion do not apply.

5.2.2.3 Other types—Other types of form vibrators, less
commonly used, include:

»  Electromagnetic, which usualy develops a combination
sinusoidal-saw-tooth waveform; and

*  Pneumatic or electric hand-held hammers, which are
sometimes used to assist in consolidating small concrete
units.

5.2.3 Sdlecting external vibrators for vertical forms—
Low-frequency, high-amplitude vibration is noymally preferred
for stiffer mixtures. High-frequency, low-am|
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(fewer bugholes) for more plastic consistencies. In this
guide, the dividing line between high and low frequency for
external vibration is arbitrarily taken as 6000 vibrations per
min (100 Hz), and between high and low amplitude 0.005 in.
(0.23 mm), respectively.

The effectiveness of form vibratorsislargely afunction of
the accel eration imparted to the concrete by the form. Accel-
erationsin the range of 1 to 2g (1g = 9.81 m/s® = 386 in./s),
standard acceleration of gravity are generally recommended
for plastic mixturesand 3 to 5g for stiff mixtures. In addition,
the amplitude should not be less than 0.001 in. (0.025 mm)
for plastic mixturesor 0.002 in. (0050 mm) for stiff mixtures.

The acceleration of aform is afunction of the centrifugal
force of the vibrators as related to the mass of the form and
activated concrete. Thefollowing empirical formulas recom-
mended by Forssblad (1971) have been found useful in
estimating the centrifugal force of form vibrators needed to
provide adequate consolidation.

1. For plastic mixturesin beam and wall forms

CF = 0.5(MF + 0.2MC)

where CF = centrifugal force; MF = mass of form; and MC
= mass of concrete.
2. For stiff mixturesin pipe and other rigid forms

CF = 1L5(MF + 0.2MC)

Formulas should be checked against field experience. The
prospective user submits drawings of the structure to be
vibrated to the vibrator manufacturer and solicits recommen-
dation asto size, quantity, and location of vibrator units. The
proper distance between form vibrators is normally within
therange of 5to 8 ft (1.5t0 2.5 m), and supplemental internal
vibration may be required for sections thicker than 12 in.
(300 mm).

Frequency and amplitude should be checked at several
points on the form with avibrograph or other suitable device
(Sections 16.3.1 and 16.3.2). The actual acceleration can be
computed from these values using the formulain Fig. A.2.
Frequency and amplitude measurements can aso be very
useful in establishing optimum spacing and orientation of
form vibrators. One should recognize that there is alwaysthe
likelihood that dead spots on forms will occur. Thus, it is
important to locate external vibrators to reduce the increments
of dead spots, or supplement with internal vibrators.

When external vibration employs electrically operated
vibrators on thin form members, caution should be used to
prevent burning out these vibrators.

5.3—Vibrating tables
A vibrating table normally consists of asteel or reinforced

concrete table with external vibrators rigidly mounted to the
supporting frame (Fig. 5.7). The table and frame are isolated
from the base by steel springs, neoprene isolation pads, or
other means.

Thetable itsalf can be part of the mold, although a separate
mold usually rests on top of thetable. Vibration istransmitted
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Fig. 5.7—\ibrating table.

from the tableto the mold and to the concrete. The advisability
of fastening the mold to the table is open to debate.

Low frequency (6000 vibrations per min [below 100 Hz]),
high amplitude (0.005 in. [over 0.13 mm]) vibration is
normally preferred, at least for stiffer mixtures.

The effectiveness of tablevibration islargely afunction of
the accel eration imparted to the concrete by the table. Accel-
erations in the range of 3 to 10g (30 to 100 m/sz) are gener-
ally recommended, the higher values being needed for the
stiffer mixtures. In addition, the amplitude should not be less
than 0.001 in. (0.025 mm) for plastic mixtures or 0.002 in.
(0.050 mm) for stiff mixtures.

Acceleration of the table is a function of the vibrational
force as related to the mass of form and activated concrete.
Three empirical formulas have been useful in estimating the
required centrifugal force of the vibrators (Forssblad 1971):

1. Rigid vibrating table or vibrating beams, with the form
placed loosely on the table

CF=(2to 4)(MT + 0.2MF + 0.2MC)
where CF = centrifugal force; MT = mass of table; MF =
mass of form; and MC = mass of concrete.
2. Rigid vibrating table, with form attached to the table

CF=(2to4)(MT + MF + 0.2MC)

3. Flexible vibrating table, continuous over several
supports
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