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Reinforcement Congestion
in Cast-in-Place Concrete

Allowances for construction tolerances and for adequate placement and consolidation

by James Klinger, Oscar R. Antommattei, Aron Csont, Trevor Prater, Michael Damme, and Bruce A. Suprenant

idance on reasonable detailing practice or aceeptability of

ince its 1983 edition,! the ACI 318 Code C
s has cautioned designers to avoid reinforcement
o in carthquake-resistant structures. And

since its 1999 edition,? the ACI 318 Code has required
designers to consider fabrication and placement tolerances at
anchorage zones for post-tensioning tendons. The relevant
sections of ACT 318-19° state:

“R18.2.2 Analysis and proportioning of structural members

In selecting member sizes for earthquake-resistant
structures, it is important to consider constructability
problems related to congestion of reinforcement. The design
should be such that all reinforcement can be assembled and
placed in the proper location and that concrete can be cast and
consolidated properly. Using the upper limits of permitted
reinforcement ratios may lead to construction problems.”
5.9.5 Reinforcement detailing
ction of reinforcement size, spacing, cover,
for anchorage zones shall make allowances
nforcement;

25 1
and other de
for tolerances on fabrication and placement of
for the size ol aggregate; and for adequate placement and
consolidation of the conerete.”

While the engineer is responsible for detailing
reinforcement, we've been unable to find Commentary

that created

details. Compliance is, therefore, open to subjective
interpretation. However, it’s clear that many designers are
struggling to meet cither the spirit of the Commentary or the
letter of the Code (see Fig. 1).

In addition, constructability requirements and
recommendations should not be limited only to earthquake-

resistant structures or post-tensioning tendon anchorage zones.

Engineers should provide an allowance for construction
tolerances and consider the need for adequate placement and
consolidation of concrete for all designs.

This article provides information on design and detailing
prerequisites, reinforcement congestion economics, allowance
recommendations related to congestion of reinforcement, and
proposed Code and Commentary language with respect to
constructability.

ACI 309R Constructability Recommendations
for Design and Detailing

The ACT 318-77 Commentary, Section 5.4," provided the
first reference to ACI 309R*:

“Recommendations for consolidation of concrete are given
in detail in ‘Recommended Practice for Consolidation of

for the

anchorage zone for post-tensioning tendons
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Congestion = Safety Hazards

Workers are at risk working
through congested steel

Increases cost of work
Creates repair work

Adds rework »
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Current ACI 318-19 Commentary guidance for seismic
design and Constructability

R18.2.2 Analysis and proportioning of structural members

In selecting member sizes for earthquake-resistant struc-
tures, 1t 1s important to consider constructibility problems
related to congestion of reinforcement. The design should
be such that all reinforcement can be assembled and placed
in the proper location and that concrete can be cast and
consolidated properly. Using the upper limits of permitted
reinforcement ratios may lead to construction problems.

Design must consider constructability — \&*”
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Current ACI 318-19 Code requirements for reinforcing
steel details (PT concrete end anchorage zones)

25.9.5 Reinforcement detailing

25.9.5.1 Selection of reinforcement size, spacing, cover,
and other details for anchorage zones shall make allowances
for tolerances on fabrication and placement of reinforce-
ment; for the size of aggregate; and for adequate placement
and consolidation of the concrete.

Design must consider tolerances of
fabrication and placement. g
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CHAPTER 8—STRUCTURAL CONCRETE
8.1 —Design and detailing prerequisites
In designing structural members and detailing formwork

and reinforcement, consideration should be given to depositing
the freshly mixed concrete as close as possible to its final
position in such a way that segregation, honeycombing, and
other surface and internal imperfections are minimized.
Also, the method of consolidation should be carefully
considered when detailing reinforcement and formwork. For
example, for internal vibration, openings in the reinforcement
should be provided to allow insertion of vibrators. Typically,
4 x 61n. (100 x 150 mm) openings at 24 in. (600 mm) centers
are required.

