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failure the shaded region in Fig. 18-15d would crush, or the anchorage zones at E and F
would fail. The wuss model in Fig. 18-15¢ could be simplified farther to the model shown
in Fig. 18-132. This moedel does not explain the formation of the inclined cracks, however.

An uncracked. elastic. singie-span beam supporting a uniform load has the stress
trgjecteries shown in Fig, 18-29a. The distribution of horizontal stresses on vertical sec-
tions at midspan and the quarter point are plotted in Fig. 18-29b. The stress trajectories
can be represented by the simple truss in Fig. 18-29¢, or the slightly more complex truss
in Fig. 18-29d. In the first case. the uniform load is divided into two parts, each repre-
sented by its resultant. In the second case, four parts were used. The angle 8 varies from
about 68° for £ ¢ = 1.0 or smaller to about 55° for € 'd = 2.0.'*" The crack pattern in
such a beam is shown in Fig. 18-29%.

Figure 18-30a shows the stress trajectories for a deep beam supporting a uniform
load acting on a ledge at the lower face of the beam. The compression trajectories form
an arch with the loads hanging from it. as shown in Fig. 18-30b and c. The crack pat-
tern in Fig. 18-30d clearly shows that the load is transferred upward by reinforcement
until it acts on the compression arch, which then transfers the load down to the supports,

Similar diagrams are presented in Fig.18-31 for a multispan continuous deep beam.
Here the angle 6 is similar to that in a single-span deep beam. The crack pattern in a two-
span continuous beamn is shown in Fig. 18-31d.

The distribution of the flexural stresses in Fig. 18-29b and the truss models in
Figs. 18-15 and 18-27 to 18-31 all suggest that the force in the longitudinal tension ties
will be constant along the length of the deep beam. This implies that this force must be
anchored at the joints over the reactions. Failure to do so is a major cause of distress in
deep beams. ACT Sec. 12.10.6 altudes to this.

Strut-and-Tie Models for Deep Beams

Figure 18—4 shows a simple strut-and-tie model for a single-span deep beam. The loads, re-
actions, struts, and ties in Fig. 18~4 are all laid out such that the centroids of each truss
member and the lines of action of all externally applied loads coincide at each joint. This is
necessary for joint equilibrium, In Fig. 18-4 the bars are shown with external end anchors,
In a reinforced conciele beam, the anchorage would be accomplished with horizontal or
vertical hooks, or in extreme cases, with an anchor plate as shown.

The truss shown in Fig. [8—4 can fail in one of three ways: (1) the tie could yield,
(2) one of the struts could crush when the stress in the strut exceeded £, or (3) a node
could fail by being stressed greater than its effective compressive strength. Frequenily,
this involves a bearing failure at the loads or reactions. Since a tension failure of the steel
will'be more ductile than cither a strut failure or a node failure, the beam should be pro-
portioned so that the strength of the steel governs.

A second example consisting of a simple span beam with vertical stirrups subjected
to a concentrated loud at midspan is shown in Fig. 18-32. This is the sum of several trusses.
One truss uses a direct compression strut running from the load to the support. This truss
canies a shear V. Thie other Lruss uses the stitrups as verticai tension members and has
compression fans under the load and over the reactions. The vertical force in each stirrup is
computed assuming that the stirrup has yielded. The vertical force component in each of
the small compression struts must be equal to the yield strength of its stirrup for the joint to
be in equilibrium. The farthest left stirrup is not used, since one cannot draw a compression
diagonal from the load point to the bottom of this stirrup without encroaching on the direct
compression strut.

The compression diagonals radiating from the load point intersect the stirrups at the
levet of the centroid of the bottom steel, because a change in the force in the bottom steel
is required to equilibrate the horizontal component of the force in the compression diago-
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Uniformly loaded deep beam.

(Adapted from Refs. 18-1
and 18-18.)
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nal. The force in the bottom steat is reduced at each stirrup by the horizontal component of
the compression diagonal intersecting at that point. This is illustrated in Fig. 18-32b, where
the stepped line shows the resulting tensile force in the bottom steel. The tensile force com-
puted from beam theory, M/jd, is shown by a dashed line in the same figure. Note that the
tensile force from the plastic truss analogy exceeds that from beam theory. This is in ac-
cordance with test results (see Fig, 6-26).'%°

Figure 18-33a shows a plastic truss model for a two-span continuous beam. Again the
struts are shown in light shading and the hydrostatic elements in darker shading. At the in-
terior support, two trusses carry the load. The upper truss shown in Fig. 18-33b utilizes the
top reinforcement with a tie force, 75, and the lower truss shown in Fig. 18-33¢ uses the

.
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Fig. 18-30

Deep beam loaded on the
bottom edge. (Adapted from
Refs. 18-1 and 18-18.)
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{c) Refined truss model.
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{d) Crack pattern.

bottom reinforcement which has a force T,. The capacity of each truss can be computed
from the geometry of the triangles and the A, £, of the tension chord. The capacity of the
beam is found by adding them together. The forces T, and T, are shown anchored at the load
points and at the exterior support with bearing plates. Actually, the bars would be anchored
by development or hooks heyond the locations of the bearing plates. Note that the tension
forces, T, and T, are assumed to be constant between the bearing anchorage plates.

Design of Deep Beams

The ACI Code deals with deep beams in three sections. ACI Sec. 10.7.1 deals with flexural |

design and requires that the nonlinear distribution of stress (See Fig. 18-15b) and the pos-
sibility of lateral buckling be considered for deep beams. A continuous beam is considered
to be deep for flexural design if the clear span-to-depth ratio, €,,/d, is less than 2.5. The cor-
responding ratio is 1.25 for a simple span.

ACI Sec. 11.8 deals with the design of deep beams for shear and applies for members
having €, /d less than 5.0 which are loaded on the top surface and supported on the bottom
surface. Finally, ACI Sec. 12.10.6 requires that adequate end anchorage be provided for the
tension steel in members where the reinforcement stress is not directly proportional to the
moment, such as in deep beams.

At first glance, the ACI Code definitions of deep beams appear to conflict, but actu-
ally they do not. Special shear requirements are needed if £, /d is less than 5.0, but the
beam can still be designed for flexure in the normal manner if €,/ 4 exceeds 1.25 or 2.5 for
simple or continuous spans, respectively. For £, /d less than these limits, the design should
reflect the reduced lever arm indicated in elastic calculations (Fig. 18-15b).

A problem arises, however, in the case of a beam with a span-to-depth ratio, £,/ d, of, for
example 6, with a single concentrated load at d from one end. According to ACI Sec. 11.8.1,
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Multispan deep beam.
{Adapted from Ref. 18-1:
photograph courtesy of J.
G.MacGregor.)
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this is not a deep beam. However, the short shear span acts as a deep beam. The other shear
span is not “deep” and should be designed as a shallow beam.

The 1983 ACI Code provisions for deep beams for shear wers amended in the 1986
Code Supplement. Two design procedures are presented in the supplement. For simple beams,
design is based on ACI Egs. 11-1, 11-2, 11-27, 11-29, and 11--30. The last three were based
on a shear-friction analysis and are not borme out by more recent tests, although the design
value of V, is conservative for simple beams. For continuous beams the revised ACI Sec. 11.8
requires that design be based on slender beam design procedures or: . . . on methods satisfy-
ing equilibrium and strength reguirements. . . . This procedure involves the use of strut-and-
tie models such as those in Figs. 18-15e, 18-29, and so on. This method is recommended for
design since a clear load path is provided. Regardless of which procedure is used, however, the
minimum reinforcement requirements of ACI Secs. 11.8.9 and 11.8.10 must be satistied.
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Fig. 18-32
Strut-and-tie model for a
deep beam with stirrups.
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Design Using Strut-and-Tie Models

The design of a deep beam using a strut-and-tie model involves laying out a truss that
will transmit the necessary loads. Once a satisfactory truss has been found, the joints
and members of the truss are detailed to transmit the necessary forces. The overall di-
mensions of the beam must be such that the entire truss fits within the beam and has ad-
equate cover.

Continuous deep beams are very stiff elements and, as such, are very sensitive to dif-
ferential settlement of their suppotts due to foundation movements, or differential shorten-
ing of the columns supporting the beam. The first stage in the design of such a beam is to
estimate the range of reactions and use this to compute shear and moment envelopes.
Although some redistribution of moment and shear may occur, the amount will be limited.

ACI Sec. 11.8.4 limits ¢V, in deep beams to (8 to 10)\/fTb,vd, depending on the
span-to-depth ratio of the beam. One can obtain an initial trizl section on the basis of lim-
iting V, = ¢V, to (6 to 8V b, d.

The crucial phase is the selection of the truss model to support the loads. The direc-
tion of the compression struts in each shear span must agree with the general direction of
the principal compressive stresses in that shear span. The simplified stress trajectories if
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Strut-and-tie model for a two-
span continuous beam.

{a) Compiete plastic truss.

/Tie force Ta

] | | L

{b} Negative moment truss.

Tie force Tq

(cj Positive moment truss.

Figs. 18-15 and 18-29 to 18-31 will be useful in establishing the russ model. Reference
18—1 suggests that the struts should be oriented within = 15° of the angle ¢ shown in
these figures. Values of # were given in the description of these figures.

When several different trusses could be used. as shown in Fig. 1816, the one that re-
quires the least volume of steel (Fig. 18—16a) will most closely model the behavior of a
concrete beam. '8 This truss will approach the elastic stress trajectories (Fig. 18-15a). due
to the different stiffnesses of the concrete and the steel.

.
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EXAMPLE 18-6 Design
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It the beam 1s sufficiently slender that the compression fan regions at the load and the
support o not overlap. ne major compression struts will exist. Instead, there will be a com-
pression field, In this case. the angle of the compression field. 6, should be determined
using Eq. 6-13a. with the furiher limit that 23 = 8 =< 63°,

Once the geomelry of the truss is established, a first estimate of the member forces
can be compuied. In many cases. the nusses will appear to be highly indeterminate. Such
trusses can be solved easily, however, by assuming that the stirrups yield and the longitu-
dinal steel vields at the points of maximum moments. (These assurnptions are made in noi-
mal beam design in the ACI Code.) It is then possible to compute the force in each member
and from this. the size required for each of the compression members to support the re-
quired compression forces. The compression struts will be stressed at f,,., where £, is given
in Table 18-1. Normally. £, = 0.5f, in deep beams.

At this stage it is essenriagl that the truss be drawn to scale to establish the size of
the hydrostatic elements at the intersections of the truss members. When this is done the
slopes of some of the struts will have changed and it is necessary to recompute the strut
forces and sizes and the tie forces for the new geometry. The new strut sizes will require
that the truss be drawn 1o scale again. This process is repeated vatil convergence is ob-
tained, generally in one or two cycles. Once this has occurred, reinforcement is selected
to provide A, f, equal 1o, or greater than, the tensile forces in each of the stitrups and ties,

of a 36-ft-Span Transfer Girder

A transfer girder is supported at one end on a column and is fixed at the other end as shown in
Fig. [8-34a. It supports the unfactored loads shown in the figure, including a column load of 1446
kips. The column above the beam is 28 in. square. Use the plastic truss analogy with 8 between 25
and 65° and .. = 0.5, Use £ = 5000 psi and f, = 60,000 psi.

1. Select the first trial size for the beam. Select the size of the bearn on the basis of ¥, = ¢V,
where V,, is (610 8) \/f'b,.d and & = 0.85. This gives b, d between 3490 and 2610 in.2. For b,, = 28 in,
we require o between 125 and 93 in.

We shal! try by, = 28 in., h = 144 in.. and 4 about 130 in,

2. Compute V, ¢ and so on. Since the design is governed by shear we shall use ¢ = (.85
throughout. Therefore, the loading diagram becomes that shown in Fig. 18-34b.

3. Draw the idealized truss. To simplify the drawing, we shall idealize the uniform load as
a series of concentrated loads at a regular spacing. To reduce the number of such loads to be consid-
cred, we will assume (hey are at 2 £t on centers. Similarly, idealize the stirrups as being at 2 ft on cen-
ters and in this way compuie the stirmup force per 2-ft interval. We will then select a stirrup size and
spacing that will give a stirrup capacity at least equal to the required stirrup force.

A final truss is shown in Fig. 18-35. This truss was arrived at after several iterations based on
the following calculations.

4. Draw a truss for the right end of the beam.

(a} Select the stirrups. Assume stirrups at 2 ft on centers to coincide with the foading
points. Although stirrups will be provided at /-1, J-JJ. and T-T T, these will be disregarded in
the caleutations since they arc loaded by compression struts which are steeper than 65°. This
leaves 9 stirrups 1o transmit the shear.

Cut section 1=t from J-J 10 S5-TT, as shown at the right side of Fig, 18-35.

V. ¢ on this section = 1471-11 X 18.9 = 1263 kips

26

Force per stirrup = 9} = 140.3 kips/stirrup assuming that the stirrups are at 2 ft o.c., o

70.2 kips/t
_ 702 kips 'ft
60 ksi

ATt = 1.17 in.¥ft
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Transter girder and strut-and-tie model-—~Example 18-6. (From Ref. 18-6.)

Use No. 7 double-leg stirrups at 12 in. o.c. This gives A, = 1.20 in,*/ft with a stirrup capacity
of 144 kips every 2 fi. For simplicity, we shall continue to compute the forces in the truss, assuming
that the stirrups carry 140.3 kips every 2 ft.

(b) Check the diagonal struts. The most highly stressed diazgonal strut in the right end of
the beam is the flattest strut engaging a stirrup. This is K~LU. Measuring trom the drawing of the

bl
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Fig. 18-36 '
Equilibrium of joints—
Example 18-6
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Iruiss, it has a slope of 289, The equilibrium of joint K is shown in Fig. 18-36a. The vertical compo-
nent of the force in the strut is 140.3 + 18.9 = 159.2 kips. The diagonal compression force D is:

_ 1403 + 189

= 339.1 kips
sin 28° ps

From Eq. 18-3 and Table 18-1 the effective concrete strength, £... is
Jeo = Vi f, :

where

¥; = 0.80 because the deep beamn will have horizontal and vertical steel in the web

v; = 0.33 + LI 0.762

YA

fee = 0.80 X 0.762 X 5000 psi = 3050 psi

The area, b, w,, required is

339.1
=02 2
area 305 111.2 in.

= 28 in. thick (through the beam web) by 3.97 in. wide

In a similar manner, the narrowest strut S—UU is found to be 2.06 in. wide. Thus the average width
of the struts reaching UU is about 3 in.

At this point it is possible to refine the layout of the struts and fans in the right end. This gives
the truss shown in Fig. 18~35. In drawing this it was assumed that the struts were all 4 in. wide where
they meet at U/ and H. The centroid of the lower tension tie was located at midheight of the truss
node at U, The support at U/ is large enough to enclose the nodal element.

18.9 (Applied load)

140.3 kips
stirrup
force

{a) Joint K,

Stirrup force
= 192 kips

1389 kips

. 1225 kips
- GG

(b} Joint CC.
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Before continuing on to compute the forces in the top and bottom chords. we shall luy out 2
truss for the left end of the beam.

3. Draw a truss for the left end of the beam.

(a) Select the stirrups. Several design philosophies are possible for the left end: (1) all
the load could be carrizd by a major diagonal strut. (2) ali the load could be carried by the stirrups. or
(3) the load could be divided between the strut and the stirrups and their associated compression fans.

The ductility increases as the load transferred by stirrups and compression fans is increased.
On the other hand. the shear capacity increases relatively hittie when stirrups are added, until all the
shear is transferred by the stirrups. Based on test observations,'*™® it appears that a minimum of 25
to 35% of the shear should be transmitied by the stirrups to 2nsure ductility.

As a first trial, use No. 7 double-leg stirrups at 12 in. o.c. in this span. This was arbitrarily cho-
sen equal to the area setected in the right span, Referring to Fig. 18-35, we shall disregard the effec-
tiveness of stirrup B~B8 because it interferes with the main compression strut and F-FF since it is
loaded by a strut steeper than 65°. This leaves three idealized stirrups C-C, D-DD, and E-EE 1o
transmit shear, For each 2-ft spacing A, f, = 144 kips.

V transmitted by the stirups = 3 X 144 = 432 kips. Thus the stirrups transmit
432 /1479 = 29% of the end reaction. This is within the desired minimum range (25 to 35% mini-
mum). If No. 7 double-leg stirrups were used at 9 in. on centers, A, f, would increase to 192 kips/2 ft.
Now roughly 40% of the shear is carried by stirrups. In view of the importance of this member, we
shall try No. 7 double-leg stirrups at 9 in. o.c. in the left shear span.

¥ transmitted by the stirrups = 3 X 192 = 576 kips
1479 — 576 — 6 X 189

V transmitted by strut F-AA

= 790 kips
slope of strut H-AA (measured from preliminary sketch) = 43.57
790
D= = 1147 kips
width of stut H-AA = e
305 < 28
= 134 in.

Strut £-AA transinits a vertical force of 18.9 + 192 = 211 kips. From the drawing, it has a slope of 53°.

 sin53 L
. . 264
width of strut E-AA = ———— -
3.05 X 28
= 3.09 in.

At this point it is possible to refine the layout of the struts and fans in the left shear span. This gives
the truss layout drawing shown on the left side of Fig. 18-35. The joint at A4 is shewn in Fig. 18-37.
The centroid of the tension e should be tocated at midheight of the hydrostatic element at AA.

6. Compute the horizontal and vertical components of the forces in the struts. The hor-
izontal and vertical forces in each of the diagonal struts are calculated in Table 18-2. In this caleula-
iion, the slope of the struls was measured from the final scale drawing of the beam (Fig. [8-35). The
vertical force compenent in a strut is the sum of the stirrup force and the applied loads at the end of
the strut. The horizontal component of the force in a strutis V/ tar 6.

