Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text 5 Tha Mchraw—Hilt
Design of Concrete Developmeant Length Campisnas, 2004
Structures, Thirteenth

Edition

BOND, ANCHORAGE, AND
DEVELOPMENT LENGTH

FunpDAMENTALS OF FLEXURAL BOND

If the reinforced concrete beam of Fig, 5.1a were constructed using plain round rein-
forcing bars, and, furthermore, if those bars were to be greased or otherwise lubricated
before the concrete were cast, the beam would be very little stronger than if it were
built of plain concrete, without reinforcement. If a load were applied, as shown in
Fig. 5.1b, the bars would tend to maintain their original length as the beam deflects,
The bars would slip longitudinally with respect to the adjacent concrete, which would
experience tensile strain due to flexure. Proposition 2 of Section 1.8, the assumption
that the strain in an embedded reinforcing bar is the same as that in the surrounding
concrete, would not be valid. For reinforced concrete to behave as intended, 1t 1s essen-
tial that bond forces be developed on the interface between concrete and steel, such as
to prevent significant slip from occurring at that interface.

Figure 5.1¢ shows the bond forces that act on the concrete at the interface as a
result of bending, while Fig. 5.1d shows the equal and opposite bond forces acting on
the reinforcement. It is through the action of these interface bond forees that the slip
indicated in Fig. 5.1/ is prevented.

Some years ago, when plain bars without surface deformations were used. ini-
tial bond strength was provided only by the relatively weak chemical adhesion and
mechanical friction between steel and concrete. Once adhesion and static friction were
overcome at larger loads, small amounts of slip led to interlocking of the natural
roughness of the bar with the concrete. However, this natural bond strength is so low
that in beams reinforced with plain bars, the bond between steel and concrete was fre-
quently broken. Such a beam will collapse as the bar is pulled through the concrete.
To prevent this, end anchorage was provided. chiefly in the form of hooks, as in
Fig. 5.2, If the anchorage is adequate, such a beam will not collapse, even if the bond
is broken over the entire length between anchorages. This is so because the member
acts as a tied arch, as shown in Fig. 5.2, with the uncracked concrete shown shaded
representing the arch and the anchored bars the tie rod. In this case, over the length in
which the bond s broken, bond forces are zero. This means that over the entire
unbonded length the force in the steel is constant and equalto T =M, - jd. Asa con-
sequence, the total steel elongation in such beams is larger than in beams in which
bond is preserved, resulting in larger deflections and greater crack widths.,

To improve this situation, deformed bars are now universally used in the United
States and many other countries (see Section 2.14). With such bars, the shoulders of
the projecting ribs bear on the swrounding concrete and result in greatly increased
bond strength. It is then possible in most cases to dispense with special anchorage
devices such as hooks. In addition, crack widths as well as deflections are reduced.
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If L/ is the magnitude of the local bond force per unit length of bar, then, by sum-
ming horizontal forces

Ude =dT ()
Thus
dT
U =— 5.1
o i(5.1)

indicating that the local unit bond force is proportional to the rate of change of bar
force along the span. Alternatively, substituting Eq. (a) in Eq. (5.1}, the unit bond force
can be written as

1 am “
T d dx ‘
from which
V
U=— 5.2
id 62

Equation (5.2} is the “elastic cracked section equation” for flexural bond force, and it
indicates that the bond force per unit length is proportional to the shear at a particular
section, i.e., to the rate of change of bending moment,

Note that Eq. (5.2) applies to the fension bars in a concrete zone that is assumed
to be fully cracked, with the concrete resisting no tension. It applies, therefore, to the
tensile bars in simple spans, or, in continuous spans, either to the bottom bars in the
positive bending region between inflection points or to the top bars in the negative
bending region between the inflection points and the supports. It does not apply to
compression reinforcement, for which it can be shown that the flexural bond forces are
very low,

Actual Distribution of Flexural Bond Force

The actual distribution of bond force along deformed reinforcing bars is much more
complex than that represented by Eq. (5.2). and Eq. (5.1) provides a better basis for
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Bond Force Based on Simple Cracked Section Analysis

In a short piece of a beam of length dx, such as shown in Fig. 5.3q, the moment at one
end will generally differ from that at the other end by a small amount oM. If this piece
is isolated, and if one assumes that, after cracking, the concrete does not resist any ten-
sion stresses, the internal forces are those shown in Fig. 5.34. The change in bending

moment dM produces a change in the bar force
M

dT = —

Jid

(et}

where jd is the internal lever arm between ensile and compressive force resultants,
Since the bar or bars must be in equilibrium, this change in bar force is resisted at the
contact surface between steel and concrete by an equal and oppaosite force produced

by bond, as indicated by Fig. 5.35,
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FIGURE 5.4
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understanding beam behavior. Figure 5.4 shows a beam segment subject to pure bend-
ing. The concrete fails to resist tensile stresses only where the actual crack is located:
there the steel tension is maximum and has the value predicted by simple theory:
T = M j, Between cracks, the concrete does resist moderate amounts of tension,
introduced by bond forces acting along the interface in the direction shown in
Fig. 5.4a. This reduces the tensile force in the steel, as illustrated by Fig. 5.4¢. From
Eq. (5.1}, it is clear that U is proportional to the rate of change of bar force, and thus
will vary as shown in Fig. 5.44; unit bond forces are highest where the slope of the
steel force curve is greatest, and are zero where the slope is zero. Very high local bond
forces adjacent to cracks have been measured in tests (Refs. 5.1 and 5.2). They are so
high that inevitably some slip oceurs between concrete and steel adjacent to each crack.

Beams are seldom subject to pure bending moment; they generally carry trans-
verse loads producing shear and moment that vary along the span. Figure 5.5q shows
a beam carrying a distributed load. The cracking indicated is typical. The steel force
T predicted by simple cracked section analysis is proportional to the moment diagram
and is as shown by the dashed line in Fig. 5.5b. However, the actual value of T'is less
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than that predicted by the simple analysis everywhere except at the actual crack loca-
tions. The actual variation of T is shown by the solid line of Fig. 5.5b. In Fig. 5.5¢. the
bond forces predicted by the simplified theory are shown by the dashed line, and the
actual variation shown by the solid line. Note that the value of [ is equal to that given
by Eq. (5.2) only at those locations where the slope of the steel force diagram equals
that of the simple theory. Elsewhere, if the slope is greater than assumed. the local
bond force is greater; if the slope is less, local bond force is less. Just to the left of the
cracks, for the present example, {7 is much higher than predicted by Eq. (5.2). and in
all probability will result in local bond failure. Just to the right of the cracks. {7 is much
lower than predicted. and in fact is generally negative very close to the crack: i.e.. the
bond forces act in the reverse direction.

It is evident that actual bond forces in beams bear very little relation to those pre-
dicted by Eq. (5.2) except in the general sense that they are highest in the regions of
high shear.

BonD STRENGTH AND DEVELOPMENT LENGTH

For reinforcing bars in tension, two types of bond failure have been observed. The first
is direct pullout of the bar. which occurs when ample confinement is provided by the
swrounding concrete. This could be expected when relatively small diameter bars are
used with sufficiently large concrete cover distances and bar spacing. The second type
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FIGURE 5.6
Splitting of concrete along
reinforcement,

of failure is splirting of the concrete along the bar when cover. confinement, or bar
spacing is insufficient to resist the lateral concrete tension resulting from the wedging
effect of the bar deformations. Present-day design methods require that both possible
failure modes be accounted for.

Bond Strength

If the bar is sufficiently confined by a mass of surrounding concrete, then, as the ten-
sile force on the bar is increased, adhesive bond and friction are overcome, the con-
crete eventually crushes locally ahead of the bar deformations, and bar pullout results.
The surrounding concrete remains intact, except for the crushing that takes place
ahead of the ribs immediately adjacent to the bar interface. For modern deformed bars,
adhesion and friction are much less important than the mechanical interlock of the
deformations with the surrounding concrete.

Bond failure resulting from splitting of the concrete is more common in beams
than direct pullout. Such splitting comes mainly from wedging action when the ribs of
the deformed bars bear against the concrete (Refs. 5.3 and 5.4). It may occur either in
a vertical plane as in Fig. 5.6a or horizontally in the plane of the bars as in Fig. 5.65.
The horizontal type of splitting of Fig 5.66 frequently begins at a diagonal crack. In
this case. as discussed in connection with Fig. 476 and shown in Fig. 4.1, dowel
action increases the tendency toward splitting. This indicates that shear and bond fail-
ures are often intricately interrelated.

When pullout resistance is overcome or when splitting has spread all the way to
the end of an unanchored bar, complete bond failure occurs. Sliding of the steel rela-
tive to the concrete leads to inunediate collapse of the beam.

If one considers the large local variations of bond force caused by tlexural and
diagonal cracks (see Figs. 5.4 and 5.5), it becomes clear that local bond failures imme-
diately adjacent to cracks will often occur at loads considerably below the failure load
of the beam. These local failures result in small local slips and some widening of
cracks and increase of deflections, but will be harmless as long as failure does not
propagate all along the bar, with resultant total slip. In fact, as discussed in connection
with Fig. 5.2, when end anchorage is reliable, bond can be severed along the entire
length of the bar, excluding the anchorages, without endangering the carrying capac-
ity of the beam. End anchorage can be provided by hooks as suggested by Fig. 5.2 or,

% Splitting . ate Splitting
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much more commonly, by extending the straight bar a sufficient distance from the
point of maximum stress.

Extensive testing (Refs. 5.5 to 5.11), using beam specimens, has established
limiting values of bond strength. This testing provides the basis for current design
requirements.

Development Length

The preceding discussion suggests the concept of development length of a reinforcing
bar. The development length is defined as that length of embedment necessary to
develop the full tensile strength of the bar, controlled by either pullout or splitting,
With reference to Fig. 5.7, the moment, and therefore the steel stress, is evidentally
maximum at point g (neglecting the weight of the beam) and zero at the supports. If
the bar stress is f, at a, then the total tension force A, f, must be transferred from the
bar to the concrete in the distance ! by bond forces. To fully develop the strength of
the bar, A, f,, the distance ! must be at least equal to the development length of the bar,
established by tests. In the beam of Fig. 5.7, if the actual length { is equal to or greater
than the development length 1. no premature bond failure will occur. That is, the beam
will fail in bending or shear rather than by bond failure. This will be so even if in the
vicinity of cracks local slip may have occurred over small regions along the beam.

It is seen that the main requirement for safety against bond failure 1s this: the
length of the bar, from any point of given steel stress (f, or at most f,) to its nearby
free end must be at least equal to its development length. If this requirement is satis-
fied, the magnitude of the nominal flexural bond force along the beam, as given by Eqg.
(5.2), is of only secondary importance, since the integrity of the member is ensured
even in the face of possible minor local bond failures. However, if the actual available
length is inadeguate for full development, special anchorage, such as by hooks, must

be provided.