The designer should communicate with the constructor
during the early structural design. Problem areas should be
recognized in time to take appropriate remedial measures
such as staggering splices, bundling reinforcing steel,
modifying stirrup spacing, and increasing section size.
When conditions contributing to substandard consolidation
exist, one or more of the following actions should be taken:
redesign the member; redesign the reinforcing steel; modify
the mixture, in some cases to be self-consolidating; use mock-
up tests to develop a procedure; and alert the constructor to
critical conditions. The placing of concrete in congested areas
is discussed in more detail in Chapter 18. Consideration
should be given to using mechanical connections instead of
overlapping the reinforcement to minimize congestion.

Design must consider access to
provide proper consolidation -
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Attempt to outsmart
congestion with slump

- 8 In. slump

- 26 in. spread (SCC)

Does higher slump or using
SCC solves the problem? e HLS oo ) o R et e e 1

of the beam prevented concrete flow and consolidation to reach the bottom.
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For heavy congested rebar,
SCC and high slump helps
but the max aggregate size
must be adjusted too o~
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Add to Commentary section 25.9.5

AfiTo allow for tolerances on f akt
reinforcement, consider selecting: (a) the beam/girder at
least 1 in. per ft (of beam/girder width) larger than the
minimum required; or (b) the beam/girder at least 2 in.
larger on each side than the intersecting column to allow
outermost horizontal bars in the beam/girder to pass by
the vertical | ongi tudi nal bar s

Design must consider cross-section
width and rebar congestion
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Minimum beam width=2(A+B +C)+ (n - 1)(D + d,) where A + B+ C - 1/2 dp 2 2.0 in. cover required for longitudinal bars
and these assumptions are made: '

for ACI 318
ossumed position of bar
nearest si B = 0.375in. for #3 stirrups
side foce of beom = 0.500 in. for #4 stirmups
-~ =B
A D D = lad,
}.—- 2 1in
| 2 1-1/3 nominal aggregate size

Fig. 5 This graphic provides the detailed explanation and equation used to determine the information
provided in the design aid in Fig. 4. Note that the approach provided in these design aids, and typically
used in current design software, do not account for any allowance for construction tolerance or adequate
placement and consolidation of concrete. This often leads to a constructability issue for beams and
girders.

The bar placement tolerance is £1/2 in. when beam or girder depth is greater than 12 inches.

Adding these two tolerances to the minimum beam width equation yields:

Minimum beam width = 2(A + B + ) + (n — 1)(D + db) -

+fabrication tolerance + placement tolerance
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Proposed equation to simplify minimum beam width:
(Account fabrication tolerance, ¥ in. + placement tolerance, ¥z in.):

Minimum beam width = 2(A+B+C) + (n  -1)(D+db)

Constructable beam width = min width (1 + 1/12), rounded up to the
nearest inch. This calculation adds 1 in. of width (per foot of beam
width) to account for these tolerances.
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Consolidation by Vibration

Thanks to our colleagues in Committee 3009...

A ACI 309.1R-08: Report on Behavior of Fresh Concrete
During Vibration

A ACI 309.2R-15: Guide to Identification and Control of
Visible Surface Effects of Consolidation on Formed
Concrete Surfaces

A ACI 309R-05: Guide for Consolidation of Concrete
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Add to Commentary section 25.9.5

AfiTo allow for adequate
concrete, consider providing access for a 5 in.
diameter pump hose at regular spacings and
designing a concrete mixture that is compatible
with the concrete placement pump hose
i nsertion spacing. o

ARA mockup may be necess
combination of parameters. The pump access
spacing intervals should be shown in the
construction documeni¥.
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Access Is Important
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Wall Form

R - Radius of Action

Proper Overlap Radius of action immession

vibraior

Area of Influence
(Radius of Action)

Fig. 6: An internal vibrator immersed in fresh concrete
generates recurring circular compression waves. These
waves consolidate the concrete and allow entrapped air to
escape. Air pockets at the same level of the head or below
tend to be trapped. Thus, the Wight and MacGregor™®
recommendation to provide enough space between beam
bars to allow a vibrator to reach the bottom of the form is
a necessary requirement if the concrete at the bottom of
the beam is to be consolidated
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Design reinforcement with access to =

consolidation with vibration
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