7. Compute the forces in the lower chord. The horizontal force in the lower chord is
zero at the left of the truss node at AA. Struts A-AA, B—AA through H-AA all exert horizontal
forces on this joint (Fig. 18-37). As a result, the force in the lower chord between AA and CC is
(from Table 18-2)

Trooce = (10 + 4.0 + 85.2 + 1267 + 158.9 + 17.0) + 8321
= 1225 kips
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The equilibrium of the joint at CC is shown in Fig. 18-36b. The diagonal compressive surur is at
49.6° and has a horizontal component of 164 kips.
Tecopp = 1223 + 164
= 1389 kips

The forces in the lower chord are calculared in Table 18-3. The shaded portion of Fig. 18-38c¢ repre-
sents the lower chord bar forces. The force in the lower chord increases from AA to EE. Because the
struts change direction between EE and KX, the chord force decreases from KK to UU. Note that the

lower chord is stressed in tension from end 10 end.
As a check on the compuzations. compute T = M. jd based on the moment at the center of

the column.
A8 x 12.0° 2608 7
% = (1479 kips X 12.0ft) — E%fkl s — (T X E) ft-kips

= 16,310 ft-kips
From Fig. 18-35, jd¢ = 10.2 ft. Therefore, the tension in the lower chord shouldbe T = 16,990./10.2 =
1599 kips. This agrees well with the 1616 kips calculated in Table 18-3.
8. Compute the forces in the upper chord. The variation of forces along the top chord is
calculated in Table 84 in the same way as the forces in the bottom chord were calculated. The top

forces are plotted in Fig. 18-38a with the shaded diagram.
The force in the top steel at the right support can be computed as

M
7
where jd is 10.08 ft from Fig. 18-35
15,494 ft-kips
~ 10.08ft

= 1537 kips

Centroid of
tension tie
CC

9.5 in.

'vé
H
@

Fig. 18-37 ' A
Geomeltry of joint A~A—
Example 18-6.
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is at TABLE 18-2 Calculation of Strut Forces—Example 18-6
Force Components
Strut Slope Vertical Horizontal
_ {deg) {kips) (kips}
epge A-AA 87 18.9 L0
it the B-AA 78 18.9 4.0
e of C-AA 68 192 + 189 = 2109 85.2
D-AA 59 2109 126.7
E-AA 53 2109 158.9
F-AA 48 18.9 17.0
H-AA 435 789.6 332.1
2= H-CC 495 192 164.0
s H-DD 56 92 129.5
e top H-EE 63 192 97.8
H-KK 64 140.3 68.4
H-LL 55 140.3 98.2
H-MM 485 140.3 124.1
H-NN 44 1403 1453
H-00 3 140.3 1733
H-PP 35 140.3 200.4
H-0Q 325 140.3 220.2
H-RR 30 140.3 243.0
? H-SS 28 18.9 34.1
J~UU 29 18.9 34.1
K-uU 31 189 + 403 = 159.2 265.0
LUU 33.5 159.2 240.5
M-UU 36 159.2 219.1
. N-UU 38 159.2 238
0-UU 42 159.2 176.8
P-UU 46 159.2 i53.7
Q-UU 515 159.2 126.6
R-UU 57 1592 103.4
s-uu 65 159.2 74.2
T-UU 73 18.9 58

This compares with the 1524 kips computed in Table 18-4. The difference is less than 1% and is at-
. tributable to inaccuracies in drawing the truss and measuring the angles. If this difference is oo
i large, a still more accurate drawing of the truss should be made and the calculations repeated.

9. Select the longitudinal reinforcement.

{a) Top chord. The maximum tension force is 1524 kips at the right support, Therefore,
.
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TABLE 18-3 Calculation of Lower Chord Forces—Example 18-6

Force Added Force in Chord
Panel Point Load from Struts (kips) {kips)
End of beam 0
AA A-AA through A4 392.8 393 tension (T)
AA He-AA 832.1 122571
cC H-CC 164.0 1384 T
DD H-DD 129.5 1518 T
EE H-EE 97.8 1616 T
KK H-KK ~68.4 1548 T
Lr H-LL -98.2 1449 T
NN H-NN ~145.3 1180 T
00 H-00 -173.3 1007 T
pr H-PP -2004 806 T
o0 H-QQ -2202 586 T
RR H-RR —243.0 343°T
S§ H-5S -263.9 77T
1524 -
, = ——-=2540in°
60
Possible choices are:

17 No 1L A, = 265 i

20'No. 10. A, = 25.4in.2

26 No, 9. A, = 26.00ip,”

Try 20 No. L0 bars in five layers, 4 per layer, to allow lots of room for placing concrete
through the baes.

The selection of the top bar cutoli points ts illustrated in Fig. 18-38a and b. The required ten-
sile foree is plotted as the shaded diagram in Fig. 18-38a. The bar cutoff points are selected so that
the disgram of the developed bar capacity always lies 12 bar diameters (15 in.) outside the diagram
of the required tensile foree in the chord. The developed capacity of a given layer of bars is assumed
to vary linearly from zero at the eutoff point, te the full capacity A, f, = 4 X 1.27 X 60 = 305 kips,
at £, from the cutoft point. The development length, €,, of a No. 10 top bar with case 1 confinement
is 69 in. Arrange the bars with 2 in. clear vertical space between the layers. Because the truss cal-
culations allowed for the effect of shear on the bar forces, it is not necessary to extend the bars fur-
ther to sutisty ACE Sec, 12.12.3,

The cutotf points determined in Fig, 18-38a are shown in Fig. 18-38b. The top bars must be
developed i the right-haod supporct.

(b) Bottom chord. The maximum tensile force iy 1616 kips under the colummn.

Therefore.

1616 5

A, =——=1269in"

60
Possible choices are:
22 No. 10,A, = 2791n7
I8 No. 1. A, = 28.1 in.”
27 No.9, A, = 27.0in?
.
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TABLE 18-4 Calcuiation of Upper Chord Forces—Example 185

Force Added Force in Chord
Panel Point Load from Struts {kips) (kins)
End of beam 0
A A-AA 1.0
1.0 compression (C)
B B-AA 4.0
C C-AA 85.2 >0
D D-AA 126.7 e
- EoAA 1589 2169 C
. Ad 70 367 C
H H-AA,H-CC H-DD, H-EE 1223 9C
1616 C
;
K K-Uy ~265.0 B
. . ts 220 tension (T)
M M-UU -219.1 0ot
N N-UU -203.8 oot
0 o-Uu -176.8 et
1060 T
; Z_ZZ : ':Zzz 1214°T
R R-UU -103.4 190
1444 T
s S-uu -74.2 1518 T
T oy -8 1524 T

Two things must be considered choosing the bar gize: (13 the bars must be anchored for almost their
full yield strength within the column at the left end, and (2) the centroid of the tension chord at the
left end must coincide with the midheight of the yryss node element at this joint (see Fig. 18-37). The
truss node element is 19 in. in height; therefore, the centroid of the tension chord should be 9.5 in.
above the base of the beam.

Use 27 No. 9 bars in three layers of 7 barg and one layer of 6 bars. Due to the cover and the
stirrup size, the first layer will be placed 3; in. ahove the boitom, the remaining layers will be 4 in.
apart, center to center, placing the centroid of the group close t0 9.5 in. above the soffit, Because this
is not a standard bar spacing, a detail of the bar arrangement must be shown on the drawings. The an-
chorage at AA is shown in Fig. 18-39.To reduce (he required tength of the hooks, the hooked bars
will be placed inside the column cage and colump tjes,

The selection of the bottom bar cutoff poings is illestrated in Fig. 18-38b and ¢. Again, the
diagram of the developed bar capacity extends 124, = |35 ia. outside the diagram of reguired ten-
sile force. The basic development length, £, of 3 No. 9 bottom bar with case 1 confinement is 47.7
in. The capacities of 7, 14, 21, and 27 No. 9 bars are 420, 840, 1260, and 1620 kips, respectively.

Because the truss model included the effocts of shear on the bar forces it is not necessary
to extend the bars further to satisfy ACI Sec. 12,10.3, Because the diagram of developed bar ca-

pacity is always outside the diagram of required bar force, ACI Sec. 12.11.3 is automatically sat-
isfied.

10. Select the horizontal web reinforcement, Horizontal web reinforcement is not necessary
as part of the truss, but does help to control crack widths. ACI Sec. 11.8.9 requires A, not less than
0.0025b,.52, where s, is the spacing of the horizonta] steel, 1f s, is taken as 12 in., we require 0.84 in.%/12
in. Provide No. 6 bars at 12 in. o.c. horizontal stee) each face.
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£4-No 10

1500
Cut off 4 No 10

Required
4 No 10 tension

:;’-\sfy of 4 No 10

1080 Tension
force
500 (kips)

0
(a} Top chord bar force

™

+No7 @ 9in.[{

5 layers of 4 No 10 ——

[ No7 [l @ 12in.
[ . No 6 @ 12 in~n
. . [

Cutoif 6 No 9 .
Cut off 7 No 8 : Fig. 18-
] . Anchora
J —mo 9 | joint A,

{b) Reinforcement

ty-No @
Tension capacity of bars provided—\ )
1500 F /—Cut off 6 No 9

Tension t off

force 1000 b . - . Cutoff 7No 9

(kips) Required tension capacity Cut off 7 No
Fig. 183-38 500 |-
Forces in top and bottom 0
chords and reinforcement—-
Example 18-6. (From Ref. (c) Bottom chord bar force

18-6.}

' 11. Check the confinement of strut AA~H. The only major compression strut is strut
AA—-H, which has an axial force, C, of 1147 kips. From Eg. 18-5, this strut should be confined by re-

inforcement having a yield force of
.| C al
Af =S|l -=
f‘ kiﬁ* ( bu!)‘i

at each end. Because struts AA—F and CC—ff limit the degree to which this strut can spread in a bot-
tle-shaped fashion, we shall take a as 13.4 in., from step 3, and shall assume that b, is twice this, of
26.8 in. The required steel force is

1147 kips 13.4Y
Af= 2[-‘ 47 kips (; _ 3)J 1147 kips

4 26.8
1147 kips
* A, = oentes = 1982 in?
’ 60 ksi
The stirrups and horizontal steel are more than adequate. |
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Deep Beamn Design for Shear by the ACI Code

The ACI Code requirements for shear in deep beams distinguish between simply supported
beams and continuous deep beams. The code requires that continuous deep beams be de-
signed using a method such as the strut-and-tie model illustrated in the previous sections,
On the other hand, the code presents the traditional semiempirical design method for
simple (single span) deep beams. The basic design equation for simple span deep beams is

V.=ov. +V) (18-8)

where V. is the shear carried by the concrete and V, is the shear carried by the vertical and
horizontal web reinforcement. The maximum shear that can be supported varies between
S\wad and 10\/175de as a function €, /d. Paradoxically, the shorter the shear span, the
smaller the maximum shear is. It appears that this requirement grew out of bearing failures
in deep beam tests rather than shear failures.

Design for shear is carried out at a critical section located at 0.15¢, from the face of
the support in uniformly loaded beams, and at the middle of the shear span for beams with
concentrated loads. For both cases, however, the critical section shall not be farther than d
from the face of the support (ACI Sec. 11.8.5). The shear reinforcement required at this
section is used throughout the span. If a beam has one deep shear span and one ordinary
shear span, a better interpretation would be that the shear reinforcement selected in the
deep shear span would be used throughout that shear span.

The term V, in Eq. 18-8 is given by

V.= 2Vfibd 189
or by
M, V,d (18-10)
= 5-=-2. . T+ w Ty . bwd
v, (3 5-25 d)(l 9Vf, + 2500p M,,) (ACI Eq. 11-29)
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The term (3.5-2.5M, V., d) in Eq. 18-10 shall not be taken greater than 2.5 and V, shall not
be taken greater than 6V, b,d. The terms M, and V, in Eq. 18-10 are the faciored moment
and shear at the critical section defined in the preceding paragraph.

Equation 18-10 breaks down in the case of a continuous deep beam supporting con-
centrated loads because M, approaches zero at the critical section at 0.5 from the support.
Partly for this reason, the ACI Code does not aflow the use of Eq. 18-10 for continuous

deep beams.
The term V, in Eq. 18--8 is defined in ACI Sec. 11.8.8 as
Al + £, dy A,fll1—-¢€,d 18-
RS D
5 12 52 12 . (ACI Eq. 11-30)

where A, and s are the area and spacing of the vertical shear reinforcement, and A,; and
s, refer to the horizontal shear reinforcement. This equation was derived on the basis of
shear friction theory. It has two very serious shortcomings. First, there is a major dis-
continuity in strength as £, /d goes from below 5 to above 5. Second, and more critical,
tests'®~¢ show that horizontal web reinforcement is not effective for a/d ratios greater
than about 0.75. Equation 18-11 suggests that horizontal web reinforcement is always
more effective than vertical web reinforcement. Although a plastic truss model is a much
better design basis than Eqs. 18—10 and 18-11 this method is not mentioned in ACI Sec.
11.8.2 for simple beams.

ACI Secs. 11.8.9 and 11.8.10 require minimum reinforcement in both the horizonta)
and vertical directions. This should be provided, regardless of the method of design fol-
lowed, and should be placed in layers close to each face of the beam. This reinforcement
will serve as skin reinforcement to limit crack widths.

18-7 BEAM-COLUMN JOINTS

804

In Chaps. 4, 5, 10, and 11, beams and columns were discussed as isolated members on the
assumption that they can somehow be joined together to develop continuity. The design of
the joints requires a knowledge of the forces to be transferred through the joint and the
likely ways in which this transfer can occur. The ACI Code touches on joint design in sev-
eral places:

1. ACI Sec. 7.9 requires enclosure of splices of continuing bars and of the end an-
chorages of bars terminating in connections of primary framing members, such as beams
and columas.

2. ACI Sec. 11.11.2 requires a minimum amount of lateral reinforcement (ties or
stirrups) in beam—colurmn joints if the joints are not restrained on all four sides by beams or
slabs of approximately equal depth. The amount required is the same as the minimum stir-
rup requirement for beams (ACI Eq. 11-14).

3. ACI Sec. 12.12.1 requires negative moment reinforcement in beams to be an-
chored in, or through, the supporting member by embedment length, hooks or mechanical
anchorage.

4. ACI Sec. 12.11.2 requires that in frames forming the primary lateral load resist-
ing system, a portion of the positive moment steel should be anchored in the joint to de-
velop the yield strength, £, in tension at the face of the support.

Discontinuity Regions, Corbels, Deep Beams, and Joints
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None of these sections give specific guidelines for design. Design guidance can be ob-
tained from Refs. 18—1 and 18-19. Extensive tests of beam column joints have been re-
ported in Refs. 18-20 and 18-21.

Corner Joints: Opening

When considering joints at the intersection of a beam and column at a corner of a rigid
frame, it is necessary to distinguish between joints that tend to be opened by the applied mo-
ments (Fig. 18-40) and those that tend to be closed by the applied moments (Fig. 18-42).
Opening joints occur at the comers of frames and in L-shaped retaining walls. In bridge
abutments, the joint between the wing-walls and the abutment is normally an opening joint,

The elastic distribution of stresses before cracking is illustrated in Fig. 18—40b. Large
tensile stresses occur at the reentrant corner and in the middle of the joint. As a result,
cracking develops as shown in Fig, 18-40c. A free-body diagram of the portion outside the
diagonal crack is shown in Fig. 18-40d. The force T is necessary for equilibrium. If rein-
forcement is not provided to develop this force, the joint will fail almost immediately after
the development of the diagonal crack. A truss model of the joint is shown in Fig. 18-40e.

Ox

14

A% AN

{b) ox and oy stresses. {c) Cracks.

!
}
|
|
!
|
|
i
1

b

c T
(&) Truss model for joint.
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Fig. 1841
Measured efficidncy of open-
ing joints.
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Figure 18414 compares the measured etficiency of a series of comer joints reported in
Refs. 18-20 and 18-21. The efficiency is defined as the ratic of the failure moment of the joint
to the moment capacity of the members entering the joint. The reinforcement was detailed as
shown in Fig. 18—41b to e. The solid curved line correspoends to the computed moment at
which diagonal cracking is expected to occur in such a joint. Typical beams have reinforce-
ment ratios of about 1% . At this reinforcement ratio. the very common joint details shown in
Fig. 18-41d and e can transmit only 23 to 35% of the moment capacity of the beams.

Nilsson and Losberg*™* have shown experimentally that a joint reinforced as
shown in Fig. 18-41b will develop the needed moment capacity without excessive de-
formations. The joint consists of two hooked bars enclosing the corner and diagonal bars
having a total cross-sectional area of half that of the beam reinforcement. The tension in
the hooked bars has a component across the diagonal crack, helping to provide the 7
force in Fig. 18-40d. The inclined bar limits the growth of the crack at the reentrant cor-
ner, slowing the propagation of cracking in the joint. The open symbols in Fig. 18—41
show the efficiency of the joints shown in Fig. 18—41a and b, both with and without the
diagonal corner bar. It can be seen that the corner bar is needed to develop the full effi-
ciency in the joint.

Corner Joints: Closing

The elastic stresses in a closing corner joint are exactly opposite to those in an opening cor-
ner joint. The forces at the ends of the beams load the joint in shear as shown in Fig. 18-42a.
As a result, cracking of such a joint occurs as shown in Fig. 18-42b, with a major crack on
the diagonal. Such joints generally have efficiencies between 80 and 100%. Problems arise
due to bearing inside the bent bars in the corner, since these bars must transmit a force of
\/EA,ﬁ, to the concrete on the diagonal of the joint. For this reason it may be desirable to
increase the radius of this bend.