Factors Influencing Development Length

Experimental research has identified the factors that influence development length,
and analysis of the test data has resulted in the empirical equations used in present
design practice. The most basic factors will be clear from review of the preceding
paragraphs and include concrete tensile strength, cover distance, spacing of the rein-
forcing bars, and the presence of transverse steel reinforcement,

Clearly. the fensile strength of the concrete is important because the most com-
mon type of bond failure in beams is the type of splitting shown in Fig. 5.6, Although
tensile strength does not appear explicitly in experimentally derived equations for
development length (see Section 5.3). the term - f; appears in the denominator of
those equations and reflects the influence of concrete tensile strength.
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As discussed in Section 2.9, the fracture energy of concrete plays an important
role in bond failure because a splitting crack must propagate after it has formed. Since
fracture energy is largely independent of compressive strength. bond strength
increases more slowly than the - f., and as data for higher-strength coneretes has
become available, /' has been shown to provide a better representation of the effect
of concrete strength on bond than - f; (Refs. 5.12 to 5.14). This point is recognized
by ACI Committee 408, Bond and Development of Reinforcement (Ref. 5.15), in pro-
posed design expressions based on /' and within the ACI Code. which sets an upper
limit on the value of - f; for use in design.

For lightweight concretes, the tensile strength is usually less than for normal-
density concrete having the same compressive strength; accordingly, if lightweight con-
crete is used, development lengths must be increased. Alternatively, if split-cylinder
strength is known or specified for lightweight concrete, it can be incorporated in
development length equations as follows. For normal concrete. the split-cylinder ten-
sile strength f, is generally taken as f,, = 6.7 f.. If the split-cylinder strength f_, is
known for a particular lightweight concrete, then - f, in the development length equa-
tions can be replaced by f,, 6.7.

Cover distance—conventionally measured from the cenrer of the bar to the near-
est concrete face and measured either in the plane of the bars or perpendicular to that
plane—also influences spliting. Clearly, if the wvertical or horizontal cover is
increased, more concrete is available to resist the tension resulting from the wedging
effect of the deformed bars, resistance to splitting is improved, and development
length is less.

Similarly, Fig. 5.65 illustrates that if the bar spacing is increased (e.g., if only
two instead of three bars are used). more concrete per bar would be available to resist
horizontal splitting (Ref. 5.16). In beams, bars are typically spaced about one or two
bar diameters apart. On the other hand, for slabs, footings, and certain other types of
member, bar spacings are typically much greater, and the required development length
is reduced.

Transverse reinforcement, such as that provided by stirmups of the types shown
in Fig. 4.8, improves the resistance of tensile bars to both vertical or horizontal split-
ting failure because the tensile force in the transverse steel tends to prevent opening of
the actual or potential crack. The effectiveness of such transverse reinforcement
depends on its cross-sectional area and spacing along the development length. Iis
effectiveness does not depend on its vield strength f,,. because transverse reinforce-
ment rarely yields during a bond failure (Refs. 5.12 to 5.15). The yield strength of the
transverse steel f,,, however, is presently used in the bond provisions of the ACI Code.

Based on the results of a statistical analysis of test data (Ref. 5.10), with appro-
priate simplifications, the length [; needed to develop stress f, in a reinforcing bar may
be expressed as

3 1
li= 0 — 4K, dy (5.3)

e

d{a

where d, = bar diameter
¢ = smaller of minimum cover or one-half of bar spacing measured 1o
center of bar
K, = A_f., (1500sn), which represents effect of confining reinforcement
A, = area of transverse reinforcement normal to plane of splitting through the
bars being developed
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spacing of transverse reinforcement
number of bars developed or spliced at same location

Equation (5.3} captures the effects of concrete strength, concrete cover, and
transverse reinforcement on {, and serves as the basis for design in the 2002 ACI Code.
For full development of the bar, f, is set equal to [,

In addition to the factors just discussed, other influences have been identified.
Veriical bar location relative 1o beam depth has been found to have an cffect (Ref,
5170, I bars are placed in the beam forms during construction such that a substantial
depth of concrete is placed below those bars, there is a tendency for excess water,
often used in the mix for workability, and for entrapped air to rise to the top of the con-
crete during vibration. Air and water tend to accumulate on the underside of the bars,
Tests have shown a significant loss in bond strength for bars with more than 12 in. of
fresh concrete cast benecath them. and accordingly the development length must be
increased, This effect increases as the slump of the concrete increases and is greatest
for bars cast near the upper surface of a conecrete placement.

Epoxv-coated reinforeing bars are used regularly in projects where the structure
may be subjected to corrosive environmental conditions or deicing chemicals, such as
for highway bridge decks and parking garages. Studies have shown that bond strength
is reduced because the epoxy coating reduces the friction between the concrete and the
bar. and the required development length must be increased substantially (Refs, 5,18
t0 5.22), Early evidence showed that if cover and bar spacing were large, the effect of
the cpoxy coating would not be so pronounced, and as a result, a smaller increase was
felt justified under these conditions (Ref. 5,190, Although later research (Ref, 5.12)
does not support this conclusion, provisions to allow for a smaller increase remain in
the ACI Code. Since the bond strength of cpoxy-coated bars is alrcady reduced
because of lack of adhesion, an upper limit has been established for the product of
development length factors accounting for vertical bar location and epoxy coating.

Not infrequently, tensile reinforcement somewhat in excess of the caleulated
requirement will be provided, e.g.. as a result of upward rounding A, when bars are
sclected or when minimum steel requirements govern. Logically, in this case, the
required development length may be reduced by the ratio of steel area required to steel
area actually provided, The modification for excess reinforcement should be applied
only where anchorage or development for the full vield strength of the bar is not
required.

Finally, based on bars with very short development lengths {most with values of
Ly dy <2 15), it was observed that smaller diameter bars required lower development
lengths than predicted by Eq. (5.3} As a result, the required development lengths for
No. 6 (No. 19} and smaller bars were reduced below the values required by Eq. (5.3).7

Reference 5,15 presents a detailed discussion of the factors that control the bond
and development of reinforcing bars in tension, Except as noted, these influences are
accounted for in the basic equation for development length in the 2002 ACI Code. All
madification factors for development length are defined explicitly in the Code, with
appropriate restrictions, Details are given next,

P The use of Eg. (5.3) for low valoes of |-d, greatly onderestimates the acteal value of hond strength and makes it appear that a lower value of {;
can be used safely. An evalwation of est results Tor smafl bars with more realistic developnent lengths (- o, = 16), however, has shown that the
special provision in the ACT Code Tor smaller bars is not justilied (Refs, 5,04, 53,15, and 5.23), Becaose of the snconservative natere of the small
bar provision, ACH Commitiee 408 (Rel, 5,15} recommends that i not be applied in design,
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ACI| CopEe ProvisioNS FOR DEVELOPMENT
OF TENSION REINFORCEMENT

The approach to bond strength incorporated in the 2002 ACI Code follows from the
discussion presented in Section 5.2, The fundamental requircment is that the calcu-
lated force in the reinforcement at each section of a reinforced concrete member must
be developed on each side of that section by adequate embedment length, hooks,
mechanical anchorage, or a combination of these, to ensure against pullout. Local high
bond forces, such as are known to exist adjacent to cracks in beams, are not consid-
ered to be significant. Generally, the force to be developed is calculated based on the
yield stress in the reinforcement; i.e., the bar strength is to be fully developed.

In the 2002 ACI Code, the required development length for deformed bars in ten-
sion is based on Eq. (3.3). A single basic equation is given thai includes all the influ-
ences discussed in Section 5.2 and thus appears highly complex because of its inclu-
siveness, However, it does permit the designer to see the effects of all the controlling
variables and allows more rigorous calculation of the required development length
when it is critical. The ACI Code also includes simplified cquations that can be used
for most cases in ordinary design, provided that some restrictions are accepied on bar
spacing, cover values, and minimum transverse reinforcement, These alternative equa-
tions can be further simplified for normal-density concrete and uncoated bars.®

In the following presentation of development length, the basic ACI equation is
given first and its terms are defined and discussed. After this, the alternative equations,
also part of the 2002 ACT Code, are presented. Note that, in any case, development
length /; must not be less than 12 in,

a. Basic Equation for Development of Tension Bars

According to ACT Code 12.2.3, for deformed bars or deformed wire,

i L
L= 0T W dy (5.4)

dy,

in which the term (¢ + K)o, shall not be taken greater than 2.5, In Eq. (5.4), terms
are defined and values established as lollows.

= reinforcement location factor
Horizontal reinforcement so placed that more than 12 in. of fresh
concrele is cast in the member below the development length or

splice: 1.3
Other reinlorcement: Lo
= goating factor
Epoxy-coated bars or wires with cover less than 34, or clear
spacing less than 6d,: .5
All other epoxy-coated bars or wires: 1.2

P This twirtiered approach (o development fength corresponds exactly 1o the ACTHCode treatment for V, the contribution of concrete in shear
cafculations. The more detailed calcolation by Fo. (4.12a) is wseful for compuoterieed design or reseanch but is tedious for manual caloulatons
becawse of the need (o recalowlate the poverning variables at close intervals along the span, For ordinary design, recognizing that overall cconomy
15 bt Bttle affected, the simmpler but more approximate and more conservative Bg. (41200 is used,
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Uncoated reinforcement: L0
However, the product of - - need not be taken greater than 1.7.

= reinforcement size factor

No. 6 (No. 19) and smaller bars and deformed wires: 0.8°

No. 7 (No. 22) and larger bars: 1.0
= lightweight aggregate concrete factor

When lightweight aggregate concrete is used: L3

However, when f, is specified, - shall be permitted to be taken as
6.7 f: f. but not less than 1.0,

When normal-weight concrete is used: L0

¢ = spacing or cover dimension. in.
Use the smaller of either the distance from the center of the bar to the nearest
concrete surface or one-half the center-to-center spacing of the bars being
developed.

K, = transverse reinforcement index: A, f,, - (15005m)
where A, = total cross-sectional area of all transverse reinforcement that is
within the spacing 5 and that crosses the potential plane of split-
ting through the reinforcement being developed, in’
F.. = specified yield strength of transverse reinforcement, psi
5 = maximum spacing of transverse reinforcement within /, center-to-
center, n.
1 = number of bars or wires being developed along the plane of splitting

It shall be permitted to use K, = 1) as a design simplification even if transverse rein-
forcement is present.

The limit of 2.5 on (¢ + K,,) d,, is imposed to avoid pullout failure. With that term
taken equal to its limit of 2.5, evaluation of Eq. (5.4) results in [, = 0.03d,f, - f. the
experimentally derived limit found in earlier ACI Codes when pullout failure controls,
Note that in Eq. (5.4) and in all other ACI Code equations relating to the development
length and splices of reinforcement, values of - f: are not to be taken greater than
100 psi because of the lack of experimental evidence on bond strengths obtainable
with concretes having compressive strength in excess of 10,000 psi at the time that

Eqs. (5.3) and (5.4) were formulated. More recent tests with concrete with values of

[ 1o 16,000 psi justify this limitation.