120 oyt .._/.,_
{b) A
A
100
(o] —
_ (©) o
£ 5]
>
o
8
L
®
£ S0 {d) f A
S .
.
. 3
inciined cracking
25 p= LI /’in joint
A (e) f L}
Al
" ' Legend
0 2.01 0.02 0.03
p in beams

(a) Test data.
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Frequently, the depth of the beam will be greater than that of the column, as
shown in Fig. 18-43a. In such a case, the internal lever arm in the beam is larger than
that ins the column and, as a result, the tension force in the column steel will be iarger
than that in the beam. In the case shown, T is three times T,. For simplicity the effect
of the shears in the beam and column have been omitted in drawing Fig. 18-43.
Although the strut-and-tie model in Fig. 18—-43a is in overall equilibrium, the bar force
suddenly jumps by a factor of 3 at A. A strut-and-tie model that accounts for the change
in bar force in such a region is shown in Fig. 18~43b. Stirrups are required in the joint
to achieve the increase in tension force in the colume. It can be seen from this strut-and-
tie model that the stirrups in the joint region must provide a tie force

2T3=T1*T1

The reinforcement is detailed as shown in Fig. 18-43c.
T Joints

T joints occur at exterior colomn—beam connections, at the base of retaining walls, or where
roof beams are continuous over columns. The forces acting on such a joint can be idealized

I

|7 = Asty |

L
-/

Fig. 18-42
Closing joints. (a) Stresses in joint. (b)Y Cracking in joint.
" — T, —» T, s
N T3
= fd’
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L i
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T,=38T,

Fig. 1843

{a {b) (e}

Closing joint, beam deeper than colurnn.
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Fig. 18-44
T joints.
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as shownin Fig. 18-44a. In this figure. compression struts are shown by dashed lines and ten-
sion tigs by solid lines. Two different reinforcement patterns for column-to-roof beam joints
are shown in Fig. 18—44b and ¢. and their measured efficiencies are shown ir: Fig. 18-43. The
most common detail is that shown in Fig. 18—44b. This detail produces unacceptably low
joint efficiencies. Joints reinforced as shown in Fig. 18-44c and d had much betier perfor-
mance in tests.'¥ % The hooks in these two patterns act to restrain the opening of the inclined
crack and to anchor the diagonal compressive strut in the joint (see Fig. 18-44a).

In the case of a retaining wall, the detail shown in Fig. 18-44d is satisfactory to de-
velop the strength of the wall, provided that the toe is long enough to develop bar A—B. The
diagonal bar, shown in dashed lines, can be added if desired, to control cracking at the base
of the wall at C.

Beam-Column Joints in Frames

The function of a beam—column joint in a frame is to transfer the loads and moments at the
ends of the beams into the columns. Again, force diagrams can be drawn for such joints.
The exterior joint in Fig. 18—46 has the same fiow of forces as the T joint in Fig. 18-44a
and cracks in the same way. An interior joint under gravity loads transmits the tensions and
compressions at the ends of the beams and columns directly through the joint, as shown in
Fig. 18—47a. An interior joint in a laterally loaded frame requires diagonal tensile and com-
pressive forces within the joint as shown in Fig. 18-47b. Cracks develop perpendicular to
the tension diagonal, A- B, in the joint and at the faces of the joint where the beams frame

into the joint.

Compression strut

/ /Tension ‘tie /Crack
ra

4

M(Tvt:— "i_; \B\C____::LiDM G 3 l)
|

|
4 e

¥’

{a} Truss model of joint. (b} Unsatistactory detail.
—Interior column to
roof beam joints.

)
p—y

A Ay ———
‘-.\_;4" T
(c} Satisfactory detail. (d) Base of retaining wall.

—Interior colurnn to
roof beam joint.
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Exterior beam column joint.

Design of Joints According to ACI 352

The ACI Committee 352" % report on joint design divides joints into (1) Tipe { joints for
structures in nonseismic areas, and (2) Type 2 joints where large inelastic deformations
must be toleraied. The report further subdivides joints inio inferior exterior, and corner
joints, as illustrated in Fig. 18-48.
The forces acting on the joints are computed from free-body diagrams of the joints

as shown in Figs. 18-49z and b. Figure 18~-49b is an enlargement of the shaded putt 0]
Fig. 18-49a. The force T, is the tensile force in the beam at its nominal moment capacity.
Thus T, is equal to A,af. for the flexural steel in the beam, where @ = 1.0 for Type 1 joints
and 1.25 for Type 2 joints. The column shears, V,,,;, are obtained from a frame analysis, or
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Calculation of shear in joints.

for most practical cases can be estimated from the free bodies shown in Fig. 18-49a and
c, where points of contraflexure are assumed at the midheight of each story.

The ACI Committee 352 design procedure for Type 1 (nonseismic) joints, consists of
three main stages:

1. Providing confinement to the joint region by means of beams framing into the Fig. 18-50
sides of the joint, or a combination of confinement from the column bars and ties in : Width of joint,
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Fig. 18-50
Width of joint, &;.

ihe joint region. The confinement allows the compression diagonal to form within the
joint and intercepts the inclined cracks. For the joint to be properly confined. the
beam steel must be inside the column steel,

2. Limiting the shear in the joint.
3. Limiting the bar size in the beams to a size that can be developed in the joint.

For best joint behavior, the longitudinal column reinforcement should be uniformly
distributed around the perimeter of the column core. For Type 1 jeints, ACI Committee 352
recommends that at least two layers of transverse reinforcement (ties) be provided between
the top and the bottom levels of the longitdinai reinforcement in the deepest beam fram-
ing into the joint. The vertical center-io-center spacing of the transverse reinforcement
should not exceed 12 in. in frames resisting gravity loads and shall not exceed 6 in. in
frames resisting nonseismic lateral loads. In nonseismic regions the transverse reinforce-
ment can be closed ties or closed ties formed by U-shaped ties and cap ties, or by U-shaped
ties lap spliced within the joint.

The hoop reinforcement can be omitted within the depth of the shallowest beam en-
tering an interior joint provided that at least three-fourths of the column width is masked by
the beams on each side of the column and provided that the projection of the column out-
side the beamn does not exceed 4 in. at any comer.

Transverse reinforcement is required in all seismic (Type 2) joints. ACI Secs.
21.6.2.2 and 21.6.2.3 specify the amount required.

The shear on a horizontal plane at midheight of the joint is limited to

V, = vVl bh (18-12)

where b; and h are the width and thickness of the joint area, respectively, as defined in
Fig. 18-50. ’

For joints in nonseismic areas (Type 1 joints), ACI Committee 352 recommends that
v be 24 for interior joints, 20 for exterior joints, and 15 for corner joints as illustrated in
Fig. 18-48. ACI 352 and ACI Sec. 21.6.3.1 give y = 20, 15, and 12, respectively, for inte-
rior, exterior, and corner Type 2 joints. For a joint to quality as an interior joint, the beams
must cover at least three-fourths of the width and depth of each joint face, where the depth
of the joint is taken as the depth of the deepest beamn framing into the joint. To qualify as an
exterior joint, the width of each beam must be at least three-fourths the width of that face of
the column and no beam shall have an overall depth of less than three-fourths of the depth
of the deepest beam at the joint. Joints that do not meet the requirements of an interior joint
must be classified as exterior or corner joints.

Direction of
shear force
be

h
Column
I bp2 |
(@) bj= %(Avs bu+ b (b) b,=h, (©) w=L(Avgb.+b)
=(Avg b, + h) - =(Avg b, + W/2)

.
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Beam reinforcement terminating in a Type 1 joint should have 96° standard hooks
with a development length, €, calculated in accordance with ACI Sec. 12.5, where £ is
measured from the beam—joint interface. If £, is too large to fit into the joint, it may be nec-
essary to reduce the diameter of the bars.

Rules for developing bars in Type 2 (seismic) joints are given in ACT Secs. 21.6.1.3
and 21.6.4. If hooks are used, ACI Sec. 21.6.4.1 requires that they may be embedded in
confined concrete. ACI Eq. 21-5 for the €4, of hooks in joints is based on ACI Sec. 12.5.2
(Eq. 8-10 of this book) modified to include the effects of cover and ties (ACT Secs. 12.5.3.2
and 12.5.3.3). The resulting hook length was then increased by about 35% to allow for the
effect of load reversals. The anchorage of straight bars in Type 2 joints is covered in ACIT
Secs. 21.6.4.2 and 21.6.4.3.

EXAMPLE 18-7 Design of Joint Reinforcement

An exterior joint in a braced frame is shown diagrammatically in Fig. 18-51a. The concrete and steel
strengths are 3000 psi and 60,000 psi, respectively. The story-to-story height is 12 ft 6 in.

1. Check the distribution of the column bars and lay out the joint ties. For Type 1 joints,
no specific column bar spacing limits are given by ACI Committee 352, The column bars should be
well distribuied around the perimeter of the joint. Figure 18-51b shows an acceptable arrangement
of column bars and ties.

Y U 22 % 24 in. coclumn
/ 8 — No. 9 bars

Spandrel beam —

: 18 x 21 in deep
12’~6'/ )

Beam — 20 x 28 in. deep
4 No, 11 top bars (changed later to 5 No. 10 top bars)

(a) Schematic drawing.

/5 No. 10 bars

—

24 in. 20in. 2in.
-._'*-——
18 in.
22 in.
1]

Fig. 18— . .
Jcl)igntlc?essi;n——Examp]e 187 (&) Plan of joint. {c) Elevation of joint.
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Since the frame is braced, the frame is not the primary lateral load resisting mechanism. Hence
the spacing of the joint ties can be s = 12 in., with at least two sets of ties between the top and bot-
tom steel in the deepest beam. The required area of these ties will be computed in step 3.

2. Calculate the shear force on the joint.

We will check this in the direction perendicular to the edge. Since the frame does not resist lat-
ezl loads, there is no possiblity of a sway mechanism due to latera! loads parallel to the edge. A free
body cut through the joint is similar to Fig. 18-49b, The column loads have been omitted to simplify
Fig. 18-49. The shear in the joint is

Vijotnt) = Ty = Ve (18-13)
wiere
T, = A,af,anda = 1.0 foraType 1 joint
=4 % 1.0 X 1.56 in.2 X 60 ksi = 374 kips

To compute V,,,, we must consider the free-body diagram in Fig. 18—49a where £, = 12.5 ft.
The nominal moment capacity of the beam is

3
M, = Asf}.(d - g) =4 X 1.56 X 60(25 - 724)

7986 in.-kips = 665 ft-kips

M
—~ = 53.2kips

Vea
“ 125

Therefore,

ViGoiny = 374 ~ 53.2 = 321 kips

3. Check the shear strength of the joint. From Fig. 18-30 the width of the joint
b, = 3(20 + 24) = 22 in.
= 20 + 24in.
Use b; = 22 in. The thickness of the joint, #, is equal to the column thickness. Use b = 221in.
V.= YV bk

Check the joint classification: This will be an exterior joint, provided that all of the beams are at least
three-fourths as wide as the corresponding column face and the shallowest beam is at least three-
fourths of the depth of the deepest beam. Therefore, this is an exterior joint and y = 20.
20V3000 x 22 X 22
! 1000

SV, = 451 kips

= 530 kips

Since this exceeds Vigoinmy = 321 kips the joint is acceptable in shear.
Using No. 3 ties, the required spacing of the joint ties to satisfy ACI Sec. 11.11.21s
area perset = 3 X 0.11in.2 = 0.33 in?
From ACI Eq. 11-13 (Eq. 6-22 of this book),
0.33 = 64,000
50 X 20

5= = 19.8 in.

but not more than 12 in, {to satisfy ACI 352). Provide two sets of ties in the joint,

4. Check the bar anchorages. From ACI Sec. 12.5, the basic development length of a
hook is

¢ 1200d, _ 1200 X 1.41 in.
v /3000

30.9in.

18-7 Beam-Colurnn Joints 813



It the beam bars are inside the column bars and have 2 in. of tail cover, ACI Sec. 12.5.3.2 allows
{J.-': = 0.7 % 309 = 21.6in.
The development length available = 22 in.—l% in. {cover) — ¢ in. {tie) = 20.125 in. but not more
than 22 in. — 2 in. (cover on tail) = 20 in.
Since {5 exceeds the space available, we must either increase the column size to 24 in., orre-
duce the bar size in the beam to No. 10 or smaller, Try 5 No. 10 bars.

“(1200 X 1.27

W= — = [9.5in,
{45 =07 /3000 ) 9.5in

therefore OK. Note that changing the bar area will change T,. and hence change V., to 326 kips,
which is still less than V,. Use the joint as detailed in Fig. 18-51b and ¢ with two sets of ties in the
joint, |

Joints between Wide Beamns and Narrow Columns

Occasionally, a beamn will be considerably wider than the column supporting it. The detail-
ing of such a joint must provide a clear force path.

At an exterior beam column joint the tensile force T, (sec Figs. 18—46a and 18-44a)
must be transferred to the joint core. This can be done by grouping the top bars inside the
column bars, or by providing closely placed stirrups around the entire joint to create a hor-
izontal “truss” action to transmit the tension into the joint,

If a wide deep beam is supported on a narrow column, the tensile force in the longi-
tudinal bars outside the column will not be equilibrated by a compression strut since this
strut will only exist over the column. Hence these bars will tend to shear the overhanging
portions off the beam. Again, the region,should be confined with stirrups to provide a hor-
izontal truss to anchor these bars,

Finally, the truss analogy for shear strength suggests that only the portion of the web
over the column is effective in transmitting diagonal compression stresses to the support.
In a deep beam, this may overstress the region right over the column.

Use of Strut-and-Tie Models in Joint Design

Although strut-and-tie models can be used to design joint regions, the models sometimes
become complex when the effects of shears in the beams and columns are included. For
some purposes it is adequate to consider only the flexural forces in the steel and concrete
when drawing the strut-and-tie models as done in Figs. 18—40e, 18-43, and 18-47b, If it
is gecessary to include the effects of beam and column shears, it is generally necessary
to consider a strut-and-tie model that includes portions of the beams between the zero
shear locations and portions of the columns, much as done in Fig. 18-18.

18-8 BEARING STRENGTH

814

Frequently, the load from a column or beam reaction acts on a small area on the top of a
wall or a pedestal. As the load spreads out in the wall or pedestal, transverse tensile stresses
develop, which may cause splitting and possibly failure of the wall or pedestal.

This section starts with a review of the internal stresses and forces developed in such
a region, followed by a review of the ACI design requirements for bearing strength. The
discussion of intemmal forces is based in large part on the excellent design manual by
Schlaich.'*!

Discontinuity Regions, Corbels, Deep Beams, and Joints i
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Internak forces near bearing
areas. (Adapted from Ref.
18-1.)

Internal Forces near Bearing Areas

Figure 18-52a shows the stress trajectories due to a concentraied load. £, acting at the center
of the top of an isolated wall of length €. height d, and thickness 1, where { = d and 1 15 small
compared to £ and &. As before. compressive stress trajectories are shown by dashed tines and
tensile by solid lines. The horizontal stresses across a vertical line under the joad are shown in
Fig. 18-52b. These tend to cause a splitting crack directly under the load. For the case shown
where the width of the load is 0.1£. the maximum tensile stress is about 0.4p, where p = F. £z,

For calculation purposes, this state of stress can be idealized as shown in Fig. 18-52c.
Here the uniform compressive stress on the bottom surface is replaced by two concen-
trated forces, F/2 ai the quarter points of the base. The inclined struts act at an angle 8,
which for a load size of w'd = 0.1 is 65° for £/d = 1.0, or smaller. Flatter angles will
occur if £ /4 increases, reaching about 55° for a load with w/d = 0.10 on a wall having
¢£:d = 2.0. For design, a slope of 2 vertical to | horizontal may be assumed. as done in
Example 18-1 (Fig. 18-3c).

For equilibrium, the truss needs a horizontal tension tie, as shown by the solid line
B-C in Fig. 18-52¢. This is made up of well-anchored horizontal steel placed over the zone
of horizontal tensile stress (Fig. 18-52b) and having A,f, sufficient to serve as the horizon-
tal tie in the truss.

A similar situation occurs when a series of concentrated loads act on a continuous
wall, as shown in Fig. 18-52d. The horizontal force in the diagonal struts must be equili-
brated by the tension tic B~C and a compression strut, C-B . For force equilibrium on a ver-
tical plane between C and B, the force in A—A " must be equal and opposite to C-8 ’. Elastic

F

— F—w = 0.1

—

0. nsil
I 4p tensile

PEELTTELLL,

! (b) Transverse tensile stresses.

{a} Stress trajectories.rl: ‘JL .-L
'} A\ A,’\\ /I\ \A’ —
2| /N )
o I—-\ X

1
B

I
|

C

(c} Truss model.
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Fig. 18-33
Failure in a bearing test.

816

enalyses snggest that the tension in B~C is roughly twice the compression in C-B'.
Reinforcement should be placed in the direction of the tension ties.

The twe cases shown in Fig. 18-32 involved concentrated loads acting on thin walls.
If the concentrated loads were to act on a square pedestal, similar stresses would develop
in a three-dimensional fashion. Although the stresses would not be as large, it may be nec-
essary to reinforce for them.

ACI Code Requirements for Bearing Areas

The ACI Code treats bearing on concrete in ACI Sec. 10.15 when dealing with normal sit-
uations, and ACI Sec. 18.13.!1 when dealing with prestress anchorage zones. Section
18.13.1 requires consideration of the spread of forces in the anchorage zone and requires
reinforcement where this leads to large internal stresses.

ACI Sec. 10.15 is based on tests by Hawkins'®** on unreinforced concrete blocks,
supported on a stiff support, and loaded through a stiff plate. A section through such a test
is shown in Fig. 18-53a. As load is applied, the crack labeled | occurs in the center of the
block at a point under the load. This then progresses to the surface, as cracks 2. The result-
ing conical wedge is forced into the body, causing circumferential tension in the surround-
ing concrete. When this occurs, the radial cracks 3 form (Fig. 18-53b), the block breaks, and
a “bearing failure” occurs. Two solutions are available: (1) provide reinforcement to replace
the tension lost when crack 1 formed as done in Example 18-1, or (2) limit the bearing
stresses so that internal cracking does not occur. ACI Sec. 10.15 follows the latter course.

The permissible bearing stress is set at 0.85f, if the bearing area is equal to the area
of the supporting member and can be increased to

¥ A ! !
f. = 0.85f, \/f but not more than 1.7\@ (18-14)
i

if the support has a larger area than the actual bearing area. In Eq. 18-14, A, refers to the ac-
tual bearing area and A, is the area of the base of a frustrum of a pyramid or cone with its
upper area equal to the actual bearing area and having sides extending at 2 horizontal to 1
vertical until they first reach the edge of the block, as illustrated in Fig. 16-10.

The maximum bearing load, B,,,,, is computed from

Bmm& = d)fbAl (18715)

where ¢ is 0.70, f, is from Eq. 18-14, and A, is the bearing area.

The 2:1 rule used to define A, does not imply that the load spreads at this rate; it is
merely an empirical relationship derived by Hawkins.'*" It should not be confused with
the*2 vertical to | horizontal slope assumed in the truss model in Fig. 18-52¢.

{a} Elevation. {b}y Plan,

Discontinuity Regions, Corbels, Deep Beams, and Joints
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18-% T-BEAM FLANGELS

Fig. 18-54

Strut-and-tie models of a
T beam with the flange in
compression.

In Fig. 5-5 a rudimentary strut-and-tie model was used to illustrate the spread of forces in
the compression flange of a T beam. The forces in T-beam flanges will be examined more
closely using strut-and-tie models of the beam web and flange. Figure 18-54a shows a
strut-and-tie model of half of a simply supported beam loaded with a concentrated oad at
midspan (Jf}. The horizontal compenents of the compression forces in the diagonal struts in
the web apply loads to the top flange at B, D, and so on. as shown in Fig. 18-54b.
Compression struts and transverse tension ties in the flange act to spread this compression
across the width of the flange. Assuming that the web struts are inclined at 43 except at
the reaction and the concentrated load, the horizontal componenis of the forces acting on
the flange at D, F, and H are all equal to the shear V,. Assuming that the flange struts are at
a 2:1 slope. the transverse tensions arising from the forces acting on the flange at D, F, and
Hare T = V,/4 and require transverse reinforcement with a capacity of

Af, =V, /4

For the force at F, for example, this steel would be distributed over the length of flange ex-
tending about jd/2 each way from the locations of the transverse tie resulting from the force
acting on the flange at F. If transverse stee! was needed for cross bending of the flanges due
to loads on the overhanging flanges, it would be added o the steel needed to spread the
compressive forces.

The strut-and-tie model in Fig. 18-54b indicates that there will not be any compres-
sion in the flange to the left of B and there will be a concentration of horizontal compres-

(a) Strut-and-tie model of beam web.

(b) Strut-and-tie model of compressien flange.

18-8 T-beam Flanges 817



Fig. 18-55

Strut-and-tie models of a
T beam with the flange in
tension.

818

sive force in the vicinity of the load al J because the horizontal component in strut /-J can-
not spread across the flange.

The situation in a tension flange is more extreme as shown in Fig. 1855, Here a
cantilever T beam is loaded with a single concentrated load equal to V. Again assuming
that the web struts are at 45° except at the concentrated load and the support. the hori-
zontal components of the strut forces acting on the flange at C. £, G. and / are equal to V,,
Figure 18-55b is drawn assuming that the flexural tensile reinforcement in the flange is
spread evenly over the width of the flange and hence can be represented by two bars at the
quarter points of the width of the flange. The force acting on the flange at G is spread by
compression struts 1o engage fongitudinal steel at G’ and G". If the struts are at 2:1, a
transverse tension tie G '—G” is required to resist a transverse tension of V,,/4. The longi-
tudinal forces acting on the flange at A and C are too close to the free end to be spread by
2:1 struts. As a result, the transverse tie forces, and hence the amounts of transverse rein-
forcement, are larger in this region than in the rest of the beam.

Figure 18-55b was drawn assuming that the longitudinal tension steel in the flange
was evenly spread over the width of the flange. By using steel close to the web to resist the
longitudinal forces introduced into the flange at A and C, the amounts of fransverse stee]
needed at the end of the beam may be reduced.

Figures 6—22a and 8-17¢ illustrated the effects of shear in displacing the longitudi-
nal steel force diagram away from the point of maximum moment in a rectangular beam.
This effect is even more pronounced in the tension flange of a T beam. The forces in the
flange steel at G’ and G " in Fig. 18-55b are controlled by the horizontal force applied to
the flange at G. The horizontal in the flange at G would be computed by cutting a section
through the web and summing moments about H.

{a) Strut-and-tie model of beam web.

Y

9]
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(a) Strut-and-tie model of tension flange.
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PROBLEMS

18-1 The deep beam shown in Fig, P18-1 supporis a fac-
tored load of 1430 kips. The beam and columns are
24 in. wide. Draw a truss model neglecting the ef-
fects of stirrups and the dead load of the wall.
Check the strength of the nodes ané struts and de-

sign the tension tie. Use f; = 4000 psi and
f. = 60,000 psi.

18-2 Repeat Problem 18-1, including the dead load of
the wall. Assume that stirrups crossing the lines AB

and CD have a capacity ¢ZA, f, equal to one-third
or more of the shear due to the column load.

18--3 Design a corbel to support a factored vertical load
of 120 kips acting at 5 in. from the face of a col-
umn. The column and corbel are 14 in. wide. The

1450 kip
5 -9

I———— 36"
B

C

concrete in the column and corbel was cast mono-
lithically. Use 5000-psi normal-weight concrete
and f, = 60,000 psi.

18-4 Repeat Problem 183 with a factored verticai load of

100 kips and a factored horizontal load of 40 kips.

18-5 Figure P18-5 shows the dapped support region of a

simple beam. The factored reaction is 100 kips,

f. = 5000 psi, and, = 60,000 psi (weldable). The
beam is 16 in. wide.

{a) Isolate the D-region.
{b) Draw a iruss to support the reaction.

(d) DPetail the reinforcement.

20" -3~

Fig. P18-1

15"

100 Kip T

Fig. P18-5 | 10 |

Problems

818



19-1 EARTHQUAKES AND SEISMIC RESPONSE SPECTRA

820

An earthquake causes the ground under a structure to move rapidly back and forth im-
parting accelerations, ¢, to the base of the structure. If the structure were completely rigid,
forces of magnitude f = ma would be generated in it, where m is the mass of the structure.
Since real structures are not rigid, the actual forces generated will differ from this value
depending on the matching of the period of the building and the dominant periods of the
earthquake. The determination of the force, f, is made more complicated because any
given earthquake contains a wide and unpredictable range of frequencies and intensities of
base acceleration.

The effect of a given earthquake on a wide range of structures is represented by a re-
sponse spectrum. If a series of structures of varying periods of vibration, represented by the
damped inverted pendulums in Fig. 19-1a, are subjected to a given earthquake, the maxi-
mum acceleration of each structure during the earthquake can be computed and plotted
agamst the period of the structure as shown in Fig. 19-1b. Such a graph is known as an ac-
celeration response spectrum. The vertical axis is called the spectral acceleration. In plot-
ting these curves, §, = 1 represents the maximum ground acceleration during the
particular earthquake being studied. If §, = 2 for a structure of a given period, the struc-
ture experiences an acceleration twice that of the ground. Each of the curves refers to a par-
ticular degree of damping. Damping is a measure of the dissipaiion of energy in the
structure, Typically, a reinforced concrete building will have 1 to 2% damping prior to an
carthquake. As cracking and structural and nonstructural damage develop during the earth-
quake, this increases to about 5%. As the damping increases, the spectral acceleration de-
creases as shown in Fig, 19-1b.

Figure 19-1b indicates that for the buildings having short fundamental periods, the
maximum acceleration may be several times the ground acceleration. Since severe earth-
quakes may have maximum ground accelerations on the order of 0.2g to 0.4g, this implies
that the horizontal earthquake forces could be as large or larger than the weight of the

«.'
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trum (From Ref. 19-1.)

Viscous damping
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{a) Damped pendu!;.:ms of varying natural frequencies.

|

0.5% Damping

Apr

2% Damping

5% Damping

Acceleration, S,

0 1.0 20 a0 40
Natural period of vibration, T {ses)

{b) Acceleration response spectrum. .

building if the building remains elastic. The forces actually used in the design of buildings
for earthquakes are smaller than indicated in this figure because inelastic action in the
structure tends to dissipate the earthquake forces.

As an undampened elastic pendulum is deflected to the right, energy is stored in it in
the form of strain energy. The stored energy is equal to the shaded area under the load de-
flection diagram shown in Fig. 19-2a. When the pendulum is suddenly allowed to move
back to its original position, this energy reenters the system as velocity energy and helps
drive the pendulum to the left. This pendulum oscillates back and forth along the load de-
flection diagram shown.

If the pendulum were to develop a plastic hinge at its base, the load—deflection dia-
gram for the same lateral deflection would be as shown in Fig. 19—2b. When this pendulum
is suddenly allowed to move back to its original position, only the energy indicated by the
triangle a~b—c reenters the system as velocity energy, the rest being dissipated by friction,
hieat, crack development, and so on.

Studies of hypothetical elastic and elastic~plastic buildings subjected fo a number of
different earthquake records suggest that the maximum lateral deflections of the elastic and
elastic—plastic structures are roughly the same. Figure 19-3 compares the load deflection
diagrams for an elastic structure and an elastic—plastic structure subjected to the same lat-
eral deflection, A,. The ratio of the maximum deflection, A, to the deflection at yielding
A, is called the displacement ductility ratio

B=a (19-1)

N
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Fig. 19-2

Energy in vibrating pendu-
lums. (From Ref. 19-2 copy-
right John Wiley & Sons, Inc.)

Fig. 19-3

Effect of ductility ratio, g, on
lateral force and strain energy
in structures deflected to the
same A,,. (From Ref. 19-2;

copyright John Wiley &
Sons, Inc.) ¢
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From Fig. 19-3 it can be seen that for a ductility ratic of 4, the lateral load acting on
the elastic—plastic structure would be;i = % of that on the elastic structure. and the energy
recovered in each cycle would be ﬁ as great. Thus if a structure is ductile, it can be de-
signed for lower seismic forces.

19-2  SEISMIC DESIGN PHILOSOPHY

Fig. 194
Soft story due to discontinu-
ous shear walls.

The design philosophy embodied in American design codes is that buildings should remain
in use and be essentially undamaged under earthquakes with a return period of 5 years or
so, and buildings should not collapse under the strongest earthquake anticipated at the
building location. This earthquake is taken as one with a 10% chance of excedance in 50
years, In a high seismic region such an earthquake will cause significant inelastic action in
the structure. This will often be accompanied by extensive damage to nonstructural items
such as cladding, partitions and ceilings.

Effect of Building Configuration

Perhaps most important in the design of a building for seismic loads is the choice of the
building configuration, that is, the distribution of masses and stiffnesses in the building and
the choice of load paths by which lateral loads will eventually reach the ground. The
Uniform Building Code (UBC)' defines buildings as regular ot irregular. Irregular
buildings require special analysis or design features. Examples of irregularities are:

1. Large concentrated masses or abrupt changes in mass, stiffness, or strength
from story to story. These should be avoided because they attract large forces and
localized damage. The soft story created by terminating or greatly reducing the stiff-
ness of the shear walls in the ground story (Fig. 19—4) concentrates forces and defor-
mations at this level.

2. Discontinuous shear walls. The structural system should provide a number of
continuous load paths to transmit horizontal loads to the foundations. The building
shown in Fig. 19-5a has discontinuous shear walls at each end which rely on the
floor members AR and CP in the second floor to transmit the shears to the walls in
the ground floor. The rocking of the upper part of the building puts excessive loads
on these floor members. Shear walls which have in-plane discontinuities (Fig. 19-5c¢)
should be avoided also.

3. Large eccentricities. The building should be symmetrical or, if not, the distance
between the center of mass, the point through which the seismic forces act on a given
floor, and the center of resistance should be minimized. If there 15 an eccentricity, as
shown in Fig. 19-6a, the building will undergo torsional deflections as shown. Due

Wall

Vs s
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Fig. 19-3
Discontinous shear walls,

Fig. 19-6

Eccentricities anfi torsional

deformations.

824

Center of
resistance

to this. the columns at A in Fig. 19-6a will experience larger shears than those at B,
The location of the center of resistance is affected by the presence of both structural
and “nonstructural” stiffening elements.

4. Low torsional stiffness. The building should have a significant torsional resis-
tance. Because the individual wails in Fig. 19-6b are farther from the center of rota-
tion than those in Fig. 19-6¢. they provide mere torsional resistance. The plan in Fig.
19-6d is particularly unsuitable. It has a large eccentricity and very little torsional
resistance.

5. Vertical or horizontal geometric irregularities. The two parts of each of the
buildings shown in Fig. 19-7 have different periods of vibration and severe damage
can occur where they are joined together. For the building on the left. one solution is
to separate the two wings with a joint that is wide enough so that the two wings can
vibrate separately without banging together. If this is not practical, the corner region
must be strengthened to resist the tendency to pull apart.

Al B Ci io
Z. 777 f
{a) Side view of (D). End view {¢) In-plane discontinuities
building with showing rocking
discontinuous of upper walls
shear walls

Center of
mass
Eccentricity
(a) Eccentricity of earthguake forces
(b} {c) (d)
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at B, 6. Variations in column stiffnesses atiract forces to the stiffer columuns. Thus
tural column D in Fig. 19-8 would be four times as suff as column A for the same cross
section and would initiaily be called on to resist four times the shear. Frequently.
such a column will fail in shear above the watl, Sometimes the change in column

esis-

ro:- stiffness is caused by neastructural elements such as the masonry walls shown

Fia. shaded in the figure.

ional ‘ 7. Diaphragm discontinuities. Figure 19-9 shows & plan view of a floor diaphragm
: transmitting seismic forces to shear walls at the ends. The diaphragm acts as a v

f the flat beam that develops tension and compression on its two sides. Abrupt discontinu-

mage ; ities or changes of stiffness of floor diaphragms such as the notch in the diaphragm

ion is ‘ in Fig. 19-9 lead to a concentration of damage in the weak area.

s can 8. Nonparallel lateral force resisting systems. If the frames or walls that resist the

:gion :1 lateral loads are not parallel to, or symmetric about, the major orthogonal axes of the

latera) force resisting system, major torsional effects may be introduced.

19-3 CALCULATION OF SEISMIC FORCES ON STRUCTURES

7 i The ACI Code does not give any guidance as to how structures should be analyzed for seis-
— mmic actions. This is done in the general building code adopted in the area. Two different but

!

vitles

Fig. 19-7
Geometric irregularities. e 7R
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{
X Masonry infill
; Fig. 19-8 wall
f Differances in column stiff-
NESSES.
] Tension
E \ Seismic forces
|
l . ——Shear wall
|
Fig. 19-9 _
Diaphragm discontinuities. Compression
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closely related sets of provisions exist, the Uniform Building Code™™ and ASCE 7-93,
Minimum Design Loadings for Buildings and Other Structures'®™. The latter has just been
updated based on a major reevaluation of seismic design rules, and will be vsed here.

The analysis of structures for earthquake motions according to ASCE 7-95 consists
of three main steps:

{a) Determining the level of ground shaking at the site. This i1s a function of the
effective peak acceleration, A, the effective peak velocity related acceleration, A,
the soil type, and the corresponding acceleration seismic coefficient, C,, or velocity
seismic coefficient, C..

{b) Selecting the seismic performance category for the structure, and

(¢} Carrying out the appropriate level of structural analysis to determine mem-
ber forces and deformations,

Level of Ground Shaking at the Site

ASCE 7-95 presents maps of the earthquake ground motions across the United States,
based on a 90% chance of not being exceeded in a 50-year period, which is equivalent to
earthquakes having about a 1 in 475 chance of being exceeded in any given year. Two maps
are given, one for the effective peak acceleration, A,, defined as a coefficient representing
ground motion at a period of 0.1 to 0.5 sec, the other for the effective peak velocity-related
acceleration, A,, defined as a coefficient representing ground motion at a period of about
1.0 sec. Figure 19-10 is a reproduction of the map of A,.

The values of A, and A, in the maps are given for sites on rock. Different types of soils
amplify the ground motions to varying degrees, and A, and A, are multiplied by site coeffi-
cients ranging from 0.8 to 3.5, depending on the type of subsoil, to get the seismic coeffi-
cients, C, and C,, which represent the ground motion acting on the structure at a given site,

Seismic Performance Category

ASCE 7-95 classifies buildings based on the nature of occupancy for the purposes of se-
lecting wind, snow, and earthquake loads. The use caregories range from I to IV, where

Use category 1 includes buildings with a low hazard to human life in the event of

failure.

Use category I includes all buildings not included in use categories L, 111, and IV.

Use category 111 includes buildings that represent a substantial hazard to human life
. in the event of collapse, including assembly buildings, schools, and so on.

Use category IV includes essential facilities intended to remain functional during and

after a major earthquake, snow, or wind event.

Based on the use category and the value of the peak effective velocity-related accel-
eration, A,, a seismic performance category is specified, ranging from A for low seismic
hazard, corresponding to low values of A,, to E for use category IV buildings in highly seis-
mic areas as specified in Table 19-1. The type of structural analysis required and special
provisions for irregular buildings get progressively more complex as the seismic perfor-
mance category increases from A to E. The types of reinforced concrete structural systems
and the allowable building heights for various systems are given in Table 19-2.

In Table 19-2, a bearing wall system is a system of floors supported by walls that re-
sist both the gravity and lateral loads. A building frame system has a space {rame (column
and beam frame) which supports gravity loads, with lateral loads resisted by shear walls. A
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TABLE 19-1 Seismic Performance Categories
Use Category

se-

. Value of A, lorll i v

t of A< 0.05 A A

005=4A, <010 B B C
/. : 040 = A, < (.15 C C D
life j 015 <A, < 020 C D D
' 0.20 = A, D D E

and :

cel-

mic ! moment resisting frame resists both gravity and lateral loads. A dual system is a combina-
sels- tion of a space frame resisting both gravity and lateral loads and a shear wall resisting lat-
wcial eral loads. An inverted pendulum structure has a large portion of its mass concentrated at
for- the top of the structure.

ems

Structural Analysis

it re-

um: . ASCE 7-95 specifies two levels of structural analysis as a function of the seismic perfor-
ls. ; mance category and the type of structural irregularities, if any. For seismic performance
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TABLE 18-2 Reinforced Concrete Structural Systems for Seismic Resistance

Respanse Deflection Structural System Limitations
Modgification Amplification and
Cesfficient, Factor, Building Height Limitations (ft}

Basic Struacl'ggral System Seismic Performance Category:
Seismic Farce Resisting System R Ca A&B c D E
Bearing wall system

Reinforced concrete shear walls 4.5 4 NL* NL 160 100
Building frame system

Reinforced concrete shear walls 5.5 5 NL NL 160 100
Moment-resisting frame system

Special moment frames (SMF) 8 5.5 NL. NL NL NL

Intermediate moment frames (IMF) 5 4.5 NL NL NL Np“

Ordinary moment frames (OME) 3 2.5 NL NP NP NP
Dual system with a SMF capable of
resisting at least 25% of prescribed
seismic forces

Reinforced concrete shear walls 8 6.5 NL NL NL NL
Dual system with an IMF capable of
resisting at least 25% of prescribed
seismic forces

Reinforced concrete shear walls 6 5 NL NL 160 100
Inverted pendulum structures

Special moment frames 2.5 25 NL NL NL NL

Source: Abridged from Ref. 19-4.
*NL, not limited; NP, not permitted.