Simplified Equations for Development Length

Caleulation of required development length (in terms of bar diameter) by Eq. (5.4)
requires that the term (¢ -+ K_) d, be calculated for each particular combination of
cover, spacing, and transverse reinforcement. Alternatively, according to the Code, a
simplified form of Eq. (5.4) may be used in which (¢ + K, ) o), is set equal to 1.5, pro-
vided that certain restrictions are placed on cover, spacing, and transverse reinforce-
ment. Two cases of practical importance are:

(a) Minimum clear cover of 1.0d,, minimum clear spacing of 1.0d,. and at least the
Code required minimum stirrups or ties (see Section 4.5b) throughout [,
() Minimum clear cover of 1.04, and minimum clear spacing of 24,

P ACT Committee 208 recommends o value of 10 for all bar sizes based on experimental evidence, The ACT Code value of 0.8, however, will be

wsed in what foblows,
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TABLE 5.1
Simplified tension development length in bar diameters according to the 2002 ACI
Code
No. 6 (No. 19) and
smaller bars and No. 7 (No. 22)
deformed wires and larger bars
Clear spacing of bars being developed or spliced [ fio--
= d,. clear cover = d,. and stirrups or ties fi= - .z-a = i = - 0.7 d;
throughout [, not less than the Code minimum >k e
Clear spacing of bars being developed or spliced Same as above Same as abowve
= 2, and clear cover = o,
A 3,
(hher cases Iy= . —- £y = - L i
5004 400 f,

“or reasons discussed in Section 5,34, ACH Committee 408 recommends that £, for Moo 7 (No. 223 and Larger bars be used for all bar sizes,

For either of these common cases, it 15 casily confirmed from Eq. (3.4) that, for No, 7
(No. 22) and larger bars;

i
I = 2-{}. f s, (5.5a)
and for No. 6 (No. 19) bars and smaller (with - = 0.8):
L= g (5.5h)
35 f:

If these restrictions on spacing are not met, then, provided that Code-imposed mini-
mum spacing requirements are met (see Section 3.6¢), the term (¢ + K, ) o, will have
a value not less than 1.0 {rather than .5 as before) whether or not transverse steel is
used. The values given by Egs. (5.5a) and (5.5b) are then multiplied by the factor
1.5- 1.0,

Thus if the designer accepts certain restrictions on bar cover, spacing, and trans-
verse reinforcement, simplified calculation of development requirements is possible,
The simplified equations are summarized in Table 5.1,

Further simplification is possible for the most common condition of normal-
density concrete and uncoated reinforcement. Then - and - in Table 5.1 take the value
1.0, and the development lengths, in terms of bar diameters, are simply a function of
. 1. and the bar location factor - . Thus development lengths are easily tabulated for
the usual combinations of material strengths and bottom or top bars and for the restric-
tions on bar spacing, cover, and transverse steel defined.” Results are given in Table
ALLD of Appendix AL

Regardless of whether development length is calculated using the basic Eq. (5.4)
or the more approximate Eqs. (5.5a) and (5.38), development length may be reduced

P Note that, for comvenient reference, the term top bar is wsed for any horizontal reinforcing bar placed with more than 12 in, of fresh concrete cast
below the development lemgth or splice. This definition may require that bars relatively near the bottom of @ deep member be treated a5 top bars,
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where reinforcement in a flexural member is in excess of that required by analysis,
except where anchorage or development for f, is specifically required or the rein-
forcement is designed for a region of high seismic risk. According to the ACI Code.
the reduction is made according to the ratio (A, required- A, provided).

Development length in tension. Figure 5.8 shows a heam-column joint in a continuous
building frame. Based on frame analysis, the negative steel required at the end of the beam
is 2.90 in®: two No. 11 (No. 36) bars are used, providing A, =312 in”. Beam dimensions
are b= 10in., d = I8 in, and it = 21 in. The design will include Mo, 3 (No, 10) stirmups
spaced four at 3 in.. followed by a constant 5 in. spacing in the region of the support, with
1.5 in. clear cover. Normal-density concrete is to be used, with £ = 4000 psi, and reinforc-
ing bars have £, = 60,000 psi. Find the minimum distance [ at which the negative bars can
be cut off, based on development of the required steel area at the face of the column (&) using
the simplified equations of Table 5.1, (k) using Table A. [0, of Appendix A, and (¢} using the
basic Eq. (5.4).

Sovvmion,  Checking for lateral spacing in the No, 11 {(No. 36) bars determines that the
clear distance between the bars 15 10 — 20030 + 038 + 1.41) = 342 0., or 2.43 times the
bar diameter o,. The clear cover of the No. 11 (No. 36) bars to the side face of the beam is
150 + 038 = |88 in., or 1.33 bar diameters, and that to the top of the beam is 3.00 —
1.41-2 = 2.3010n,, or 1.63 bar diameters. These dimensions meet the restrictions stated in
the second row of Table 5.1. Then for top bars, uncoated, and with normal-density concrete.,

we have the values of - = 1.3, = 1.0, and - = 1.0. From Table 5.1:
® 13 L0 =1
I = 60.000 Sx 10 0 141 = 62 X 141 = 87 in.
20 0K

This can be reduced by the ratio of steel required to that provided, so that the final develop-
ment fength is 87 > 2.90-3.12 = 8] in.

Alternatively, from the lower portion of Table A.10, {;-d,, = 62. The required length o
point of cotoff is 62 > 141 % 2.90-3.12 = 81 in., as before,

The more accurate Fq. (5.4) will now be used. The center-to-center spacing of the No_ 11
(No, 36) bars is 10 — 201.50 + 0.38 + 1L41-2) = 4.83, one-half of which is 2.42 in. The
side cover to bar centerline is 1.50 + 038 + [.41-2 = 259 in., and the top cover 15 3.00 in,
The smallest of these three distances controls, and ¢ = 2.42 in. Potential splitting would be

21"
l-'_ i _'-|JJN0.1U{N0.32}
-~
I _J_I_ 2 No. 11 (No. 36)
Colurmn I| Il }
I- ol 0
Sp;ce— _IJI__Jl_I_ Iy __L l*m q
-3 pr—— —
Z’dear—-_?_-—j_i; r:—l—{ —I- —I- L T%”—-. L—}ﬁi _Ln 211~
- 1
_[__:.L.JJJ.J__L_J____ ,!_%1 | l
1|:::£,_,— No. 11 (No. 36) o3 (o 10
T _n‘,‘\—r Mo. 4 (Mo. 13) ties stirrups

(a) (b)



Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text 5 Tha Mchraw—Hilt

Design of Concrete Developmeant Length Campisnas, 2004
Structures, Thirteenth
Edition

176 DESIGN OF CONCRETE STRUCTURES  Chapter 5

in the horizontal plane of the bars, and in calculating A, two times the stirrup bar area is
used.” Based on the No. 3 (No. 10) stirrups at 5 in. spacing:

-+ K
_ 001 = 2 = 60000 —~ 0.88 and [ v 242 + (.88

K
" 1500 x 5% 2 dy 1.41

= 134

This is less than the limit value of 2.5, Then from Eq. (5.4

| 3X60.000 X 1.3

J

440 4000 = 234

B4l =40 % 141 = 337 in.

and the required development length is 55,7 > 2.90- 3,12 = 52 in. rather than 81 in. as
before. Clearly, the use of the more accurate Eq. (5.4) permits a considerable reduction
in development length. Even though its use requires much more time and effort, it is jus-
tified if the design is to be repeated many times in a structure.

ANCHORAGE OF TENSION Bars By Hooks

a. Standard Dimensions

In the event that the desired tensile stress in a bar cannot be developed by bond alone,
it is necessary (o provide special anchorage at the ends of the bar, usually by means of
a 90° or a 180° hook. The dimensions and bend radii for such hooks have been stan-
dardized in ACI Code 7.1 as follows (see Fig. 5.9);

1. A 180° bend plus an extension of at least 4 bar diameters, but not less than 23 in.
at the free end of the bar, or
2. A 907 bend plus an extension of at least 12 bar diameters at the free end of the
bar, or
3. For stirrup and tie anchorage only:
(a) For No. 5 (No. 16) bars and smaller, a 90° bend plus an extension of at least 6
bar diameters at the free end of the bar, or
(b} For Nos. 6.7, and & (Nos. 19, 22, and 25) bars, a 90° bend plus an extension of
at least 12 bar diameters at the free end of the bar, or
(¢) For No. 8 (No. 25) bars and smaller, a 135 bend plus an extension of at least 6
bar diameters at the free end of the bar.

The minimum diameter of bend, measured on the inside of the bar, for standard
hooks other than for stirrups or ties in sizes Nos. 3 through 5 (Nos. 10 through 16),
should be not less than the values shown in Table 5.2, For stirrup and tie hooks, for
bar sizes No. 5 (No. 16) and smaller, the inside diameter of bend should not be Jess
than 4 bar diameters, according to the ACI Code.

When welded wire reinforcement (smooth or deformed wires) is used for stir-
rups or ties, the inside diameter of bend should not be less than 4 wire diameters for
deformed wire larger than D6 and 2 wire diameters for all other wires. Bends with an
inside diameter of less than 8 wire diameters should not be less than 4 wire diameters
from the nearest welded intersection.

T the wop cover had controlled, the patential splitting plane would he vertical and one times the stirmup bar area would be vsed in caleulating A,
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r— 12dy —*
=
j4db = 2%"
—wl bk, o,
{a)
6d
L l-l—1 Edﬁ —l'I 1357 -
6d
q L&
Mo. 5 (No. 18) Mos. 8, 7, or 8 Mo. B {No. 25)
bar or smaller (Mos. 19, 22, or 25) bar or smaller
bar
—-'I L—db. —-I L—dﬂ _"I L_db
(b)

TABLE 5.2
Minimum diameters of bend for standard hooks
Bar Size Minimum Diameter
Nos. 3 through 8 {(Nos. 10 through 25) 6 bar diameters
Nos, 0,10, and 11 (Nos. 29, 32, and 36) & bar diameters
Nos, 14 and 18 {Nos, 43 and 57) 1) bar diameters

Development Length and Modification Factors
for Hooked Bars

Hooked bars resist pullout by the combined actions of bond along the straight length
of bar leading to the hook and anchorage provided by the hook. Tests indicate that the
main cause of failure of hooked bars in wension is splitting of the concrete in the plane
of the hook. This splitting is due to the very high stresses in the concrete inside of the
hook: these stresses are influenced mainly by the bar diameter o, for a given tensile
force, and the radius of bar bend. Resistance to splitting has been found to depend on
the concrete cover for the hooked bar, measured laterally from the edge of the mem-
ber to the bar perpendicular o the plane of the hook, and measured to the top {or bot-
tom) of the member from the point where the hook starts, parallel 1o the plane of the
hook. If these distances must be small, the strength of the anchorage can be substan-
tially increased by providing confinement steel in the form of closed stirrups or ties.
ACI Code 12.5 provisions for hooked bars in tension are based on research sum-
marized in Refs, 5.8 and 5.9, The Code requirements account for the combined con-
tribution of bond along the straight bar leading to the hook. plus the hooked anchor-
age. A total development length {, is defined as shown in Fig. 5.10 and is measured
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FIGURE 5.10 |

Bar derils for development

of standard hooks,

c.

I

Critical

section 12d,

-— 4dj, for Mos. 3 through 8 {Nos. 10 through 25) bars
L— 54}, for Mos. 9 through 11 {Mos. 29 through 36} bars
L— G, for Nos. 14 and 18 (Mos. 43 and 57) bars

1w

4dy = 2

nal

b

ot Idh

from the critical section to the farthest point on the bar, parallel to the straight part of
the bar. For standard hooks, as shown in Fig. 5.9, the development length is
002 f,

-

with - = 1.2 for epoxy-coated reinforcement and - = 1.3 for lightweight aggregate
concrete, For other cases, - and - are taken as 1.0,

The development length [, should be multiplied by certain applicable modify-
ing factors, summarized in Table 5.3, These factors are combined as appropriate: ¢.g..
if side cover of at least 2% in. is provided for a 180° hook, and if, in addition, ties are
provided, the development length is multiplied by the product of 0.7 and 0.8, In any
case, the length [, is not to be less than 8 bar diameters and not less than 6 in.

Transverse confinement steel is essential if the full bar strength must be devel-
oped with minimum concrete confinement, such as when hooks may be required at the
ends of a simply supported beam or where a beam in a continuous structure frames
into an end column and does not extend past the column or when bars must be
anchored in a short cantilever, as shown in Fig. 5,11 (Ref, 5. 11). According o ACI
Code 12.5.4, for bars hooked at the discontinuous ends of members with both side
cover and top or bottom cover less than 2% in., hooks muest be enclosed with closed
stirrups or tics along the full development length, as shown in Fig. 5.11. The spacing
of the confinement steel must not exceed 3 times the diameter of the hooked bar o,
and the first stirrup or tic must enclose the bent portion of the hook within a distance
equal to 2d;, of the outside of the bend. In such cases, the factor 0.8 of Table 3.3 does
not apply.

d, (5.6)

Ly =

Mechanical Anchorage

For some special cases, e.g., at the ends of main flexeral reinforcement in deep beams,
there is not roomn for hooks or the necessary confinement steel, and special mechani-
cal anchorage devices must be used. These may consist of welded plates, manufac-
tured devices, or T-headed bars, the adequacy of which must be established by tests,
Development of reinforcement, when such devices are employed, may consist of the
combined contributions of bond along the length of the bar leading to the critical sec-
tion, plus that of the mechanical anchorage; that is to say, the total resistance is the
sum of the parts,
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TABLE 5.3
Development lengths for hooked deformed bars in tension
002 f,
A. Development length [, for hooked bars : —f_ d,

B. Muodification factors applied o [,

Vior No. 11 (Mo, 36) and smaller bar hooks with side cover {normal to

plane of hook) not less than 2% in., and for 90° hooks with cover

on bar extension beyond hook not less than 2 in. 07
For W hooks of No. 11 {Na, 36) and smaller bars that are either

enclosed within ties or stirmps perpendicolar to the bar being

developed, spaced not greater than 3d, along the development

length [, of the hook; or enclosed within ties or stirmups parallel

to the bar being developed, spaced not greater than 3d, along the

length of the tail extension of the hook plus bend 8
For EB0° hooks of No. 1] iMNo. 36) and smaller bars that are

enclosed within ties or stirrups perpendicalar 1o the bar being

developed. spaced not greater than 3d,, along the development

length {,, of the hook 08

Where anchorage or development for £, is not specifically required,

- . i  ed by anatyi A, required
reinforcement in excess of that requi analysis T E—
4 - ¥ A, needed
For epoxy-coated bars 1.2
For other bars 1.0
For epoxy-coated bars 1.3
For normal-weight concrete 1.0

FIGURE 5.11 Ties or stirrups
Transverse reinforcement required
requirements at - Lan -
discontinuouns ends of
members with small ﬁf" 2
cover distances. ¥
-t —
]
-
d [y 2d,  Section a-a
— Pe— == Bdb
‘i
EXAMPLE 5.2 Development of hooked bars in tension. Referring to the beam-column joint shown in

Fig. 5.8, the No. 11 {MNo. 36) negative bars are to be extended into the column and termi-
nated in a standard 907 hook, keeping 2 in. clear to the outside face of the column. The col-
umn width in the direction of beam width is 16 in. Find the minimum length of embedment
of the hook past the column face, and specify the hook details.
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Sorvrion.  The development length for hooked bars, measured from the critical section
along the bar to the far side of the vertical hook, is ziven by Eq. (5.0):

0.02 = 60.000
'E:.fh =141 = 2T in.
3000

In this case, side cover for the No. [1 (No. 36) bars exceeds 2.5 in. and cover beyond the
bent bar 15 adequate, so a modifying factor of 1.7 can be applied. The only other factor apphi-
cable is for excess reinforcement, which is 0,93 as for Example 3.1, Accordingly, the mini-
mum development length for the hooked bars is

i

i

p =27 %07 % 093 = 18 in.

With 21 — 2 = 19 in. available, the required length is contained within the column. The
hook will be bent to a minimum diameter of 8 > 1.41 = [1.28 in. The bar will continue for
12 bar diameters, or 17 in. past the end of the bend in the vertical direction.

ANCHORAGE REQUIREMENTS FOR WEE REINFORCEMENT

Stirrups should be carried as close as possible to the compression and tension faces of
a beam, and special antention must be given to proper anchorage. The truss model (see
Section 4.8 and Fig. 4.19) for design of shear reinforcement indicates the development
of diagonal compressive struts, the thrust from which is equilibrated, near the wp and
borom of the beam, by the tension web members (i.e., the stirrups). Thus, at the fac-
tored load, the wensile strength of the stirrups must be developed for almost their full
height, Clearly, it is impossible to do this by development length. For this reason, stir-
rups normally are provided with 907 or 1357 hooks at their upper end (see Fig. 5.9b
for standard hook details) and, ar their lower end. are beat H° o pass around the lon-
gitudinal reinforcement. In simple spans, or in the positive bending region of contin-
uous spans, where no top bars are required for flexure, stirrup support bars must be
used. These are usually about the same diameter as the stircups themselves, and they
not only provide improved anchorage of the hooks but also facilitate fabrication of the
reinforcement cage, holding the stirrups in position during placement of the concrete,

ACTE Code 12,13 includes special provisions for anchorage of web reinforce-
ment. The ends of single-leg, simple-U., or multiple-U stirrups are o be anchored by
one of the following means:

1. For Mo. 5 {(No. 16) bars and smaller, and for Nos, 6, 7, and 8 (Nos, 19, 22, and
25} bars with f, of 40,000 psi or less, a standard hook around longitudinal rein-
forcement, as shown in Fig. 5.12a.

2. For Nos, 6,7, and 8 (Nos, 19, 22, and 25) stirrups with f, greater than 40,000 psi,
a standard hook around a longitudinal bar, plus an embedment between midheight
of the member and the ouwside end of the hook equal to or greater than
0.004d,f.- - [ in., as shown in Fig. 5.126.

ACI Code 12.13 specifies further that, between anchored ends, each bend in the
continuous portion of a simple-U or multiple-U stirrup shall enclose a longitdinal
bar, as in Fig. 5.12¢. Longitudinal bars bent to act as shear reinforcement. if extended
into a region of wnsion. shall be continuous with longitudinal reinforcement and, if
extended imto a region of compression, shall be anchored bevond middepth o 2 as



Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text 5 Tha Mchraw—Hilt

Design of Concrete Developmeant Length Campisnas, 2004
Structures, Thirteenth
Edition
BOND, ANCHORAGE, AND DEVELOPMENT LENGTH 181
FIGURE 5.12 J ;
ACT requirements for strmup 5 ;D_ﬂ‘M b ¥
anchorage: (@) No. 5 (Na. Nl N r

bap stirmeps and smaller, and
Nos, 6,7, and & (Nos, 19, 22,
and 25) stirrups with yield
stress not exceeding

40,000 psi; (b) Nos. 6, 7, {a) (b)
and 8 stirrups (Nos, 19, 22,
and 25) with yield stress
exceading 40,000 psi;

() wide beam with multiple-

leg U stirrups: (d) pairs of jﬂ 3l
LI stirrups forming a closed
unit. See Fig. 5.9 for

alternative standard hook
details. (c) (d)

specified for development length. Pairs of U-stirrups or ties so placed as to form a
closed unit shall be considered properly spliced when length of laps are 1.31; as in
Fig. 5.12d. In members at least 18 in. deep, such splices are considered adequate if the
stirrup legs extend the full depth of the member.

Other provisions are contained in the ACl Code relating to the use of welded
wire reinforcement, which is sometimes used for web reinforcement in precast and
prestressed concrete beams.

WEeLDED WIRE REINFORCEMENT

Tensile steel consisting of welded wire reinforcement (often referred to as welded wire
fabric), with either deformed or smooth wires, is commonly used in one-way and two-
way slabs and certain other types of members (see Section 2.15). For deformed wire
reinforcement, some of the development is assigned to the welded cross wires and
some to the embedded length of the deformed wire. According to ACI Code 12,7, the
development length of welded deformed wire reinforcement measured from the point
of the critical section to the end of the wire is computed as the product of the devel-
opment length [, from Table 5.1 or from the more accurate Eq. (5.4) and the appro-
priate modification factor or factors related to those equations, except that the epoxy
coating factor - is taken as L0 and the development length is not to be less than 8 in.
Additionally, for welded deformed wire reinforcement with at least one cross wire
within the development length and not less than 2 in. from the point of the critical sec-
tion, a wire fabric factor equal to the greater of

L 35,000
fy = 2200 (5.7a)
Iy
0ar
5
:f” (5.7h)

can be applied, where s, is the lateral spacing of the wire being developed: but this
factor need not exceed 1.0, For welded wire deformed reinforcement with no cross



Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text 5 Tha Mchraw—Hilt

Design of Concrete Developmeant Length Campisnas, 2004
Structures, Thirteenth
Edition

182 DESIGN OF CONCRETE STRUCTURES  Chapter 5

wires within the development length or with a single cross wire less than 2 in. from
the point of the critical section, the wire fabric factor is taken to be equal to 1.0 and
the development length determined as for the deformed wire.