828

categories A, B, and C the eguivalent lateral force procedure is permitted. It is also per-
mitted for regular buildings up to about 20 stories and irregular buildings up to 3 stories in
seismic performance categories D and E. For other buildings, the modal analvsis procedure
is required, sometimes with a site-specific response spectra, The modal analysis procedure
considers the superimposed lateral forces resulting from several modes of vibration. A dis-
cussion of the modal analysis procedure is beyond the scope of this book. See Reference
19-6.

The equivalent lateral force procedure approximates the effects of the earthquake with
a set of lateral forces distributed much as they would be in the first mode of vibration. A few
aspects of the equivalent lateral force procedure given in ASCE 7-95 will be reviewed.

The seismic base shear in a given direction is

V=CW (19-2)
where

V = total lateral shear at the base of the building
C, = seismic response coefficient, defined by Eq. [9-3 or 194
W = 1.0 dead load,
plus 0.25 times storage loads,
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plus. in areas where a partition load is used in design, the larger of the actual
partition loads or 10 psf.

plus the operating weight of permanent equipment and the contents of vassals.
plus 20% or more of the snow load

o 1 s
* T RT )
but need not be more than
2.5C,
C,=— (19—
R
where
C, = seismic coefficient based on the soil profile and the value of A,
C, = seismic coefficient based on the soil profile and the value of A,
R = response modification factor given in Table 19-2 (R is a function of the duc-
tility and energy-dissipating characteristics of the structure: it is roughly
equivalent to pin Fig. 19-3b or Eq. 19-1)
T = fundamental period of the structure given by
T = (::rh.”'1 +
where

Cy = 0.030 for moment-resisting frames of reinforced concrete, or 0.020 for all
other concrete buildings

h, = height above the base to the top level in the building in feet

The variation of C, with changing periods is shown in Fig. 19-11 for a reinforced
concrete intermediate moment frame with a shzar wall (R = 5). founded on stiff soil in a
region where A, and A, are both 0.2¢. The curve is similar in shape to the acceleration re-
sponse spectrum for 5% damping in Fig. 19-1. The ordinates are different because
Fig. 19-11 was drawn for a particular building, soil type, and ground movement, while
Fig. 191 has been normalized to the ground acceleration. [f the building had a period of |
sec, the base shear would be about 0.1W.

For design purposes, the lateral Joad is converted to laterai forces al each story level
as shown in Fig. 19-12. These are selected to simulate the distribution from a modal analy-
sis. For building periods of 0.5 sec or less, buildings of up to 6 or 7 storys, firsl-mode vi-
bration dominates and the lateral force distribution approaches an inverted triangle as
shown in Fig. 19-12a. For very tall buildings higher vibration modes are significant and the

0.15
J t Eq 194 N\
5 otol - Eg. 193
Q2
=
[
Q
[+
[+
£ 005}
0
[©]
[74]
| I ! 1 |
0 0.05 1.0 1.5 2.0 2.5

Pericd, T (sec.)

19-3 Calculation of Seismic Forces an Structures 829



Fig. 19-12
Distribution of equivalent lat-
eral forces and shears.

F7r 7 IR 7

(a) Short peried building  (b) Long period building {c) Shears

equivalent lateral force distribution approaches a parabola with apex at the base of the
building as shown in Fig. 19-12b. The shear, V., in any story x is the sum of the lateral
forces acting abouve that story:

V,= EF‘ (19-5)

where 1 refers to the top level. This gives a shear distribution as shown in Fig. 19-12c.

ASCE 7-95 requires that the equivalent lateral forces be applied at some distance
from the center of mass to increase the eccentricity (see Fig. 19-6a), thereby allowing for
an accidental increase in the torsional effects. Such an increase may occur, for example, if
a corner column such as A in Fig. 19-6a cracked and lost some of its stiffness before the
other columns cracked. When this occurs, the center of resistance moves to the left, in-
creasing the eccentricity and the torsional effects.

For buildings classified as seismic performance category B, the earthquake loads are
assumed 1o act independently along the two orthogonal axes of the buildings. For seismic
performance category C buildings having nonparatlel lateral load resisting systems, and for
all seismic performance category D and E buildings, 100% of the forces for one direction
are added to 30% of the forces in the perpendicular direction, the directions chosen to give
the worst effect for the member being designed.

Specific details on any of these calculation procedures are available in the applicable
building codes and in books on earthquake engineering.'>'*® Two concepts are important
here, however. First. the force developed in the structure does not have a fixed value, but
instead results from the stiffness of the structure and its response to a ground vibration.
Second, if a structure is detailed so that it can respond in a ductile fashion to the ground
motion, the earthquake forces are reduced from the elastic values.

ACI Sec. 21.2.2 requires that ail structural and nonstructural elements which materi-
ally affect the response of the structure be considered in the analysis.

19-4 DUCTILITY OF REINFORCED CONCRETE

830

Factors affecting the ductility of reinforced concrete beams under monotonically applied
loadings have been discussed in Secs. 4-2, 4-3, 5-3, and 11-2 (see Figs. 4-16, 5-15, 5-16,
and 11-5). The ductility of a beam increases as the ratio p/ p, goes down and as p’/ p goes

.
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Beam subjected to cyclic
loads.

up, where p;, is the reinforcement ratio for balanced failure and p' is the ratio of compres-
sion reinforcement.

When a reinforced concrete member is subjected to load, flexural and shear cracks
develop as shown in Fig. 19-13a. When the load is reversed. these cracks close and new
cracks form. Following several cycles of loading the member will resemble Fig. 19-13b.
The left end of the beam is divided into a series of blocks of concrete held together by the
reinforcing cage. If the beam cracks through, as shown in Fig. 19-13b, shear is transferred
across the crack by dowel action of the longitudinal reinforcement and grinding friction
along the crack. After the concrete outside the reinforcement crushes, the longitudinal bars
will buckle unless restrained by closely spaced stirrups or hoops. The hoops also provide
confinement of the core concrete, increasing its ductility.

It should be noted that the ductility ratio u is defined in Eq. 19-1 in terins of the de-
flection A at the end of the beam shown in Fig. 19-13 or at the top of the building. Since
most of the deformation ts concentrated in the cracked and hinging regions, the curvature
ductility, ¢,/ ¢,, must be several times the required deflection ductility, .

In Sec. 3-3 it was shown that concrete subjected to triaxial compressive stresses in-
creases in both strength and ductility (Fig. 3—-15). In a spiral column the lateral expansion
of the concrete inside the spiral stresses the spiral in tension and this, in turn, causes a con-
fining pressure on the core concrete leading to an increase in the strength and ductility of
the core (Fig. 11-5). ACI Chap. 21 requires that beams, columns, and the ends of shear
walls have hoops in regions where the reinforcement is expected to yield. Hoops are
closely spaced closed ties or continuously wound ties or spirals, the ends of which have
135° hooks with 6 bar diameter (but not less than 3 in.) extensions. The hoops must en-
close the longitudinal reinforcement and give lateral support to those bars in the manner re-
quired for column ties in AC[ Sec. 7.10.5.3. Although hoops can be circular, they most
often are rectangular as shown in Fig. 19-14 since most beams and columns have rectan-
gular cross sections. In addition to confining the core concrete, the hoops restrain the buck-
ling of the longitudinal bars and act as shear reinforcement.

(a) Cracks due to load acting downward

{b) Cracks due to load acting upwards

19-4 Ductility of Reinforced Concrets 831



Frames with the ductile detailing required by ACI Chap. 21 can achieve deflection
ductilities in excess of 5 and flexural walls about 4, compared to ! to 2 for conventional

concrete frames.
The response modification coefficients, R, given in Table 19-2 are a measure of the
deflection ductilities various types of structures can attain.

19-5 GENERAL ACI CODE PROVISIONS FOR SEISMIC RESISTANCE

Fig. 19-14
Confinement by hobps.

832

Seismic design provisions are presented in ACI Chap. 21, which covers only cast-in-place
reinforced concrete structures. ACI Sec. 21.2.1.5 allows the use of precast or prestressed
concrete structures provided that it can be demonstrated that the proposed system has
strength and toughness equal or exceeding those for an equivalent reinforced concrete
structure designed according to the applicable sections of ACI Chap. 21.

ACI Secs. 21.2.1.3 and 21.2.1.4 give the design requirements for regions of moder-
ate scismic risk and high seismic risk, respectively, without defining “moderate” or “high.”
ACI Commentary Sec. R21.2.1 states that moderate seismic risk corresponds to Zone 2 and
high seismic risk to Zones 3 and 4 in the 1988 edition of ASCE 7 and the 1991 edition of
the Uniform Building Code. ASCE 7-95 does not use these terms. Instead, it defines the
class of construction in terms of the seismic performance categories A to E, which, as seen
earlier, are selected as a function of the ground acceleration, A,, and the use category of the
building. Table 19-2, abridged from ASCE 7-95, sets limits on the structural systems that
can be used for each seismic performance category and ASCE 7-95 Secs. A.9.6.4 to
A.9.6.7 set out those ACI Code sections that must be satisfied for each seismic performance
category as summarized in Table 19-3.

ASCE 7-95 refers to a moment-resisting frame designed using ACI Chaps. 1to 17 as
an ordinary moment frame (OMF), and a moment-resisting frame designed using ACI
Chaps, 1 to 17 plus ACI Sec. 21.8, which requires localized special detailing, as an inter-
mediate moment frame (IMF). A moment-resisting frame designed using ACI Chaps. 1 to
17 plus ACI Secs. 21.2 to 21.7 is called a special moment frame (SMF).

Materials

The compressive strength of the concrete shall not be less than 3000 psi {ACI Sec.
21.2.4.1), Because some high-strength lightweight concretes display brittle crushing fail-
ures (see Fig. 3-25) the strength of lightweight concrete shall not exceed 4000 psi unless
good behavior is documented.

« Reinforcement resisting earthquake-induced stresses in frame members and the bound-
ary elements of walls shall comply with ASTM A706. Specification for Low-Alloy Steel
Deformed Bars for Concrete Reinforcement. Specially graded A6135 steel may also be used,

Design for Earthquake Resistance
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Load Factors and Strength Reduction Factors

ACT Sec. 9.2.3 defines the load combinations to be used as

U=075014D + 1.7L + 1.7 X 1.1E) (19-6)
= 1.05D + 1.28L + 1.40E
and
U=08D+ 13X 11E (19-7)
= (0.9D + 1.43E

ASCE 7-95 Sec. A9.6.1.1 states that if seismic design is carried out using the seis-
mic loads from ASCE 7-95, the load factors for earthquake loads should be

U= 11(12D + 1.0E + a,L + 0.25) (19-8a)
and
U = 1.1{0.9D + 1.0E) (19-9)
= 099D + L1E

where § = snow and a; = 0.5 except that it shall be equal 1.0 for garages, areas occupied
as places of public assembly, and all areas where the live load is greater than 100 psf. For
buildings with o, = 0.5, Eq. 19-8a becomes

U=132D + 1.1E + 0.55L + 0.225 (19-8b)

All of these load combinations are to be used with the strength reduction factors, ¢, from
ACI Sec. 9.3 (Sec. 26 of this book). Thus, for design, we shall use the ASCE 7-95 earth-
quake loads factored vsing Egs. 19-8b and 19-9 in combination with the strength reduc-
tion factors from ACI Sec. 9.3.

ACI Sec. 9.3.4.1 presents a special strength reduction factor, ¢, for a brittle type of
member sometimes encountered in seismic designs. For any structural member with a
nominal shear strength, V,, less than the shear corresponding to the development of the
nominal flexural strength ACI Sec. 9.3.4.1 requires ¢ for shear to be reduced from 0.85 to
0.60. The shear corresponding to the development of the flexural strength of the members
is computed in accordance with Sec. 19-6 (see Fig. 19—18) for beams and Eq. 1914 for
columns except that in both cases M, is substituted for M,,,. This requirement applies in the
case of low-rise walls or portions at walls between openings. It is not applied to calcula-
tions of the shear strength of joints.

Strong Column-Weak Beam Design

It plastic hinges form in columns, the axial force causes a rapid degradation of the ability of
the hinge to absorb energy while undergoing cyclic motions. As a result, the design of duc-
tile moment-resisting frames attempts to force the structure o respond in what is referred
to as strong column-weak beam action in which the plastic hinges induced by the seismic
forces form at the ends of the beams, as shown in Fig. 19-15. The hinging regions are de-
tailed to allow the plastic hinges to undergo yielding in both positive and negative moment.

19-6 FLEXURAL MEMBERS IN FRAMES DESIGNED FOR SEISMIC
PERFORMANCE CATEGORIES D AND E

834

ACI Sec. 21.3 defines a flexural member as one proportioned to resist primarily flexure

with a factored axial compressive force less than (A, f, /10). Geometric limitations are E
R
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placed on the span-to-depth ratio (£, = 4d) to avoid deep beam action. This should be
borne in mind in designing coupling beams in shear walls (see Sec. 19-10). In addition, the

width-to-depth ratio is limited (5. d = 0.3). Finally, the width of the member should not be
either (a) less than 10 in., or (b) more than the width of the supporting member plus 3 44
on either side. All of these limitations are intended to provide members that perform ade-
quately in flexure.

Longitudinal Reinforcement

Seismic loads cause the moment diagram shown by the solid linc in Fig. 19-16b when the
frame is swaying to the right and an opposite diagram when the frame is swaying to the
left. To this must be added the dead and live load moments shown in Fig. 19-16¢ giving
the moment envelope in Fig. 19—16d. The maximum moments in the span normally occur
at the face of a column. In addition to providing adequate moment resistance, flexural re-
inforcement must satisfy detailing requirements in ACI Sec. 21.3.2 to provide adequate
ductility. :

1. At least two bars must be provided continuously top and bottom.

2. The areas of each of the top and bottom reinforcement at every section shall not
be less than given by Eq. 4-31 {ACI Eq. 10-3), nor less than 2006 ,.d/ f,. The rein-
forcement ratio, p = A,/bd, shall not exceed 0.025 for either the top or bottom rein-
forcement. Normally, g would not exceed about 0.015,

3. The positive moment strength at the face of the beam-column joint shall not be
less than half the negative momtent strength (see Fig. 19-16e). This provides
p' = 0.5p and greatly improves the ductility of the ends of the beams.

4, Atevery section the positive and negative moment capacity shall not be less than
one-fourth the maximum moment capacity provided at the face ol either joint. This
is also plotted in Fig. 19-16e.

The upper limit on p of 0.025 in item 2 is greater than 0.75p, for Grade 60 steel and
most concrete strengths, Tt is set this high taking into account the fact that there will always
be confinement and compression steel with p’equal to at least 0.25p.

Development and Splicing of Flexural Reinforcement

The development lengths and splice lengths specified in ACI Secs. 12.2 and 12.15 apply in
frames resisting seismic forces except as altered in ACI Sec. 21.5.4, which deals with de-
velopment of bars in beam-—column joints. ACI Sec. 21.3.2.3 prohibits lap splices

1. Within joints

2. Within 24 from the faces of joints

3. In locations where flexural yielding can occur due to lateral deformations of the
frame

19-6 Flexural Members in Seismic Performance Categories D and E 835



Fig. 19-16
Moment diagram due to grav-
ity loads and seismic loads.
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at any section
ACl Sec 21.3.2.2

(e} ACI Sec 21.3.2 detailing requirements

Lap splices must be enclosed by hoops or spirals at the smaller of 4 in. or 4/4. Welded
splices can be used as limited by ACI Sec. 21.3.2.4. Tack welding of bars for assembiy pur-
poses embrittles the bars locally and is not permitted.

a

Transverse Reinforcement

Transverse reinforcement is required to confine the concrete and prevent buckling of the
compression bars in the hinging areas (ACI Sec. 21.3.3), to provide adequate shear strength
{ACT Sec. 21.3.4), and as mentioned in the preceding section, to confine lap splices.

Confinement Reinforcement
Hoops for confinement and to control buckling of the longitudinal reinforcement are required
1, Over a length equal to 24 from the face of supports

2. Within 2d on each side of other locations where hinging can result due to lateral
deformations of the frame

3. At lup splices

Design for Earthquake Resistance
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The spacing of the hoops is specified in ACI Sec. 21.3.3.2. In the rest of the beam either
stirrups or hoops are required at a maximum spacing of d/2.

ACI Sec. 21.1 defines a seismic hook as a hook on a stirrup, hoop, or cross-tic hav-
ing a bend not less than 135° with a six-diameter (but not less than 3 in.) extension that en-
gages the longitudinal reinforcement and projects into the concrete in the interior of the
stirrup or hoop.

A cross-tie is defined as a continuous reinforcing bar having a seismic hook at one
end and a hook not less than 90° with at least a six-diameter extension at the other end as
shown in Fig. 19-17a. Both hooks shall engage peripheral longitudinal bars. The 90°
hooks of two successive crossties engaging the same longitudinal bars are alternated end
for end except as allowed in ACI Sec. 21.3.3.6.

A hoop is a closed tie as shown in Fig. 19—17c, or a continuously wound tie. A closed
tie can be made up of several reinforcing elements each having seismic hooks at each end.
This allows the use of a number of interlocking sheets of welded-wire fabric to be used to
make up a cage of hoops and longitudina} bars for a beamn or column. In flexural members
ACI Sec. 21.3.3.6 allows hoops to be made up of a cross-tie as shown in Fig. 19-17a plus
a stirrup with seismic hooks at each end as shown in Fig. 19-17b. If the longitudinal bars
secured by the cross-ties are confined by a slab on only one side of the beam as shown in
Fig. 19-17d, the 90° hooks on the cross-ties are placed on that side.