For smooth welded wire reinforcement, development is considered to be pro-
vided by embedment of two cross wires, with the closer wire not less than 2 in. from
the critical section. However, the development length measured from the critical sec-
tion to the outermost cross wire is not to be less than

Iy = 027 Lﬂ_ (5.8)
o Ji
according to ACI Code 12,8, where A, is the cross-sectional area of an individual wire
to be developed or spliced. Modification factors pertaining to excess reinforcement
and lightweight concrete may be applied, but [, is not to be less than 6 in. for the
smooth welded wire reinforcement.”

DeveLoPMENT OF BArs IN COMPRESSION

Reinforcement may be required to develop its compressive strength by embedment
under various cireumstances, e.g.. where bars transfer their share of column loads to a
supporting footing or where lap splices are made of compression bars in column (see
Section 5.11). In the case of bars in compression, a part of the total force is transferred
by bond along the embedded length, and a part is transferred by end bearing of the
bars on the concrete. Because the surrounding concrete is relatively free of cracks and
because of the beneficial effect of end bearing, shorter basic development lengths are
permissible for compression bars than for tension hars. If transverse confinement steel
is present, such as spiral column reinforcement or special spiral steel around an indi-
vidual bar, the required development length is further reduced. Hooks such as are
shown in Fig. 5.9 are nor effective in transferring compression from bars to concrete,
and. if present for other reasons, should be disregarded in determining required
embedment length,

According to ACI Code 12,3, the development length in compression is the

greater of
0.02 f,
b, = - — i(5.9q)
. _F’g'.
Ly = 00003 . d, (5.95)

Modification factors summarized in part B of Table 5.4, as applicable, are applied to
the development fength in compression to obtain the value of development length [,
o be used in design. In no case is {; to be less than § in., according to the ACI Code.
Basic and modified compressive development lengths are given in Table A.11 of
Appendix A.

BunDLED BARS

It was pointed out in Section 3.6¢ that it is sometimes advantageous to “bundle™ ten-
sile reinforcement in large beams, with two, three, or four bars in contact, to provide

P The ACT Code offers no explanation as 1o why . = 6 in. for smooth wire Tabric, but § in. for defonmed welded wire reinforeement.
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TABLE 5.4
Development lengths for deformed bars in compression
0027,
. = - —- d,
A. Basic development length [, : 5
= 0.0003 f, o,
B, Muodification factors 1o be applied to [,
i . . ) A, required
Reinforcement in excess of that required by analysis i
A, provided

Reinforcement enclosed within spiral
reinforcement not less than + in, diameter and
not more than 4 in. pitch or within No. 4 (No. 13)
tes spaced at not more than 4 . on centers 0.7%

for improved placement of concrete around and between bundles of bars. Bar bundles
are tvpically triangular or L shaped for three bars, and square for four, When bars are
cut off in a bundled group. the cutoff points must be staggered at least 40 diameters,
The development length of individual bars within a bundle, for both tension and com-
pression, is that of the individeal bar increased by 20 percent for a three-bar bundle
and 33 percent for a four-bar bundle, to account for the probable deficiency of bond at
the inside of the bar group.

Bar Cutorr aND BEND PoOINTS IN BEAMS

Chapter 3 dealt with moments, flexural stresses, concrete dimensions, and longitudi-
nal bar arcas at the critical moment sections of beams, These eritical moment sections
are generally at the face of the supports (negative bending) and near the middie of the
span (positive bending). Occasionally, haunched members having variable depth or
width are used so that the concrete flexural capacity will agree more closely with the
variation of bending moment along a span or series of spans, Usually, however, pris-
matic beams with constant concrete cross-section dimensions are used 1o simplify
formwork and thus 1o reduce cost,

The steel requirement, on the other hand. is easily varied in accordance with
requirements for flexure, and it is common practice cither 1o cut off bars where they
are no longer needed 1o resist stress or, sometimes in the case of continuous beams, ©
bend up the botom steel {usually at 437 so that it provides wensile reinforcement at
the top of the beam over the supports.

a. Theoretical Points of Cutoff or Bend

The tensile foree 1o be resisted by the reinforcement at any cross section is
M

-

I=Alf =

where M is the value of bending moment at that section and z is the internal lever arm
of the resisting moment. The lever arm z varies only within narrow limits and is never
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FIGURE 5.13
Bar cutoff points from
moment diagrams.

less than the value at the maximum-moment section. Consequently, the tensile force
can be taken with good accuracy directly proportional to the bending moment. Since
it is desirable to design so that the steel everywhere in the beam is as nearly fully
stressed as possible, it follows that the required steel area is very nearly proportional
to the bending moment.

To illustrate, the moment diagram for a uniformly loaded simple-span beam
shown in Fig. 5.13a can be used as a steel-requirement diagram. At the maximum-
moment section, 100 percent of the tensile steel is required (0 percent can be discon-
tinued or bent), while at the supports, (0 percent of the steel is theoretically required
(100 percent can be discontinued or bent). The percentage of bars that could be dis-
continued elsewhere along the span is obtainable directly from the moment diagram,
drawn to scale. To facilitate the determination of cutoff or bend points for simple
spans, Graph A.2 of Appendix A has been prepared. It represents a half-moment dia-
gram for a uniformly loaded simple span.

To determine cutoff or bend points for continuous beams, the moment diagrams
resulting from loading for maximum span moment and maximum support moment are

Moment

diagram - — 100 —0

- 1 3
18 o 2
— N T = —— 1=
1 8 4 8
5 A
—50 & 50 ©
———————————————— o — — =
' 14 & 4 £
| - - &
—0 —100

= Theoretical cut points —-I
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drawn. A moment envelope results that defines the range of values of moment at any
section. Cutoff or bend points can be found from the appropriate moment curve as for
simple spans. Figure 5,135 illustrates, for example, a continuous beam with moment
envelope resulting from alternate loadings to produce maximum span and maximum
support moments. The locations of the peints at which 50 percent of the bottom and
top steel may theoretically be discontinued are shown.

According to ACI Code 8.3, uniformly loaded, continuous reinforced concrete
beams of fairly regular span may be designed using moment coefficients (see Table
12.1). These coefficients, analogous to the numerical constant in the expression fwl’
tfor simple-beam bending moment, give a conservative approximation of span and sup-
port moments for continuous beams. When such coefficients are used in design. cut-
off and bend points may conveniently be found from Graph A3 of Appendix A.
Moment curves corresponding to the various span and support-moment coefficients
are given at the top and bottom of the chart, respectively.

Alternatively, if moments are found by frame analysis rather than from ACI
moment coefficients, the location along the span where bending moment reduces to
any particular value {e.g.. as determined by the bar group after some bars are cut off),
or to zero, is easily computed by statics,

Practical Considerations and ACI Code Requirements

Actually. in no case should the tensile steel be discontinued exactly at the theoretically
described points. As described in Section 4.4 and shown in Fig. 4.9, when diagonal
tension cracks form, an internal redistribution of forces occurs in a beam. Prior to
cracking, the steel tensile force at any point is proportional to the moment at a verti-
cal section passing through the point. However, after the crack has formed, the tensile
foree in the steel at the crack is governed by the moment at a section nearer midspan,
which may be much larger. Furthermore, the actual moment diagram may differ from
that used as a design basis, due to approximation of the real loads. approximations in
the analysis, or the superimposed effect of settlement or lateral loads. In recognition
of these facts, ACI Code 12.10 requires that every bar should be continued at least a
distance equal to the effective depth of the beam or 12 bar diameters (whichever is
larger) beyond the point at which it is theoretically no longer required to resist stress.

In addition, it is necessary that the calculated stress in the steel at each section
be developed by adequate embedded length or end anchorage. or a combination of the
two. For the usual case, with no special end anchorage, this means that the full devel-
opment length {; must be provided beyond critical sections at which peak stress exists
in the bars. These critical sections are located at points of maximum moment and at
points where adjacent terminated reinforcement is no longer needed to resist bending.”

Further reflecting the possible change in peak-stress location, ACI Code 12.11
requires that at least one-third of the positive-moment steel (one-fourth in continuous

" The ACT Code is ambigoous as o whether or not the extension length o 124, is 0 be added w the reguired development fength 1, The Code
Commentary presents the view that these reguirements need nod be soperimposed, and Figo 5,04 has been prepared on that basis, However, the
arpument just preseoled regarding possible shifts in moment comves or steel stress distobotion curves leads o the conclusion that these
regquirements shoubd be superimposed. In such cases, each bar should be contined w distance [ plus the greater of o or 124, bevond the peak

stress location,
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spans) must be continued uninterrupted along the same face of the beam a distance at
least & in. into the support. When a flexural member is a part of a primary lateral load
resisting system, positive-moment reinforcement required to be extended into the sup-
port must be anchored to develop the vield strength of the bars at the face of support to
account for the possibility of reversal of moment at the supports. According to ACI Code
12.12, at least one-third of the total reinforcement provided for negative moment at the
support must be extended beyond the extreme position of the point of inflection a dis-
tance not less than one-sixteenth the clear span, or d. or 124, whichever is greatest.

Requirements for bar-cutoff or bend-point locations are summarized in Fig. 5.14.
If negative bars L are to be cut off, they must extend a full development length [, beyond
the face of the support. In addition. they must extend a distance d or 124, beyond the
theoretical point of cutoff defined by the moment diagram. The remaining negative bars
M (at least one-third of the total negative area) must extend at least {; beyond the theo-
retical point of cutoff of bars L and in addition must extend d, 12d,, or |, 16 (whichever
is greatest) past the point of inflection of the negative-moment diagram.

If the positive bars N are to be cut off, they must project {; past the point of theo-
retical maximum moment, as well as o or 12d, beyond the cutoff point from the positive-
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C.

moment diagram. The remaining positive bars € must extend [, past the theoretical point
of cutoff of bars N and must extend at least 6 in. into the face of the support.