Shear Reinforcement

When the frame is displaced laterally through the inelastic deformations required to de-
velop the ductility of the structure, the reinforcement at the ends of the beam wilt yield un-
less the moment capacity is several times the moment due to seismic loads. The yielding
of the reinforcement sets an upper limit on the moments that can be developed at the ends
of the beam. The design shear forces, V,, are based on the shears due to factored dead and
live loads (Fig. 19-18¢) plus the shears due to hinging at the two ends of the beam for the
frame swaying to the right or to the left as shown in Fig. 19-18b, where M,, is the proba-
ble moment capacity of the members based on the dimenstons and reinforcement at the
joint assuming a tensile strength of 1.25f, and ¢ = 1.0. For a rectangular beam without
axial loads,

1.25A,f, )
M, = 125{Ald — =7~ 19-10
r 2 ( 2 % 0.85f.b! ( .

.
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Fig, 19-18

Shear force diagrams due to
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(d) Design shear force envelopes

The steel stress at the hinge is taken as 1.25f, because the actual yield strength will nor-
mally exceed the specified value and furthermore, there may be limited strain hardening of
the bars at the hinges.

The beam is then designed for the resulting shear force envelope with V,, = V., inthe
normal way except that if

(a) The shear due to the moments M,,; and M,,, is half or more of the total
shear, V., and
. (b) The factored axial compressive force (if any) including earthquake effects is
less than (A, f, /20),

then V. is taken equal to zero. The damage to the hinging area due to repeated load rever-
sals greatly reduces the ability of the cross section to resist shear, requiring more transverse
reinforcement.'”” Hoops and stirrups provided to satisfy ACI Sec. 21.3.3 can also serve as
shear reinforcement.

EXAMPLE 19-1 Design of a Flexural Member

838

The beam shown in Fig. 19-19a and b is in a moment resisting frame of an office building in a region
where A, = 0.30g. It supports a uniform unfactored dead load of 1.8 kips/ft and a uniform unfactored
live load of 0.6 kip/ft. Earthquake loads cause unfactored end moments of + 250 fi-kips at the exterior
end and = 240 fi-kips at the interior end. The concrete and steel strengths are 4000 psi and 60,000 psi.
The layout of the building satisfies the definitions of a regular frame. Design the reinforcement.
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Beam—Example 19-1.

1. Select the seismic performance category and the level of seismic design. An office
building is use category II. From Table 191, for use category lland A, = 0.30g, the structure must
be designed for seismic performance categary D. From Table 19--3, design must satisfy ACI Secs.
21210217,

2. Compute the factored moments.

Load combination 1—ACILEq. 9—1: I/ = 14D + 1.7L.

Factored uniform load: w, = 1.4 X L8 + 1.7 X 0.6 = 3.54 kips/ft
w,? 354 x 222

6 16
107.1 ft-kips

Exterior negative gravity load moment

' Midspan positive gravity load moment = 122 .4 fi-kips
Interior negative gravity load moment = 171.3 ft-kips

Load combination 2—Eq. 19-8b: U = 132D + |.1E + 0.55L + 0.22§

Fuctored uniform load: w, = 1.32 X 1.8 + 0.55 X 0.6 + 022 X 0

= 2.71 kips/ft

Exterior negative gravity load moment = 81.9 ft-kips
Midspan positive gravity load moment = 93.6 fi-kips
Interior negative gravity load moment = 130.9 ft-kips
Load combination 3—Eq. 19-9: U = 0.99D + L.1£
Factored uniform load: w, = 0.99 X 1.8 = {78 kips/ft
’ Exterior negative gravity load moment = 33.9 fi-kips
Midspan positive gravity load moment = 61.6 fr-kips
Interior negative gravity load moment = 86.2 fr-kips
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Moments including earthguake effects from an elastic frame analvsis are (positive moments cause

compression in top fibers)

Exterior Moment Midspan Moment Interior Moment
{ft-kips) (ft-kips) {ft-kips)
Load combination 1 -107.1 +122.4 -171.3
Load combination 2
Sway to right +1931 +93.6 —395
Sway to left —357 +93.6 + 133.1
Load combination 3
Sway to right +221 +61.6 350
Sway to left -329 +61.6 +177.8

3. Does the beam satisfy the definition of a flexural member? ACI Sec. 21.3.1 requires
flexural members to have:

Factored comnpression force less than A, fc . There is no axial load—OK

Clear span not less than 4 times the effective depth, £,,/d = 22 X 12/21.5 = 12.3—0K
Width'not:  (a) less than 10 in—QK
(b) more than width of column plus %h on each side of column—OK

Thus the beam satisfies the requirements of a beam, If it did not, it would be necessary to change the
dimensions of the beam.

4. Calculate the steel required for flexure.
Interior support, negative momenit: Maximum negative moment from step 2 = —393 ft-kips.
Assume one layer of steel, d = 24 — 2.5 = 21.5in.

M,
A.\' = -
¢f,jd
Assume that j = (.90,
395 X 12,000

A, =
T0.9 % 60,000 X 09 X 215
= 4.54 in.?

Try 6 No. 8 bars, A, = 4.74 in.? These will fit in one layer. ACI Sec. 21.5.1.4 requires the col-
umn dimension parallel to the bars to be at least 20d,,. The columns are 24 in. square. This sets the

maximuni bar size as 24 /20 = 1.2 in. Thus a No. 8 bar is OK.

A, 474X 60,000
“T 085 b 0385 X 4000 X 24

= 349 in.

dM, = A f{d —a/2)
_ 09 X 4.74 X 60,000(21.5 — 3.49/2)
12,000

= 421 ft-kips
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=163 = 1.72in"—OK
Check if 474 0.0092 = 0.025—OK
o= 00092 = 0.025—
P=oax215

ACI Sec. B.9.3; Check if section is tension controlled.

a 349 a0
=~ =" =0162
d, 215 0.16 d,

= 03738, = 0.391 (Eg.4-23)

Since a/d, = 0.162 is less than @, d, = 0.319, the section is tension controlled and
¢ = 0.9. Use 6 No. 8 top bars at the interior support.

Interior support, positive moment: Maximum positive moment = 177.8 ft-kips, but ACI Sec.
21.3.2.2 requires that the positive moment capacity at the face of the joint not be less than 0.5 times
the negative moment capacity = 0.5 X 421 = 210.5 ft-kips. Therefore, design ¢M, == 211 ft-kips.

Use 4 No. 7 bars, A, = 2.40in.%, ¢M, = 223 fi-kips. A, satisfies the minimums.
Exterior support, negative moment: Maximum regative moment = —357 ft-kips.

Use 5 No. 8 bars, A; = 3.95in.%, $M, = 356 ft-kips. A, satisfies the minimums.
Exterior support, positive moment: Maximum positive moment = +221 ft-kips but not less than
0.5 times ¢M , for the negative moment steel chosen = 0.5 X 356 = 178 ft-kips.

Use 4 No. 7 Bars, A, = 2.40in.%, ¢M, = 223 ft-kips.
Midspan, positive moment: Maximum positive moment at midspan = 1224 ft-kips.

Use 3 No. 7 bars, A, = 1.80in.%, ¢M, = 168.8 ft-kips.
Minimum positive and negative moment capacity: ACI Sec. 21.3.2.2 requires that the minimum
positive and negative moment capacities at any section along the beam not be less than 0.25 times the
maximum negative moment capacity provided at either joint = 0.25 X 421 fi-kips = 105 ft-kips. 2
No. 7 bars are adequate as minimum steel.

The steel chosen for flexure and to suit the detailing requirements is shown in Fig. 19-19a,

5. Compute the probable moment capacities, M, . The shears in the beam are computed
assuming that plastic hinges form at each end of the beam with the reinforcement stressed to 1.25f,
and ¢ = 1.0 (see Eq. 19-10).

Exterior negative moment:

1.25 ¥ 60.000 X 3.95)

25 X 60, . S —
125 60000><395(215 17 X 4000 X 24_

M, = -
" 12,000

= 486 ft-kips

Exterior positive moment: M ,, = 306 fi-kips
Interior negative moment: M, = 572 ft-kips
Interior positive moment: M, = 306 fi-kips

6. Compute the shear force envelope and design the stirrups. Figure 19-20a shows the
morments and uniform load for load combination 2 acting on the beam with the frame swaying to the
right. The reactions consist of {wo parts:

Reactions due Lo gravity loads = w,£,/2 = 29.8 kips upward at each end, plus

306 ft-kips + 372 ft-kips
22 fi

Reactions due to M, at each end =

= 39.9 kips downward at A and upward at B

R, = 29.8 kips upward, due to gravity load + 39.9 kips downward, due to earthquake load

10.1 kips downward

(1]l
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306 ft-kips

(a) Loads and end moments, frame swaying to right {c) Loads and end momants, frame swaying to left

—10.1 kips

Fig. 19-20

2.71 kips/ft
i | EB72itkips | i ' [ | i
¥ h{ Y Y b ¥ hd

P,

29.8 Kips T

39.9 kips T T 36.0 kips 36.0 kipslv

486 ft-kips T 306 fik

25.8 kips 20.8 kips T

65.8 kips
6.2 kips
-69.7 kips
(b) Shear force from (a) (d) Shear force from (c)
69.7 kips
6.2 kips

Computation of shear forces—Example 19-1.
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Ry = 29.8 kips upward, due to gravity load + 39.9 kips upward, due to earthquake load
= 69.7 kips upward

As a check: 2V = -10.1 — 2 X 29.8 + 60.7 = 0—OK. The resulting shear force diagram is

shown in Fig. 19-20b.
Similarly for the frame swaying to the left, the moments and loads are shown in Fig. 19-20c.

The reactions are:
R, = 29.8 kips upward, due to gravity load + 36.0 kips upward, due to earthquake load
. = 65.8 kips upward
R = 29.8 kips upward, due to gravity load + 36.0 kips downward, due to earthquake load
= 6.2 kips downward

The shear force diagram is plotted in Fig. 19-20d. In Fig. 19—20e the absolute values of the two shear
force diagrams are superimposed. The absolute values have been plotted to show directly the largest
shear at any point in the span.

Stirrups for shear: ACI Sec. 21.3.4.2 states that V. shall be taken equal to zero if

(a) Earthquake shear represents more than half the shear: it does at both ends, and
(b) Factored axial load including earthquake effect is less than (4,£./20): it is.

Therefore, V. = 0.
End A: Maximum shear = 65.8 kips.

. - Fig. 19-21
= Yu g 2928 o : Hoops and
v, ) V. 085 0 = 77.4 kips Example 1¢

{
i
3
E
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Hoops and stirrups—
Example 19-1.

ACT Sec. 11.5.6.8 sets the maximum V, = S\/Ebwd = 261 kips—OK
A

SV

V, 77.4 kips

s fd 60ksi X 215in
= 0.0600 in in.

Try No. 3 four-leg stirrups, A, = 044 in% s = = 7.33 in. The final spacing will be

0.0600

chosen to satisfy both shear and confinement.
End B: Maximum shear = 69.7 kips.
V., 69.7
V,=-%-V, === - 0=80k
T < 08s i
V. 82.0 kips

= 6.92 in.

Try No. 3 four-leg stirrups, 4, = 0.44 in? s:ﬂ
e B STTRS, £, 7 DAL 2 T 0.0636

Hoops for confinement: ACI Sec. 21.3.3.1 requires hoops over a distance of
2h =2 X 24in. = 48 in. from face of columns. Every corner and alternate longitudinal bars must
be at the corner of a stirrup in accordance with ACI Sec. 7.10.5.3. ACT Sec. 21.3.3.2 requires the first
hoop at 2 in. from the face of the column and a maximum spacing of hoops of:

(a) d/4 =215in./4 = 538 in.

(b) 8 times the maximum longitudinal bar diameter = 8 X 0.875 = 7 in.

(c) 24 X diameter of Hoop bars = 24 X 0.375 in. = 9 in. for No. 3 hoops, or
d) 12in.

Therefore, place first No. 3 four-leg hoop at 2 in. from the face of the columns at each end, plus
10 at 5 in., total 52 in. The hoops are shown in Figs. 19-19¢ and 19-21a. They consist of two U stir-
rups and a cross-tie.

Shear at 52 in. from the face of the column at end B

69.7 kips—10.1 kips _ 52 in.

= T — b4 = i 1
69.7 T B 58.0 kips
A, 58.0/085 o
. 60 X 215 I 0.0529 in.*/in.

Try No. 3 two-leg stirrups, A, = 0.22 in2, s = 4.16 in. Try No. 4 two-leg stirrups,
A, = 040in2 5 = 7.57 in. Maximum spacing by ACI Sec. 21.3.341sd/2 = 21.5in./2 = 10.75 in.

Use No. 4 double-leg stirrups with seismic hooks at both ends at 7.5 in. on centers in the rest of
the beam. V, = 68.8 kips. The stirrups are shown in Figs. 19-19¢ and 19-21b.

7. Compute the cutoff points for the flexural reinforcement. The bar cutoffs are calcu-
lated assuming the ends of the beam are hinging at * M, and the moment at the cutoff point is
@M, for the bars remaining after the cutoff point. For a given set of end moments, the bending

3O L

(a) No. 3-4 teg closed hoop (b} No. 4 U stirrups {c) No. 3-3 leg closed hoops
b
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Fig. 19-22

Effect of uniform load on

cutoff points.

3086 ft-kips (

20.4 kips

Fig. 19-23

moment diagram will be a straight line if the factored gravity load on the beam is zero, as shown by
the solid line in Fig. 15-22 for the frame swaying to the right. The moment diagrams for
w, = 0.99D = 1.78 kips/ft and w, = 1.32D + 0.55L = 2.71 kips/ft are shown by dashed lines in
Fig. 19-22 Tt can be seen that when cutting off the negative moment bars at the interior support, the
distance B—C 1o the cutoff will be greater if w, = 1.78 kips/ft. On the other hand, when cuiting off
the positive moment bars, the distance A-D to the cutoff will be longer if w, = 2.71 kips/ft.

Negative moment steel, interior support, There are 6 No. 8 bars for negative moment at the inte-
rior support. We could cut off two at 2 time, leaving two at midspan, but the need to develop the con-
tinuing bars a distance £ ; past the cutoff points of the terminated bars would give problems. We shal]
cut off 3 No. 8 bars. For the remaining 3 No. 8 bars, $M, = 220 ft-kips. A free-body diagram of the
beam in a frame swaying to the right is shown in Fig. 19-23a. The bars will be cut off when the mo-
ment is —220 fi-kips. A free-body diagram of the right end of the beam is shown in Fig. 19-23p,
Summing moments about the centroid at the cut section gives

ZMy=0=-220 + 1.78x%/2 — 59.5x + 572
or
0.89x? — 59.5x + 352 =0

where

b+ Vb - 4ac

2a

59,5 +V/(-59.5)2 — 4 X 0.89 X 352
2 X 0.89

x=

=6.56 1t

ACT Sec. 12.10.3 requires that the bars extend the larger of 4 = 21.5in. = 1.79 ftor 12d, = 12 in.
past this point. Therefore, we could cut off 3 No. 8 bars at 6.56 + 1.79 ft = 8.35ft, say 8 ft 3 in. from
the face of the interior column.

Ag——-—_—2D N E‘f w, = 2.71 kips/ft
~
NN
s

N

1.78 kips/ft 1.78 kips/ft

(a)

e bbb b N e
v T) Qoﬂ_kipsg 4% )572ft-kips

58.5 Kips |
X 58.5 kips
(b)

Calculation of cutoff points—Example 19-1.
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The cutoff bars must exiend {; from the face of the column, where, for No. 8 top bars,
o FeaBA 60000 X 1.3 X 1.0 X 1.0
dy 20V, 20V 4000
= 61.7

and
£,=061L7 X 1.0in. = 61.7in,say 5ft 2 in,

Since 8 ft 3 in. exceeds 5 ft 2 in., OK. Cut off 3 No. & top bars at 8 ft 3 in. from the face of the in-
terior column.

ACT Sec. 12.10.5 requires extra stirrups at the cutoff point unless the shear at the cutoff point
is less than or equal to two-thirds of the shear capacity, which we shall take equal to the shear capac-
ity of the stirrups. V; = 68.8 kips, because over half of the shear at this lecation is due to earthquake
loads, and the cutoff point wilt be a region of inclined cracking.

26V, =3 x 0.85 X 688 kips = 39.0 kips

The shear at the cutoff point is 47.6 kips, which exceeds two-thirds of the shear capacity. Therefore,
extra stirmps are required in the amount (ACI Sec. 12.10.5.2) of

A, - a2
A, 808, _ 0.024 in.%in.
8 i
at the maximum spacing of
d 21.5
= — = = 5.381in.
' T8, 8x05 n

for a distance of 0.754 = 16.12 in. along the bar being cut off, measured from the end of the bar. There
are already No. 4 double-leg stirups at 7.5 in. o.c. in this region. We shall provide extra stirrups at 7.5
in. o.c., halfway between the existing stirrups. These must each have A, = 0.024 X 7.5 = (.18 in.2.
Provide 3 extra No. 4 double-leg stirrups at 4.5 in. on centers adjacent to the cutoff point.

Negative moment stecl, exterior support. There are 5 No. 8 top bars at the exterior support.
We shall cut off 2 of these. ¢M , of the remaining bars is 220 ft-kips. In the same way, the negative
moment is found to drop to 220 ft-kips at x = 5.22 ft from the left end. Extend the bar 1.79 ft and cut
itoff at 5.22 + 1.79 = 7.01 f1, say 7 ft 0 in. This exceeds €, from the face of the support. Cut off 2
No. B top bars at 7 ft 0 in. from the face of the exterior column. Provide 3 extra No. 4 double-
leg stirrups at 4.5 in. on centers adjacent to the cutoff point.

Positive moment, exterior support. There are 4 No. 7 bars at the exterior and interior ends.
Three No. 7 bars are needed at midspan, with ¢ M, = 168.8 ft-kips. Figure 19-24a is a free-body di-
agram of the span with the frame swaying to the right. The uniform load is taken equal to 2.71 kips/ft
because we are considering the positive moment steel. Figure 19-24b is a free-body diagram of the
left end of the span. Solving gives x = 7.00 ftplus d = 1.79 ft = 8.79 ft, say 8 ft 10 in. as the actual
cutoff point. This exceeds €, = 41.5 in. for a No. 7 botiom bar. V, at the cutoff point is -34.0 kips for
this loading. %r;sz = 45.9 kips. Therefore, no additional stirrups are required at the cutoff point. Cut
off 1 No. 7 bar at 8 ft 10 in. from the face of the exterior column.