When bars are cut off in a tension zone, there is a tendency toward the formation
of premature flexural and diagonal tension cracks in the vicinity of the cut end. This
may result in a reduction of shear capacity and a loss in overall ductility of the beam.
ACI Code 12,10 requires special precautions, specifving that no flexural bar shall be
terminated in a tension zone unless one of the following conditions is satisfied:

1. The shear is not over two-thirds of the design strength - V.,

2. Stirrups in excess of those normally required are provided over a distance along
each terminated bar from the point of cutoff equal lo% . These “binder™ stirrups
ghall provide an area A, = 60 b_s /.. In addition, the stirrup spacing shall not
exceed d- 8-, where -, is the ratio of the area of bars cut off to the total area of
bars at the section,

3, The continuing bars, if No, 11 (No. 36) or smaller, provide twice the area required
for flexure at that point, and the shear does not exceed three-quarters of the design
strength -V,

As an alternative to cutting off the steel, tension bars may be anchored by bend-
ing them across the web and making them continuous with the reinforcement on the
opposite face. Although this leads to some complication in detailing and placing the
steel, thus adding to construction cost, some engineers prefer the arrangement because
added insurance is provided against the spread of diagonal tension cracks. In some
cases, particularly for relatively deep beams in which a large percentage of the total
bottom steel is to be bent, it may be impossible 1o locate the bend-up point for botiom
bars far enough from the support for the same bars 10 meet the requircments for top
steel. The theoretical points of bend should be checked carefully for both bottom and
top steel,

Because the determination of cutoff or bend points may be rather tedious, par-
ticularly for frames that have been analyzed by elastic methods rather than by moment
coefficients, many designers specify that bars be cut off or bent at more or less arbi-
trarily defined points that experience has proven to be safe. For nearly equal spans,
uniformly loaded. in which not maore than about one-half the tensile sieel is o be cut
oft or bent, the locations shown in Fig, 5.15 are satisfactory. Note, in Fig. 5.15, that
the beam at the exterior support at the left is shown to be simply supporied. If the beam
is monolithic with exterior columns or with a concrete wall at that end, details for a
typical interior span could be used for the end span as well.

Special Requirements near the Point of Zero Moment

While the basic requirement for flexural tensile reinforcement is that a full develop-
ment length {; be provided beyond the point where the bar is assumed fully stressed
to [, this requirement may nor be sufficient to ensure safety against bond distress,
Figure 5.16 shows the moment and shear diagram representative of a uniformly loaded
continuous beam. Positive bars provided to resist the maximum moment at ¢ are
required to have a full development length beyond the point ¢, measured in the direc-
tion of decreasing moment. Thus {; in the limiting case could be exactly equal to the
distance from point ¢ to the point of inflection. However, if thai requirement were
exactly met, then at point b, halfway from ¢ to the point of inflection, those bars would



Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text

Design of Concrete Development Length

Structures, Thirteenth

Edition
188 DESIGN OF CONCRETE STRUCTURES  Chapter 5
FIGURE 5.15

Cutoff or bend points for
bars in approximately
equal spans with
uniformly distributed
loads.

{a)

FIGURE 5.16 a b c
Development length | | |
reguirement at point of

inflection. M,

¥
M

U, ITiaK

inflection point

(b)

have only half their development length remaining, whereas the moment would be
three-quarters of that at point ¢, and three-quarters of the bar force must vet be devel-
oped. This situation arises whenever the moments over the development length are
greater than those corresponding to a linear reduction to zero. Therefore, the problem
is a concern in the positive-moment region of continuous uniformly loaded spans. but
not in the negative-moment region.
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The bond force U per unit length along the tensile reinforcement in a beam is
U = dT dx, where dT is the change in bar tension in the length dx. Since J7 = dM -z,
this can be written

M

U=—
oy

()
that is, the bond force per unit length of bar, generated by bending, is proportional to
the slope of the moment diagram. In reference to Fig. 5.16a, the maximum bond force
L/ in the positive moment region would therefore be at the point of inflection, and U
would gradually diminish along the beam toward point ¢, Clearly, a conservative
approach in evaluating adequacy in bond for those bars that are continued as far as the
point of inflection (not necessarily the full A, provided for M, at point ¢) would be to
require that the bond resistance. which is assumed to increase linearly along the bar
tfrom its end, would be governed by the maximum rate of moment increase. i.e., the
maximum slope dM- dx of the moment diagram, which for positive bending is seen to
oceur at the inflection point.

From elementary mechanics, it is known that the slope of the moment dingram
at any point is equal to the value of the shear force at that point. Therefore, with ref-
erence to Fig. 5.16, the slope of the moment diagram at the point of inflection is V.
A dashed line may therefore be drawn tangent to the moment curve at the point of
inflection having the slope equal to the value of shear force V. Then if M, is the nom-
inal flexural strength provided by those bars that extend to the point of inflection, and
it the moment diagram were conservatively assumed to vary linearly along the dashed
line tangent to the actual moment curve, from the basic relation that M, a = V,, a dis-
tanee a is established:

M”
Vi

If the bars in question were fully stressed at a distance a to the right of the point of
inflection, and if the moments diminished linearly to the point of inflection, as sug-
gested by the dashed line. then bond failure would not occur if the development length
[, did not exceed the distance a. The actual moments are less than indicated by the
dashed line, so the requirement is on the safe side.

If the bars extend past the point of inflection toward the support, as is always
required, then the extension can be counted as contributing toward satistving the
requirement for embedded length. Arbitrarily, according to ACI Code 12.11, a length
past the point of inflection not greater than the larger of the beam depth « or 12 times
the bar diameter ¢, may be counted toward satisfying the requirement. Thus, the
requirement for tensile bars at the point of inflection is that

(b)

o o=

M,
lha=—+1, (5.10)
v
where M, = nominal flexural strength assuming all reinforcement at section to be
stressed to f,
V,, = factored shear force at section
{, = embedded length of bar past point of zero moment, but not to exceed
the greater of  or 124,

A corresponding situation occurs near the supports of simple spans carrying uni-
form loads, and similar requirements must be imposed. However, because of the bene-
ficial effect of vertical compression in the concrete at the end of a simply supported
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span, which tends to prevent splitting and bond failure along the bars, the value M-V,
may be increased 30 percent for such cases, according to ACI Code 12.11. Thus, at the
ends of a simply supported span, the requirement for tension reinforcement is

I = 1_3%+IH (5.11)
"

The consequence of these special requirements at the point of zero moment is
that, in some cases, smaller bar sizes must be used to obtain smaller |, even though
requirements for development past the point of maximum stress are met,

It may be evident from review of Sections 5.9b and 5.9¢ that the determination
of cutoff or bend points in flexural members is complicated and can be extremely
time-consuming in design. It is important to keep the martter in perspective and to rec-
ognize that the overall cost of construction will be increased very little if some bars
are slightly longer than abselutely necessary, according to caleulation, or as dictated
by ACI Code provisions. In addition, simplicity in construction is a desired goal, and
can, in itself, produce compensating cost savings. Accordingly, many engincers in
practice continue all positive reinforcement into the face of the supports the required
6 in. and extend «ff negative reinforcement the required distance past the points of
inflection, rather than using staggered cutoff points,

Structural Integrity Provisions

Experience with structures that have been subjected to damage to a major supporting
element, such as a column, owing to accident or abnormal loading has indicated that
total collapse can be prevented through relatively minor changes in bar detailing. If
some reinforcement, properly confined, is carried continuously through a support,
then even if that support is damaged or destroyed. catenary action of the beams can
prevent total collapse. In general, if beams have bottom and top steel meeting or
exceeding the requirements summarized in Sections 5.9b and 5.9¢, and if binding steel
is provided in the form of properly detailed stirrups. then that catenary action can usu-
ally be ensured.

According to ACl Code 7.13.2, beams at the perimeter of the structure must have
continuous reinforcement consisting of at least one-sixth of the tension reinforcement
reguired for negative moment at the support. but not less than two bars, and at least
one-quarter of the tension reinforcement required for positive moment at midspan, but
not less than two bars. The continuous reinforcement must be enclosed by the comers
of U stirrups having not less than 1357 hooks around continuous top bars or by one-
piece closed stirrups with not less than 135° hooks around one of the continuous top
bars. Although spacing of such stirrups is not specified. the requirements for minimum
shear steel given in Section 4.5b provide guidance in regions where shear does not
require closer spacing. Stirrups need not be extended through the joints. The required
continuity of longitudinal steel can be provided with top reinforcement spliced at
midspan, and bottom reinforcement spliced at or near the supports (see Section 5.11a).

In other than perimeter beams, when stirrups as described in the preceding para-
graph are not provided, at least one-quarter of the positive-moment reinforcement
reguired at midspan, but not less than two bars, must be continuous or spliced over or
near the support with a Class A tension splice, and at noncontinuous supports must be
terminated with a standard hook.

Naote that these provisions require very little additional steel in the structure. At
least one-quarter of the bottom bars must be extended 6 in. into the support by other
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EXAMPLE 5.3

ACI Code provisions: the structural integrity provisions merely require that these bars
be made continuous or spliced. Similarly, other ACI Code provisions require that at
least one-third of the negative bars be extended a certain minimum distance past the
point of inflection: the structural integrity provisions for perimeter beams reguire only
that half of those bars be further extended and spliced at midspan.

INTEGRATED Beam DEsIGN EXAMPLE

In this and in the preceding chapters. the several aspects of the design of reinforced
concrete beams have been studied more or less separately: first the flexural design,
then design for shear, and finally for bond and anchorage. The following example is
presented to show how the various requirements for beams, which are often in some
respects conflicting, are satisfied in the overall design of a representative member,

Integrated design of T beam. A floor system consists of single span T heams 8 ft on cen-
ters, supported by 12 in. masonry walls spaced at 25 ft between inside faces, The general
arrangement is shown in Fig. 5.17a. A 5 in. monolithic slab carries a uniformly distributed
service live load of 165 pst. The T beams, in addition to the slab load and their own weight,
must carry two 16,000 Ib equipment loads applied over the stem of the T beam 3 ft from the
span centerline as shown, A complete design is to be provided for the T beams, wsing con-
crete of 4000 psi strength and bars with 60,000 psi vield stress.

Sorvrion,  According to the ACI Code, the span length is to be taken as the clear span plus
the beam depth, but need not exceed the distance between the centers of supports, The lat-
ter provision controls in this case, and the effective span is 26 fi, Estimating the beam web
dimensions to be 12 X 24 in., the calculated and factored dead loads are

Slah:
i
Ex P50 = 7 = 440 b ft

Beam:
12 % 24

150 = 300
144

wy = 740 Ib- fi
L.2w, = 890 1b- fi
The uniformly distributed Tive load is
wy= 165 x § = 1320 1b- ft
Low, = 2110 1b- fi

Live load overload factors are applied to the two concentrated loads to obtain P, = 16,000
# 1.6 = 25,600 Ib. Factored loads are summarized in Fig, 5.175.

In liew of other controlling criteria, the beam web dimensions will be selected on the
basis of shear. The left and right reactions under factored load are 256 + 3.00 = 13 = 64.6
kips. With the effective beam depth estimated to be 20 in., the maximum shear that need be
considered in design is 64.6 — 3.00(0.50 + 1.67) = 38 1 kips. Although the ACI Code per-
mits V, as high as 8- 7 b, d, this would require very heavy web reinforcement. A lower
limit of 4- f b, d will be adopted. With V, = 2§ b,_d this results in a maximum V, =
6 [ bd Thenb,d =V, 6 - f- = 58100 -6 % 075 4000 = 204 in", Cross-sec-
tional dimensions b, = 12 in. and o = 18 in. are selected, providing a total beam depth of
22 in. The assomed dead load of the beam need not be revised.