Positive moment, interior support. In the same way, the actual cuteff point is found to be at
9.82 ft, say 9 ft 10 in. from the face of the interior column. Cut off 1 No. 7 bar at 9 ft 10 in. from
the face of the interior column.

8. Design the lap splices for the continuous top and bettom steel. ACI Sec. 21.3.2.3 de-
scribes the lap splices required, These will be at midspan for both the top and bottom steel,

Top steel. Three No. 8 bars are lap spliced. The moment is low here and hence the steel stress
is low. ACI Sec. 12.15.2 allows a Class A lap splice length = 1.0¢,, where €, = 6.17in. = 5ft2in.
Provide a 5 ft 2 in. lap splice enclosed by hoops at the smaller of

(a) d/4 =215in./4 = 5.38in., or
(b) 4in.
Lap splice 3 No. 8 top bars 5 ft 2 in. at midspan. Provide No. 3 three-leg closed hoops at

4 in. on centers along the length of the lap splice. The hoops consist of one U stirrup plus two

cross-ties, as shown in Fig. 19-21c.
N
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Fig. 19-24
Calculation of cutoff
points—Example 19-1.

306 fi-kips c' j | l i l l j]' ) 572 fi-kips
/ T

10.1 kips 69.7 kips

(@)

2.71 kipsit

!
306 ft-kips ( ///// / 1 ) 168.8 ft-kips

10.1 kips ¢
f—x—

{b)

Bottom steel. Three No. 7 bars are lap spliced at a peint of maximum positive moment
under gravity loads only. A Class B lap splice of length = 1.3€, is required, where
1.3¢, = 1.3 X 41.5 = 54 in. Lap splice 3 No. 7 bottom bars 4 ft 6 in. at midspan. Enclose the
splices in the hoops provided for the top bar splices.

The final design is shown in Figs. 19-19 and 19-21. |

19-7 COLUMNS IN FRAMES DESIGNED FOR SEISMIC PERFORMANCE
CATEGORIES D AND E

846

ACI Sec. 21.4 applies to columns in frames resisting earthquake forces and supporting a
factored axial force exceeding (A,f;/10). Columns in frames in regions of high seismic
risk must satisfy two geometric requirements. The smallest dimension through the centroid
of the column must be at least 12 in. and the ratio of the shortest to longest cross-sectional
dimensions shall not be less than 0.4. These limits ensure a minimum robustness and pre-
vent lateral-torsional buckling which might occur with highly rectangular columns.

Required Capacity and Longitudinal Reinforcement

It is highly desirable that plastic hinges form in the beams rather than in the columns.
Because the dead load must always be transferred down through the columns, the damage
to the columns should be minimized. ACI Sec. 21.4.2.1 strongly encourages the use of a
strong column-weak beam design. In the event that this is not possible, the columns in
question shall be disregarded in the structural analysis (i.e., be assumed to have failed) if
they add to the stiffness and strength of the building. If inclusion of such columns in the
analysis has a negative eifect on the stiffness or strength, they should be included.
Strong column—weak beam behavior is assured by requiring (Fig. 19-25) that

SM,=123M, (19-11)
(ACI Eq. 21-1)

where M, is the design fiexural capacity of the columns corresponding to the factored seis-
mic load combination leading to the lowest axial load and hence lowest flexural strength;
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and M, is the design flexural capacity of the girders at that joint. The words design strength
are defined in ACI Sec. 9.3.1 as M, d P,, and so on.

Columns that do not satisfy Eq. 19—11 must have transverse reinforcement satisfying
ACI Sec. 21.4.4 over their entire length.

Longitudinal reinforcement is designed for the axial loads and moments in the same
way as in a nonseismic column. It may range from p = 0.01 to 0.06. Generally, it is diffi-
cult to place and splice much more than 2 to 3% reinforcement in a column.

Since there is a possibility of the cover concrete spalling in the regions near the ends
of the column, lap splices are permitted only in the center half of the column height. Such
splices must be designed as tension splices because the alternating moments due to the
cyclic loads alternately stress the bars on each side of the column in tension and com-
pression. Furthermore, there is frequently a possibility of uplift forces. The considerable
length required for tension lap splices may require small diameter bars or welded or me-
chanical splices.

Transverse Reinforcement

Confinement Reinforcement

Transverse reinforcement in the form of spirals or hoops must be provided over a height of
€, from each end of the column to confine the concrete and restrain the longitudinal bars
from buckling. The height £, is the greater of (ACI Sec. 21.4.4.4)

(a) The depth of the column ¢ at the face of the joint,
(b) One-sixth of the height of the column, or
(c) 18in.

Within the length €, ACI Sec. 21.4.4.2 requires that the spacing of the transverse rein-
forcement shall not exceed (a) one-fourth of the minimum thickness of the column, and
(b) 4 in. Transverse reinforcement also serves as shear reinforcement.

If spirals are used, they are designed as outlined in Sec. 11-5 using ACI Eq. 10-6. An
additional lower limit on the ratio of spiral reinforcement is given by ACI Eq. 21-2. This
will govern ing/A . 18 less than 1.27, which for l% in. cover, will occur for columns larger
than 24 in. in diameter.

Because the pressure on the sides of the hoops causes the sides to defiect outward.
hoops are less efficient than spirals at confining the core concrete (Fig. 19--14). The equa-
tion for the required area of hoops, ACI Eq. 21-3, was based on the equation for spirals,
ACI Eq. 10-6, but the constant was selected o give hoops with about one-third or more
cross-sectional area than required for spirals:

£ (A
A,vh = 03 Sh[f('(ig — ]) (19_12)
S N (ACI Eq. 21-3)
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but not less than

sh.f,
4, = 0,09°S (19-13)
Fn (ACT Eq. 21-4)
where
A, = cross-sectional area of the core of the column measured cut-to-out of the hoops
A, = gross area of the section
A, = total cross-sectional area of all the legs of the hoops and crossties within a
spacing 5 and perpendicular to the dimension A, (see Fig. 19-14b)
h, = cross-sectional dimension of the column core measured center to center of
outer legs of the hoops
. . EXA
5 = spacing of the hoops measured parallel to the axis of the column
A, is calculated separately for each direction.
Figure 19-14 shows typical hoop arrangement for a column. The maximuimn distance
between hoop or crosstie legs in the plane of the cross section is 14 in. The hoops must also
satisfy ACI Sec. 7.10.5.3, which requires that every corner bar and alternate side bars be at
the corner of a tie. Equation 19-13 gives a lower limit on the amount of confining rein-
forcement for columns larger than about 24 in. square.
Columns supporting discontinued shear walls are extremely susceptible to seismic
damage. ACI Sec. 21.4.4.5 requires hoops or spirals over the full height of such members,
These hoops must extend into the wall over the column and the footing or other member
under the column,
Shear Reinforcement
The transverse reinforcement must also be designed for shear. The design shear force V, is
computed, assuming inelastic action in either the columns or the beams, and is given by
{a) the shear corresponding to plastic hinges at each end of the column given by
M r'C LO| + M e
v, = SRR e—"—“ bim (19-14)
where M., and M. .., are the probable moment capacities at the top and bottom
of the column and £, is the clear height of the column, These are obtained from an
interaction diagram for the probable strength, P, — M, of the column, for the
range of factored loads on the member for the load combination under considera-
' tion.
(b) but need not be more than TABLE
SM 00 DF o + ZM o i DF :
V,. _ prb top top ¢ prb btm btm (19_15) . Axial loc
' Colur

where =M oriop 40 Moy 00 are the sum of the probable moment capacities of the ;
beams framing inte the joints at the top and bottom of the column for the frame Colurr
swaying to the left or right, and DF,;, and DF,,, are the moment distribution factors i

at the top and bottom of the column being designed. This reftects the strong-column Colem

weak-beam philosophy and Eq. 19-11, which makes the beams weaker than the ‘ Moments

columns. Top of

\ {c) but not less than the factored shear from a frame analysis. : Bottomr
Transverse reinforcement is designed for shear according to ACI Sec. 11.1.1 and V,  Shears, ki

may be increased to allow for the effect of axial loads (see Sec. 6-8), except that within the Courten
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EXAMPLE 19-2 Design

length { o, defined in the discussion of confinement reinforcement. V, shall be taken equal
to zero when the earthquake induced shear force makes up half or more of the maximum
shear force in the lengths £, if the factored compression force is less than A,f. 20 (ACT
Sec. 21.4.5.2). This clause needs revision since all of ACI Sec. 21.4 applies only when the
factored axial force exceeds A, f, 10. As the code stands, it implies that V, is never taken
equal to zero for columns. We shall neglect the second part of this requirement and take V,
equal to zero when the earthquake-induced shear force makes up half or more of the max-
imum shear force in the lengths £,

It should be noted that although the axial load increases V., it also increases the rate
of shear degradation.'®™® For this reason, V, is ignored when a major portion of the shear re-
sults from earthquake loads.

of a Column

The column supporting the interior end of the beam designed in Example 19-1 is 24 in. square and
is constructed of 4000-psi concrete and 60,000-psi steel. The fivor-to-floor heighi is 12 ft with 24-in.-
deep beams in each fioor, giving a clear column height of 10 ft. The column size and the floor to floor
heights are the same in the stories over and under the column being designed. The unfactored mo-
ments, shears, and axial loads from an elastic analysis for earthquake loads are given in Table 19-4.
Design the reinforcement in the column.

1. Select the seismic performance coefficient and the level of seismic design. From siep 1
of Example 19-1, the structure must be designed for seismic perfermance coefficient D and must sat-
isfy ACI Secs. 21.2t0 21.7.

2. Compute the factored loads and moments. Again, we shall consider three toad combi-
nations. We shall assume that the effects of earthquakes in the two orthogonal directions are included
in the moments given in Table 19—4.

Load combination | —ACI Eq. 9-1: U = 14D + L7L

Load combination 2—Eq. 19-8b: I/ = 1.32D + L1E + Q.55L + 0.225
Load combination 3—Eq. 19-9: U = 0.99D + 1.1E

The calculations are summarized in Table 19-5.

3. Does the column satisfy the definition of a column? ACI Sec. 21 .4.1 lists three require-
ments for a member to be designed as a column under ACI Sec. 21.4:
(a) Column resists earthquake-induced forces—OK
{b) Factored axia! force exceeds Agf('. /10 = 24 X 24 X 4/10 = 230 kips—OK
(€} Shortest cross-sectional dimension not less than 12 in.—OK

TABLE 19-4 Unfactored Axial Forces, Moments, and Shears in Column

Axial load, kips
Column in story over
Column being designed
Column in story under
Moments, fi-kips®
Top of column
Bottorg of column

Shears, kips

Dead Load Live Load Earthquake
510 140 *5
360 154 +5
610 168 + 6
—4 —1 + 195
—4 -1 + 210
0 0 40

sCounterclockwise moment on the end of a member is positive.
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TABLE 19-5 Factored Forces and Moments on Columns

Axial Load Top Moment® Bottom Moment Shear
(kips} (fi-kips) (fi-kips) (kips})
Colummn in story over
Load combination 1 952
Load combination 2 756
Load combination 3 505
Column being designed
Load combination | 1046 =7 -7 L4
Load combination 2
Sway to right 829 209 225 44
Sway to left 8i8 =220 —237 44
Load combination 3
Sway to right 560 210 227 44
Sway to left 548 -219 —235 44
Column in story under
Load combination 1 1140
Load combination 2 904
Load combination 3 610

*Counterclockwise moment on the end of the column is positive.

850

{d) Ratio of cross-sectional dimensions not less than 0.4 — 0K

Therefore, design the column according to ACI Sec. 21.4. If these were not satisfied, it would be nec-
essary to modify the column dimensions.

4. TInitial selection of column steel. As a first trial we shall select a 24 X 24 in. column
with 12 No. 8 bars, A, = 9.48 in.%:
9.48
ACI Sec. 21.4.3.2 limits p, to not less than 0.01 or more than 0.06— OK. No. § bars were chosen to
avoid excessive splice lengths.

+ 5. Check if the column strength satisfies SM, == 2 M, ACI Sec. 21.4.2.2 requires that
the flexural strengths, M, of the columns satisfy

M, = 83M, (19-11)
(ACI Eq. 21-1)
where 34, is the sum of the ¢ , strengths for the two columns meeting at a fioor joint correspond-
ing to the factored axial loads in the columns, and ZM , is the sum of the $M , strengths of the beams
meeting at the joint.

For the frame swaying to the right and left, respectively, the moments ¢, at the ends of the
beams meeting at the top of the column, from step 4 of Example 19-1, are as shown in Fig. 19-26a
and b. For the joint shown, the ZM, is the same for both cases.

$SM, = 1.2 X {421 fi-kips + 223 fi-kips)
= 773 ft-kips
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M, M,
I D
' &M, = 223 fi-kips oM, = 421 ft-kips

G D ¢ 2

&M, = 421 f-kips &M, = 223 #t-kips

>/ A
M, M.
(a) Frame swaying to right {b) Frame swaying to left

For load combination 2, the axial load in the column in the story over the column being designed
is 756 ft-kips. From the interaction diagram for ¢P ,—¢M, in Fig. 19-27, the moment capacity corre-
sponding to &P, = 756 kips is M, = 535 ft-kips. The axial load in the colurn being designed is
829 kips, corresponding to a moment capacity, ¢M, = 515 ft-kips. Thus at the top of the column,

=M, = 535 ft-kips + 515 ft-kips = 1050 ft-kips

This column cross section satisfies the requirement that ZM, = gEM ¢ at the top of the column.

. Assuming that the beams at the bottom of the column are the same as those at the top,
$ZM, = 773 ft-kips. The moment capacity of the column being designed is 515 fi-kips. The axial
load in the column in the story below the column being designed is 904 kips, corresponding to a mo-
ment capacity, ¢M, = 495 ft-kips. Here, M, = 515 ft-kips + 495 ft-kips = 1010 ft-kips, which is
still greater than §2M —OK.

6. Design the confinement reinforcement. ACI Sec. 21.4.4.1(2) requires that the total
cross-sectional area of hoop reinforcement not be less than the larger of

A, = 0_{&-&)(& - 1) (19-12)

Son I\Ack (ACI Eq. 21-3)

or
= 0Oshef (19-13)
Fon (ACILEq. 21-4)

where k. is the cross-sectional dimension of the core, measured from center to center of hoops (see
Fig. 19-14) = 24in. — 2 % (1.5 + 0.5/2) in. = 20.5in. and A ;, = cross-sectional area of the core
of the column, measured out-to-out of the transverse reinforcement = {24 — 2 X 1.5)%in.2 = 441
in.?. Rearranging Eqs. 19~12 and 19-13 and sclving gives

Aw _ g (20.5 X 4000)(24 X 24 1)
60,000 441

= 0.126 in.%/in.

5

and

Ag _ 0.09 X 20.5 X 4000
5 60,000

= 0.123 in.¥in.

ACI Sec. 21.4.4.2 sets the maximum spacing as

(a) 0.25 times the minimum cross-sectional dimension = 0.25 X 24 in. = 6in. or
(b) 41in.

For s = 4 in., the required A,, = 0.126 X 4 = 0.504 in.%. Use No. 4 hoops with three legs in each
direction as shown in Fig. 19-28, giving 4, = 0.60 in.? in each direction. This layout satisfies ACI
Sec.21.4.4.3.
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ACI Sec. 21.4.4.4 requires hoop reinforcement over a length €, adjacent to each end of the
column, where £, is the larger of

(a) The depth of the member at the joint face = 24 in.,
(b) One sixth of the clear height of the column = 120in./6 = 20in., or

(e) 18in.
Thus €, = 24 in. Throughout the rest of the height of the column, ACI Sec. 21.4.4.6 requires hoops
at 6 in.

7. Design the shear reinforcement. The design shear force V, shall be:
(a) The shear corresponding to plastic hinges at each end of the column given by
) o+ M
V, — ME“.[IJ e btm (19_14)
£,
(b) but need not be more than

_ EMprblopDF"—‘P + EMprhbtmDFblm (19_15)
L

v,

(¢) but not less than the factored shear from a frame analysis.

For load combination 2, the factored axial loads in the column being designed are 818 and 829
kips for sway to the left and right, respectively. For load combination 3, the factored axial loads in the 1
column being designed are 548 and 560 kips for sway to the left and right, respectively. From the in- i
teraction diagram for P,—M,,, in Fig. 19-27, the maximum value of M, for the column is 835 ft-kips. :

Substituting into Eq. 19-14 gives

_ 835 fikips + 835 fekips . Fig 192
i 10 ft = 167 kips % Hoops—E
. :
852 Design for Earthquake Resistance i
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From step 5 of Exarmple 19-1, the probable moment capacities of the beams framing into the
joints at the top and bottom of the column are =372 ft-kips and = 306 ft-kips. Since the columns in
the stories over and under. and the column being designed all have the same stiffness. DF, and
DFy,, are both 0.5. Substituting into Eq. 19-15 gives

(572 + 306 fi-kips X 0.5 + (572 + 306) fkips X 0.5

v, = = 878 Kips
. R 87.8 kips

The shear V, shall not be less than the factored shear from the analysis = 44 kips. Therefore, the de-
sign shear, V, = 87.8 kips.

As stated earlier, we shall assume that ACT Sec. 21.4.5.2 states that V. shall be taken equal to
zero if the earthquake-induced shear represents half or more of the total design shear without the limit
on axial loads. For the column being designed this is true; hence, V., is zero.

V

V.= %y,
B

V,=V,=878kips V.=0

Therefore,
§7.8
V,=—— = 1033k
£ = 08s 103.3 kips
A, _V, 1033
s fid 60X12L5

= (.0800 in.%/in.

Fors = 41in., A, = 0.36 in.%. The hoops for confinement have A, = 0.60 in.”—0K.
Outside of the lengths €4, V. is given by Eq. 11-4:

v.=2 (1 + 20[5(;,4 )\/ﬁbwd (6-172)
g (ACI Eq. 11-4)

( 548 kips X 1000
O R
2000 X 576 in.?

) V4000 X 24in. X 21.51n,

= 96.3 kips

Since V, exceeds V, outside the length €, stirmups are not needed for shear and instead will be pro-
vided for confinement.

Provide No. 4 hoops as shown in Fig. 19-28 at 2 in. from end of column, and 5 at 4 in. on
centers at each end; provide similar No. 4 hoops at 6 in. on centers over the rest of the height.