Milson-Darwin-Dolan: 5. Bond, Anchorage, and Text

Design of Concrete Development Length
Structures, Thirteenth
Edition
192 DESIGN OF CONCRETE STRUCTURES  Chapter 5

Equipment loads
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T beam design for Example 5.3,

According to the Code, the effective flange width b is the smallest of the three quantities

L 2612 _
T= =8

16h, + b, = 80 + 12 = 92 in.

Centerline spacing = 96 in.
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The first controls in this case. The maximum moment is at midspan, where
1 . .
M, = E ® 300 % 267 + 256 % 10 = 510 fi-kips

Assuming for trial that the stress-block depth will equal the slab thickness leads o

_ M, o 510x 12
o fpd—a2 090 %60 X% 155

A = 7.31in’

Then

AL 7.31 % 60 .
= = = 1.65in.
085 D85 x4 =78

o

The stress-block depth is seen to be less than the slab depth: rectangular beam equations are
validh, An improved determination of A, is
510 = 12

.= :6_6{" <
090 % 60 X 17.11 i

A check confirms that this is well below the maximum permitted reinforcement ratio. Four
No. 9 (No. 29) plus four No. 8 (No. 25) hars will be used, providing a total area of 7.14 in”,
They will be arranged in two rows, as shown in Fig, 5174, with No. 9 (No. 29) bars at the
outer end of each row, Beam width b is adequate for this bar arrangement.

While the ACI Code permits discontinuation of two-thirds of the longitudinal reinforce-
ment for simple spans, in the present case it is convenient to discontinue only the upper layer
of steel, consisting of one-half of the total area. The moment capacity of the member after
the upper layer of bars has been discontinued is then tound:

357 = 60

=085 x4 x7g  UBlin

a

a 1
SM = A d—a- = (.90 x 357 X 60 % }B_ﬁﬁxﬁ= 300 fr-kips
For the present case, with a moment diagram resulting from combined distributed and con-
centrated loads, the point at which the applied moment is equal to this amount must be cal-
culated. {In the case of uniformly loaded beams, Graphs A2 and A3 in Appendix A are
helpiul.) If x is the distance from the support centerline to the paint at which the moment is
300 fi-kips, then

Hd b —

The upper bars must be continved at least d = 1.50 ft or 124, = 1.13 ft beyond this theo-
retical point of cutoff, In addition, the full development length [, must be provided past the
maximum-moment section at which the stress in the bars to be cut is assumed 1o be f,.
Because of the heavy concentrated loads near the midspan, the point of peak stress will be
assumed 1o be at the concentrated load rather than at midspan, For the four upper bars,
assuming 1.50 in. clear cover to the outside of the No. 3 (No. 10} stirrups, the clear side
cover is 1.50 + 038 = 188 in_, or 1.664d,. Assuming equal clear spacing between all four
bars, that clear spacing is [12.00 — 2 > (1500 + 038 + LI13 + LN} 3 = L33 in., or
1.18d,. Noting that the ACI Code requirements for minimum stirrups are met, it is clear that
all restrictions for the use of the simplified equation for development length are met. From
Table 5.1 (Section 5.3), the required development length is
!,,rL[ﬂl.IS =47 = 1.13 = 53 in.
20- 4000
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or 4,42 1. Thus, the bars must be continued at Teast 3.00 + 4,42 = 7.42 fi past the midspan
point, but in addition they must continue to a point 5.30 — .50 = 3 80 ft from the support
centerline. The second requirement controls and the vpper laver of the bars will be termi-
nated, as shown in Fig, 5.17e. 330 fi from the support face. The bottom laver of bars will
be extended to a point 2 in. from the end of the beam, providing 5.55 ft embedment past the
critical section for cutoff of the upper bars. This exceeds the development length of the lower
set of bars, confirming that cutoff and extension requirements are met,

Note that a simpler design, using very little extra steel. would result from extending all
eight positive bars into the support. Whether or not the more elaborate caleulations and more
complicated placement are justified would depend largely on the number of repetitions of
the design in the total structure.

Checking by Eq. (5.12) to ensure that the continued steel is of sufficiently small diame-
ter determines that

333 = 12

= |.3w+ 3 =83in

The actual {, of 53 in, meets this restriction,

Since the cut bars are located in the tension zone, special binding stirrups will be used to
control cracking: these will be selected after the normal shear reinforcement has been
determined.

The shear diagram resulting from application of factored loads is shown in Fig, 5.17¢,
The shear contribution of the concrete is

V=095 %20 4000 = 12 % 18 = 20,500 1b

Thus web reinforcement must be provided for that part of the shear diagram shown shaded.

No. 3 (No. 100 stirrups will be selected, The maximum spacings must not exceed d-2 =
9 in, 24 in. or A (0T5 by = 022 ) 60000 (0.75 4000 % 12) = 23 in. =
A 50b, = 022 X 60000-50 % 12 = 22 in. The frst eriterion controls here, For refer-
ence, from Eq. (4. 14a) the hypothetical stirrup spacing at the support is

075 % 022 X 60 X I8

Sp = 616 — 205 = 4,04 in.
and at 2 ft intervals along the span,
5 = 4.68in,
5= A55i0n.
55 = 6.83in
= BET7in
s = 12,64 in.

The spacing need not be closer than that required 2.00 fi from the support centerline. In
addition, stirrups are not required past the point of application of concentrated load. since
bevond that point the shear is less than half of - V.. The final spacing of vertical stirrups
selected is

Pspace at 2in, = 2in,
T spaces at 4 i, = I8 1n.
8 spaces at 5 in. = 40 in,
5 spaces at 9 in, = 45 in,

Total = 115 in. = 9 ft 7 in. from the face of the
support (121 v, = 10 ft 1 in. from
the support centerling)
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Two No. 3 (No. 10) lengitudinal bars will be added to meet anchorage requirements and fix
the 1op of the stirrups.

In addition to the shear reinforcement just specified. it is necessary to provide extra web
reinforcement over a distance equal 1o § d. or 13,5 in., from the cut ends of the discontinued
steel. The spacing of this extra web reinforcement must not exceed ' 8 , = 18.(8 x 1) =
4.5 in. In addition, the area of added steel within the distance s must not be less than 60b,_5 f,
=60 * 12 % 4.5 60,000 = 0.054 in®. For convenience, No. 3 (No. 10) stirrups will be used
for this purpose also, providing an area of 0,22 in® in the distance s, The placement of the
four extra stirrups is shown in Fig. 5. 17e.

Bar SPLICES

In general, reinforcing bars are stocked by suppliers in lengths of 60 ft for bars from
No. 5 to No. 18 (No. 16 w No. 57), and in 20 or 40 {t lengths for smaller sizes. For
this reason, and because it is often more convenient 1o work with shorter bar lengths,
it is frequently necessary 1o splice bars in the field. Splices in reinforcement at points
of maximum stress should be avoided, and when splices are used they should be stag-
gered, although neither condition is practical, for example, in compression splices in
columns.

Splices for No. 11 (No. 36) bars and smaller are usually made simply by lapping
the bars a sufficient distance to transfer stress by bond from one bar to the other. The
lapped bars are usually placed in contact and lightly wired so that they stay in position
as the concrete is placed. Alternatively, splicing may be accomplished by welding or
by sleeves or mechanical devices. ACI Code 12.14.2 prohibits use of lapped splices
for bars larger than No. 11 (No. 36), except that No. 14 and No. 18 (No. 43 and No.
57) bars may be lapped in compression with No. 11 (No. 36) and smaller bars per ACI
Code 12.16.2 and 15.8.2.3. For bars that will carry only compression, it is possible to
transfer load by end bearing of square cut ends, if the bars are accurately held in posi-
tion by a sleeve or other device.

Lap splices of bars in bundles are based on the lap splice length required for indi-
vidual bars within the bundle but must be increased in length by 20 percent for three-
bar bundles and by 33 percent for four-bar bundles because of the reduced effective
perimeter. Individual bar splices within a bundle should not overlap, and entire bun-
dles must not be lap spliced.

According to ACI Code 12.14.3, welded splices must develop at least 125 per-
cent of the specified yield strength of the bar. The same requirement applies to full
mechanical connections. This ensures that an overloaded spliced bar would fail by
ductile yielding in the region away from the splice. rather than at the splice where brit-
tle failure is likely. Mechanical connections of No. 5 (No. 16) and smaller bars not

meeting this requirement may be used at points of less than maximum stress, in accor-
dance with ACI Code 12.15.4.

a. Lap Splices in Tension

The required length of lap for tension splices is stated in terms of the development
length {;. In the process of calculating {;, the usual modification factors are applied



196

Milson-Darwin-Dolan:
Design of Concrete
Structures, Thirteenth
Edition

5. Bond, Anchorage, and Text 5 Tha Mchraw—Hilt
Devalopment Length Campisnas, 2004

DESIGN OF CONCRETE STRUCTURES  Chapter 5

except that the reduction factor for excess reinforcement should not be applied
because that factor is already accounted for in the splice specification.

Two different classifications of lap splices are established, corresponding to the
minimum length of lap required: a Class A splice requires a lap of 1.0/, and a class B
splice requires a lap of 1.3/, In either case. a minimum length of 12 in. applies. Lap
splices, in general, must be class B splices. according to ACI Code 12.15.2, except that
class A splices are allowed when the area of reinforcement provided is at least twice
that required by analysis over the entire length of the splice and when one-half or less
of the total reinforcement is spliced within the required lap length. The effect of these
requirements is to encourage designers to locate splices away from regions of maxi-
mum stress, to a location where the actual steel area is at least twice that required by
analysis, and to stagger splices.

Spiral reinforcement is spliced with a lap of 484, for uncoated bars and 724, for
epoxy-coated bars, in accordance with ACI Code 7.10.4.5. The lap for epoxy-coated
bars is reduced to 484, if the bars are anchored with a standard stirrup or tie hook.

Compression Splices

Reinforcing bars in compression are spliced mainly in columns, where bars are most
often terminated just above each floor or every other floor. This is done partly for con-
struction convenience, to avoid handling and supporting very long column bars, but it
is also done to permit column steel area to be reduced in steps, as loads become lighter
at higher floors,

Compression bars may be spliced by lapping, by direct end bearing, or by weld-
ing or mechanical devices that provide positive connection. The minimum length of
lap for compression splices is set according to ACI Code 12.16:

For bars with f, = 60,000 psi ~ 0.0005f, d,,
For bars withf, - 60,000 psi  -0.0009f, — 24 d,,.

but not less than 12 in. For £ less than 3000 psi. the required lap is increased by one-
third. When bars of different size are lap spliced in compression, the splice length is
to be the larger of the development length of the larger bar and the splice length of the
smaller bar. In exception to the usual restriction on lap splices for large diameter bars,
No. 14 and No. 18 bars inay be lap spliced to No. 11 and smaller bars.

Direct end bearing of the bars has been found by test and experience to be an
effective means for transmitting compression. In such a case, the bars must be held in
proper alignment by a suitable device. The bar ends must terminate in flat surfaces
within 1.5% of a right angle, and the bars must be fitted within 3° of full bearing after
assembly, according to ACI Code 12.16.4. Ties, closed stirrups, or spirals must be used.

Column Splices

Lap splices, butt-welded splices, mechanical connections. or end-bearing splices may
be used in columns, with certain restrictions. Reinforcing bars in columns may be sub-
jected to compression or tension, or, for different load combinations, both tension and
compression. Accordingly, column splices must conform in some cases to the require-
ments for compression splices only or tension splices only or to requirements for both,
ACI Code 12.17 requires that a minimum tension capacity be provided in each face of
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all columns, even where analysis indicates compression only. Ordinary compressive
lap splices provide sufficient tensile resistance, but end-bearing splices may require
additional bars for tension. unless the splices are staggered.

For lap splices, where the bar stress due to factored loads is compression, col-
umn lap splices must conform to the requirements presented in Section 5.11b for com-
pression splices. Where the stress is tension and does not exceed 0.5f,. lap splices must
be Class B if more than half the bars are spliced at any section, or Class A if half or
fewer are spliced and alternate lap splices are staggered by ;. If the stress is tension
and exceeds 0.5f,, then lap splices must be Class B, according to ACI Code.

If lateral ties are used throughout the splice length having an area of at least
0.001 5485, where s is the spacing of ties and & is the overall thickness of the member,
the reguired splice length may be multiplied by 0.83 but must not be less than 12 in.
If spiral reinforcement confines the splice, the length required may be multiplied by
(.75 but again must not be less than 12 in.

End-bearing splices, as described above, may be used for column bars stressed
in compression, if the splices are staggered or additional bars are provided at splice
locations. The continuing bars in each face must have a tensile strength of not less than
00.25f, times the area of reinforcement in that face.

“As mentioned in Section 5.11b, column splices are commonly made just above
a floor. However, for frames subjected to lateral loads, a better location is within the
center half of the column height, where the moments due to lateral loads are much
lower than at floor level. Such placement is mandatory for columns in “special
moment frames” designed for seismic loads, as will be discussed in Chapter 20,

Compression splice of column reinforcement. In reference 1o Fig, 3.8, four No. 11 {(No.
36) column bars from the floor below are to be lap spliced with four No. 10 (No. 32) col-
umn bars from above. and the splice is to be made just above a construction joint at floor
level, The column, measuring 12 in. > 21 in. in ¢ross section, will be subject (o compres-
sion only for all load combinations. Transverse reinforcement consists of No. 4 (No, 13) ties
at 16 in. spacing. All vertical bars may be assumed to be fully stressed. Calcolate the
required splice length. Material strengths are £, = 60,000 psi and §7 = 4000 psi.

Sorvrion.  The length of the splice must be the larger of the development length of the
No. 11 (No. 36) bars and the splice length of the No. 10 (No. 32) bars, For the No. 11 (Nao,
36) bars, the development length is equal to the larger of the values obtained with Eqgs. (5 9a)
and (5,96
= 202 X 00000, 4y~ 907,
- 4000

by = 0.0003 X 60,000 = 141 = 25in.

The first eriterion controls, No modification factors apply. For the No, 10 (No. 32) bars, the
compression splice length is 0.0005 = 60,000 = 1.27 = 38 in. In the check for use of the
modification factor for tied columns, the critical colurmn dimension is 21 in., and the required
effective tie area is thus 0.0015 > 21 = 16 = 0.50 in® The No. 4 (No. 13} ties provide an
area of only 0.20 > 2 = (.40 in?, so the reduction factor of 0.83 cannot be applied 1o the
splice length. Thus the compression splice length of 38 in., which exceeds the development
length of 27 in. for the No, 11 (No. 36) bars, controls here. and a lap splice of 38 in. is
required. Note that if the spacing of the ties at the splice were reduced to 12.8 in. or less {say
12 i), the required lap would be reduced 10 38 % 0.83 = 32 in. This would save steel, and,
although placement cost would increase slightly. would probably represent the more eco-
nomical design,
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PROBLEMS
5.1.  The short beam shown in Fig. P3.1 cantilevers from a supporting column at the

left. It must carry a calculated dead load of 2.0 kips/ft including its own weight

and a service live load of 3.0 kips/ft. Tensile flexural reinforcement consists of

two Mo, T (No. 36) bars at a 21 in. effective depth. Transverse No. 3 (No. 10}

U stirrups with 1.5 in. cover are provided at the following spacings from the

face of the column: 4 in., 3 at 8 in., 5 ai 10.5 in.

(a) Il ihe flexural and shear sieel use f, = 60,000 psi and if the beam uses con-
crete having £ = 3000 psi, check to see if proper development length can
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be provided for the No. 11 (No. 36) bars. Use the simplified development
length equations.

(h) Recalculate the required development length for the beam bars using the
basic Eq. (5.4). Comment on your results.

() If the column material strengths are f, = 60,000 psi and £ = 5000 psi,
check to see if adequate embedment can be provided within the column for
the No. 1T (No. 36) bars. If hooks are required, specify detailed dimensions,

T 2 Mo. 11 (No. 36} T
R I
2" clear—s L— 3 claar—J ._—EI‘I" Ef'"
117k
[ i
5.2, The beam shown in Fig, P3.2 is simply supported with a clear span of 24.75 fi

2" clear —-l l-— | T T

and is 1o carry a distributed dead load of (.72 kips/ft including its own weight,
and live load of 1.08 Kips/ft, unfactored, in service. The reinforcement consists
of three No. 10 (No, 32) bars at a 16 in. effective depth. one of which is o be
discontinued where no longer needed, Material strengths specified are f, =
60,000 psi and ) = 4000 psi. No. 3 (No. 10) stirrups are used with a cover of
1.5 in. at spacing less than ACT Code maximum,.

1 No. 10 (No. 32)
2 No. 10 {MNo. 32) r"13”"'|

R 1gv 16"
) o | Ll...

10— e opgr— by

5.3

{a) Calculate the point where the center bar can be discontinued.

{h) Check to be sure that adequate embedded length is provided for continued
and discontinued bars.

() Check special requirements at the support, where M, = (.

(efy If No. 3 (No. 10) bars are used for transverse reinforcement, specify special
reinforcing details in the vicinity where the No. 10 (No. 32) bar is cut off.

{e) Comment on the practical aspects of the proposed design. Would you rec-
ommend cutting of the steel as suggested? Could two bars be discontinued
rather than one?

Figure P5.3 shows the column reinforcement for a 16 in. diameter concrete

column, with f, = 60,000 psi and £ = 5000 psi. Analysis of the building frame

indicates a required A, = 7.10 in” in the lower column and 5.60 in” in the upper

column. Spiral reinforcement consists of a3 in. diameter rod with a 2 in. pitch.

Column bars are to be spliced just above the construction joint at the floor

level, as shown in the sketch. Calculate the minimum permitted length of

splice.
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FIGURE P5.3 r._15»_.1
Na. 3 (No. 10) 6 Mo. 9 (No. 29) bars
spiral at 2" pitch B
EIII f
sy Splice
IO !
R
=L Ml 1
P
L4
ET]
= £33 6 No. 10 (No. 32) bars
la- 16

5.4.  The short cantilever shown in Fig. P34 carries a heavy concentrated load 6 in.
from its outer end. Flexural analysis indicates that three No. 8 {No. 25) bars
are required, suitably anchored in the supporting wall and extending to a point
no closer than 2 in. from the free end. The bars will be fully stressed o f at
the fixed support. Investigate the need for hooks and transverse confinement
steel at the right end of the member. Material strengths ave f, = 60,000 psi and

£ = 4000 psi. If hooks and transverse steel are required, show details in a
sketch,

FIGURE P5.4 P, &

A'l r_ —-| |-—2" cover
———————————— (XY}

, T

i 1w
18" 205

/ L]

Minimum 2* cmrer—-l l— L-11}’+|
b 40"

5.5. A continuous-strip wall footing is shown in cross section in Fig, P5.5. It is pro-
posed that tensile reinforcement be provided using No. 8 (No. 25) bars at 16
in. spacing along the length of the wall. to provide a bar area of 0.59 in*/ft. The
bars have strength £, = 60,000 psi and the footing concrete has 7 = 3000 psi.
The critical section for bending is assumed to be at the face of the supported
wall, and the effective depth to the tensile steel is 12 in. Check to ensure that
sufficient development length is available for the No. 8 (No. 25) bars, and if
hooks are required, sketch details of the hooks giving dimensions.

Note: If hooks are required for the No. 8 (No. 25) bars, prepare an alter-
nate design using bars having the same area per foot but of smaller diameter
such that hooks could be eliminated; use the largest bar size possible to mini-
mize the cost of steel placement.
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Design and detail all splices, following ACI Code provisions. Splices will be
staggered, with no more than four bars spliced at any section. Also, investigate
the need for special anchorage at the outer ends of main reinforcement, and
specify details of special anchorage if required. Material strengths are f, =
60,000 psi and § = 5000 psi.

FIGURE P5.7 P, = 465 kips P, = 465 kips

12 No. 11 (Mo. 36) (3 rows)

R 58’ |
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66"
. 12"

Wall

A

( Mo. 8 (No. 25) bars at 16" spacing

5.6,

5.7.

The continuous beam shown in Fig, P3.6 has been designed to carry a service
dead load of 2.25 kips/ft including seff-weight, and service live load of 3.23
Kips/ft. Flexural design has been based on ACT moment coefficients of ﬁ and
ﬁ at the face of support and midspan respectively, resulting in a concrete sec-
tion with b = 14 in, and « = 22 in. Negative reinforcement at the support face
is provided by four No. 10 (No. 32) bars, which will be cut off in pairs where
no longer required by the ACI Code. Positive bars consist of four No, 8 (No,
25} bars, which will also be cut off in pairs. Specify the exact point of cutoff
for all negative and positive steel. Specify also any supplementary web rein-
forcement that may be required. Check for satisfaction of ACI Code require-
ments at the point of inflection and suggest modifications of reinforcement if
appropriate. Material strengths are f, = 60,000 psi and f = 4000 psi.

4 No. 10 (No. 32) 4 No. 10 (No. 32)

AN

4 MNo.8 (No.25) L

24—

Figure P5.7 shows a deep transfer girder that carries two heavy column loads
at its outer ends from a high-rise concrete building. Ground-floor columns
must be offset 8 ft as shown. The loading produces an cssentially constant
moment {neglect self-weight of girder) calling for a concrete section with
b =22 in. and b = 50 in., with main tensile reinforcement at the top of the
girder comprised of 12 No. 11 {No. 36) bars in three layers of four bars each.,
The maximum available bar length is 60 f1. so tensile splices must be provided.