8. Design lap splices for the column bars. ACI Sec. 21.4.3.2 requires that splices be in the
middle of the column and should be designed as tension splices. At midheight of the column, the
most tensile bar stress will be close to zero and hence will be less than 0.5f, in tension. ACI Sec.
12.17.2.2 requires a Class B tension lap splice if all the bars are spliced at the same location. For a
vertical No. 8 bar

. f‘\ v »
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(f-\aB"J = 10 V00X LD X Lo 10)
2004000 (8-107
=474 in.

A Class B splice has a length of 1.3€, = 1.3 X 47.4in. = 61.7 in. ACT Sec, 12.17.2.4 allows this
length to be multiplied by 0.83 if the ties throughout the splice length have an effective area of not
less than 0.00157s, which for the s = 6 in. of the hoops away from the ends of the columns is 0.22
in.”. The hoops have an area of 0.60 in.”; therefore, they are adequate to allow this reduction, The lap
length becomes 0.83 X 61.7 in. = 5[.2 in..say 4 f1 4 in.

Lap splice all vertical bars with a 4 ft 4 in. lap splice at midheight of the column.

Use a 24-in.-square column with 12 No. 8 bars,f, = 4000 psi and f y = 60,000 psi. Provide
hoops as in step 7 and lap splice as in step 8. The reinforcement is shown in Fig. 19-28. | |

19-8 JOINTS OF FRAMES

EXAMPLE 19-3 Design

854

The flow of forces within beam—column joints and the design of such joints has been dis-
cussed in Section 18-7 and an example of the design of an exterior nonseismic joint is
given in Example 18-7. Coede provisions for joints in ductile moment-resisting frames
{SMFs) are given in ACT Sec, 21.5. These differ from the design recommendations for non-
seismic joints in a number of areas.

ACT Sec. 21.5.1.1 requires that joint forces be calculated taking the stress in the flex-
ural reinforcement in the beams as 1.25f,. This is analogous to using the probable strength
in the calcutations of shear in columns and beams in ductile frames.

ACI Sec. 21.5.1.4 limits the diameter of the longitudinal beam reinforcement that
passes through a joint to 213 of the width of the joint parallel to the beam bars. When hinges
form in the beams, the beam reinforcement is stressed to the actual yield strength of the bar
on one side of the joint and is stressed in compression on the other side. This results in very
large bond stresses in the joint, possibly leading to slipping of the bar in the joint. The min-
imum bonded length of such a bar in a joint is thus 20d,, which is considerably less than
required by the development-length equations. The minimum bonded length was selected
from test results of joints tested under cyclic loads.

ACI Sec. 21.5.2.1 requires hoop reinforcement around the column reinforcement in
all joints in ductile moment-resisting frames. In joints confined on all four sides by beams
satisfying ACI Sec. 21.5.2.2, the amount of hoop reinforcement is reduced and its spacing
is liberalized within the depth of the shallowest beam enlering the joint.

ACT Sec. 21.5.3.1 gives upper limits on the shear strength of joints. As indicated in
Sec. 18-7, these are lower than the joint shear strengths recommended in nonseismic
joints. This reflects the damage to joints resulting from cyclic loads.

ACI Sec. 21.5.4 gives special development lengths for hooks and straight bars in
Jjoints. These are shorter than the development lengths given in ACI Chap. 12 because the
effects of the joint confinement by hoops have already been included.

an Interior Beam-Column Joint

Design the interior beam—column joint connecting the beams and columns from Examples 19-1
and 19-2. Beams, which are 24 in. by 24 in. in section frame into the 24 in. by 24 in. column on all
four sides.

1. Define the size of the joint. The joint has width, depth, and vertical height of 24 in. The
area of a horizontal section through the joint. A; (see definition in ACI Sec. 21.0), is
A;=124X24 =576in>

ACI Sec. 21.5.1.4 requires the length of the joint measured paratlel to the flexural steel caus-
ing the joint shear to be at least 20 times the diameter of those bars = 20 X } in.—OK.

Design for Earthquake Resistance
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Freebolly diagrams of joint—
Example 19-3

2. Determine the transverse reinforcement for confinement. ACI Sec. 21.5.2.1 requires
confinement sieel within the joint. Because the joint has beams on all four sides ACI Sec. 21.5.2.2
sets the amount of confinement steel as half of the confinement steel required in the ends of the
columns, given by Egs. 19-12 and 19-13 (ACI Eqgs. 21-3 and 21-4). In: the column, Eq. 19-12 (ACI
Eq. 21-3) gaverned (see step 6 of Example 19-2) and required that A ;' s = 0.126 in.Yin. Within
the height of the joint, we require that

Ash

= 0.5 % 0.126 in.% in. = 0.063 in.*/in.
5
The vertical spacing of the hoops from ACI Secs. 21.4.4.2 and 21.5.2.2 is the smaller of

(a) 0.25 X the least dimension of A; = 0.25 X 24 in., or
(b) 6in.

The clear distance between the top and bottom beam steel is 18 in. Provide three sets of hoops, the
first at 3 in. below the top steel. The required A ;, = 6 X 0.063 = 0.378 in.2. Use No. 3 three-legged
hoops with the arrangement shown in Fig. 19-28.

3. Compute the shear on the joint and check the shear strength. Figure 19-29 is a free-
body diagram of the joint for the frame swaying to the right. The beams entering the joint have prob-
able moment capacities of —572 ft-kips and +306 ft-kips. At the joint the stiffnesses of the columns
above and below the joint are the same, giving distribution factors of DF = 0.5 for each column.
Thus the moment in the column over is

M, = 0.5(572 + 306) = 439 ft-kips
439 ft-kips

87.8 kips

-~—— B87.8 kips

439 ft-kips
—_— i
572 ft-kips ‘ 306 ft-kips
{ {
/ ‘ /

-

L

438 ft-kips

{a) Joint and columns

87.8 kips

T, =355 kips <— [ — -] :l ~<— C, = 180 kip

C; = 355 kips — I: __________ —» T, =180 kips

87.4 kips

(b} Joint
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The shear in the column over is

_ 439 + 439

v,
) 10 ft

= 87.8 kips (see step 7 of Example 18-2.)

The force in the steel in the beam on the ieft of the joint is
T, =125A,f, =125 X 6 X 0.79 in.” X 60 ksi
= 355 kips

The compression force in the beam to the left is C; = T; = 355 kips.
Similarly, 75 and C, in the beam to the right of the joint are = 1.25 X 4 X 0.60 X 60 = 180 kips,
Summing horizontal forces gives the shear in the joint as

Vi=V,-T,—C, (19-16)
= 87.8 kips to the right ~ 355 kips to the left — 180 kips to the left
= 447.2 kips to the left
From ACI Sec. 21.5.3.1 the nominal shear strength of a jeint confined on all four sides is
V, = 20V A, = 20 x V4000 psi X 576 in.?
= 729 kips
¢V, = 0.85 X 729 = 619 kips

Therefore, the joint has adequate shear strength.
Provide 3 No. 3 three-legged hoops at 6 in. oo centers in the joint. |

19-9 DIAPHRAGMS

856

Floors and roofs serve as diaphragms to distribute the horizontal seismic or wind forces to
vertical elements such as walls or frames which resist lateral loads as shown in Fig. 19-9,
In effect, they act as deep flexural members lying in horizontal planes. ACT Sec. 21.6.4
gives minimum thicknesses and requirements for cast-in-place and compaosite diaphragms.

Flexural Strength

ACI Sec. 21.6.7 points out the need to provide tension and compression chords in di-
aphragms. The chord forces are equal to the factored axial force in the diaphragm, if any,
plug the force obtained by dividing the factored moment at the section by the distance be-
tween the boundary elements (chords) of the diaphragm. If the edge of a diaphragm is
notched as shown in Fig. 19-9, special details are required to transmit the tension chord
force around the notch.

Shear Strength

ACI Secs. 21.6.5.2 and 3 give expressions for the nominal shear resistance of walls and di-
aphragms. These are expressed as a function of 4,/ €, where for a diaphragm, h,, is the
length of the diaphragm or segment of diaphragm measurad perpendicular to the direction
of the seismic loads and €., is the dimension of the diaphragm segment under considera-
tion, measured parallel to the earthquake forces. For small 4,/ €, the expressions allow
higher shear strengths, recognizing D-region behavior.
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Effect of Diaphragm Stiffness on Lateral Load Distribution

Figure 19-30 illustrates the effect of diaphragm stiffness on the distribution of lateral loads
to the lateral load resisting elements. The building shown in the figure has three walls of
equal lateral stiffness. If the diaphragm is essentially rigid in plane and there is no torsion
the three walls will displace the same amount and each wall will resist one-third of the total
lateral load, as shown in Fig. 19-30a. On the other hand, if the diaphragm is flexible rela-
tive to the walls, the two end walls will each resist a quarter of the lateral shear and the cen-
ter wall will resist haif of it, as shown in Fig. 19-30b.

The following derivations are presented to give an idea of the factors affecting the
relative stiffnesses of the walls and diaphragms. The lateral stiffness, K, of a cantilever of
height € which is fixed at the base is

v
Ke= A (19-17y

where A is the lateral deflection on the top of the cantilever due to the load V at the top,

equal to
Ve 1.2ve
A=— p——

+ 18
3E] AG (19-18)

The first term is flexural deflections, the second is shear deflections. Substituting Eq. 19-18
into Eq. 19-17 and taking G = E/2 gives

JEI . AE

K{ = +—

€5 2.4¢

(19-19)

A similar expression can be derived for the lateral stiffness of a piece of diaphragm be-
tween two walls.

Benjamin'** has shown that if the stiffness, K 4, of the diaphragm exceeds about two
times that of the walls, K,,.. the diaphragm will act as a rigid diaphragm in transmitting
loads to the walls. If K¢,/ K¢, = 0, the diaphragm is fully flexible.

19-10 STRUCTURAL WALLS

Structural walls or shearwalls are frequently used to resist a major fraction of the design
shears. These are designed according to ACI Sec. 21.6. The factored shears, moments, and
axial forces to be considered in the design of the wall are obtained from the frame analysis.

.
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Fig. 19-31

Plan views of structural walls
with boundary elements.

Fig. 19-32

Forces in boundary elements.

858

L]

The first step in designing a wall is to determnine whether boundary elements are
needed. Using the design forces, the wall is analyzed using

g = £ * My (19-20)
A i
where A and { are based on the gross cross section. If the maximum compressive fiber stress
exceeds 0.2 £ at any point, boundary elements are required over that part of the height of the
wall where the maximum fiber stress exceeds 0.15f,. This analysis is simply a convenient
way 1o establish a limit value and is not intended to be representative of the true wall re-
Sponse.

Boundary elements (Fig. 19-31) are regions at the ends of the cross section of the
wall which are reinforced as columns with the vertical reinforcement enclosed in hoop re-
inforcement. Boundary elements armor the edge of the walls for stress reversals and pre-
vent buckling of the edge of the wall. Ideally, the wall should be designed using a strain
compatibility solution such as given in Sec. 5-5 or 11-4. Because such a solution is te-
dious, a simpler method of design is presented in ACI Sec. 21.6.6.3. 1t is assumed that
when the wall is displaced laterally, only the boundary element transmits compression to
the next lower level as shown in Fig. 19-32. The boundary element at A is designed for a
compressive force of (W, + M,/z) as shown in Fig. 19--32 and a tensile force of (M,/7)
corresponding to sway in the opposite direction. It is assumed to act as an axially loaded
short column or tension member and design is based on ACI Eq. 10-2 with ¢ = 0.70 if the
boundary element has hoop reinforcement.

The design of structural walls for shear is given in ACI Sec. 21.6.5. The basic design
equation is essentially the same as the ¢{V. + V) procedure used in beam design. The
basic shear v, stress carried by the concrete, is 2V f! psi except for short stubby walls, for
which a higher stress is allowed. The horizontal reinforcement in the wall must be an-
chored in the boundary elements as specified in ACI Sec. 21.6.6.4.

Boundary
element
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(a) Coupled shear wall

The ¢ factor 15 0.85 for shear unless the nominal shear strength is less than the shear
corresponding te development of the nominal flexural strength of the wall. In such a case
d is taken as 0.6 (ACI Sec, 9.3.4.1).

Frequently. two shear walls are coupled by beams or slabs spanning across a door-
way or similar opening. Depending on the stiffness of the coupling beams, the walls act as
two independent cantilevers as the coupling beam stiffness approaches zero, or one solid
cantilever if the coupling beam stiffness is high. The coupling beams transmit shear from
one cantilever 1o the other and undergo large shearing deformations as shown in Fig,
19-33a. As a result. these beams degrade rapidly in shear in an earthquake. Paulay'® has
shown experimentally that the reinforcement pattern shown in Fig. 19-33c¢ transnits cyclic
shear load much better than conventional top and bottom steel and stirrups. This acts as a
truss with forces T, and C,, which transmit a mement and shear.

Tu = Cu - ¢Avf\ (19_21)
V. =2T,sina = 2¢A, f, sin (1922}
M, = (PA,f cosa){h — 2d") (19-23)

B Th

|
|
~

(b) Definition of symbols

P

(d) Section A-A /"J A«J l\'l’\

Fig. 19-33

{e) Reinforcement in & coupling beam

Coupled shear walls and coupling beams.

*
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The diagonal bars should be tied to form intersecting column cages. Nominal top and bot-
tom steel and stirrups are provided to prevent large pieces of concrete from dropping out
during cyclic deformations.

Coupled walls may need boundary elements at the outside ends only or at both ends :
of both walls, depending on the stifiness of the coupling beams. This would be determined
by an analysis according to ACI Sec. 21.6.6.1 and Eg. 19-20 using the moments and axial
forces assigned to each part of the coupled wall.

19-11 FRAME MEMBERS NOT PROPORTIONED TO RESIST FORCES
INDUCED BY EARTHQUAKE MOTIONS IN FRAMES SUBJECTED TO
HIGH SEISMIC RISK

ACIT Sec. 21.7 provides less stringent design requirements for members that are not part of
the designated lateral load resisting system in structures subjected to severe earthquakes.
Such members must be able to resist the factored axial forces due to gravity loads, and the
moments and shears induced in them when the frame is deflected laterally through twice
the elastically calculated lateral deflections under factored lateral loads. Traditionally, the
so-called building frame system defined in Table 19-2 was designed assuming that
the frame supported only gravity loads while shear walls resisied all of the lateral loads. In
the 1994 Northridge earthquake, columns in a number of this type of building failed when
forced through the lateral displacements imposed by that earthquake. In the 1995 code ACI
Sec. 21.7 was made considerably more stringent.

19-12 FRAMES IN REGIONS OF MODERATE SEISMIC RISK

Portions of the United States have been designated as regions of moderate seismic risk. In
these regions the relaxed seismic design provisions given in ACI Sec. 21.8 are applied
along with ACI Chaps. 1 to 18. See Table 19-3.

In these regions the shear ¥, in beams, columns, and two-way slabs is calculated as
the larger of

(a) The shear resulting from reaching the nominal moment capacity
(¢ = 1.0.f, = 1.07,) at each end of the member in question, as shown in Fig.
19-18b, except M, is substituted for M,,. plus in the case of beams and slabs, the
shear resulting from a gravity load of 0.75{1 4D + 1.7L). The factor 0.75 comes
from ACI Eq. 9-2.

{b) The shear resulting {rom the load combination in ACI Sec. 9.2.3 with £ re-
placed with 2E. This gives

U=075(14D0 + 1.7L + 1.1 X 1.7 X 2E) (19-24)

Special details are given in ACI Sec. 21.8.6 for the design of two-way slabs without
beams. Such structures are not permitted as part of the lateral load resisting frame in re-
gions of high seismic risk but can be used in regions of moderate seismic risk. It should be
noted, however, that the lateral stiffness of unbraced two-way slab—column frames is very
low and the lateral deflections under even moderate earthquakes may be very large. It
should also be noted that under some circumstances there may be a moment reversal at the
ends of stab spans which will require special detailing.

860 Design for Earthquake Resistance




bot-
S ot

adls
ined
xial

rt of
kes.
| the
¥ice
. the
that
5.0n
‘hen
ACI

. In
lied

d as

24y

10ut
| TC-
be
iery
2 It
the

Table A-1
Table A—1M
Table A-2
Table A-3
Table A-3M
Table A—4

Table A-4M

Table A-5

Table A-5M

Table A-6

Table A-6M

Table A-7
Table A-7TM
Table A-8

Areas, Weights, and Dimensions of Reinforcing Bars

Areas, Weights, and Dimensions of Reinforcing Bars—SI Units
Welded-Wire Fabric

Values of ¢k, and j

Values of ¢k, and j— SI Units

Ratio of Depth of Rectangular Stress Block for Balanced Failures
(a,). Compression-Controlled Limit (&, ), and Tension-Controlled
Limit (er,) to Effective Depth {(d) or Depth to Extreme Tension
Steel Layer {d,).

Ratio of Depth of Rectangular Stress Block for Balanced Failure
(@), Compression-Controlled Limit (a,.¢), and Tension-Contiolled
Limit (a,.) to Effective Depth (d) or Depth to Extreme Tension
Steel Layer (d,)—SI Units

Steel Ratios at Balanced Condition {p,), Compression-Controlled
Limit (p,.(}. and Tension-Controlled Limit (p,.) for Rectangular
Beams with Tension Reinforcement Only

Steel Ratios at Balanced Condition (p,). Compression-Controlled
Limit {p,}, and Tension-Controlled Limit {p,.) for Rectangular
Beams with Tension Reinforcement Only—SI Units

Minimum Beam Web Widths, b,.. for Various Bar Combinations,
Interior Exposure. Minimum Bar Spacing (in.)

Minimum Beam Web Widths, &,. for Various Bar Combinations,
Interior Exposure, Minimum Bar Spacing—SI Units (mm)

Values of bd? 712,000 for Use in Choosing Beam Sizes

Values of bd” - 10% for Use in Choosing Beam Sizes—SI Units
Cross-Sectional Areas, A,, for Various Combinations of Bars (in.?)
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Table A-9
Table A-OM
Table A-10
Table A—10M

Table A-11
Table A-1IM
Table A-12
Table A-12M
Table A-13
Table A-13M
Table A-14

Table A-15

Table A-16

Table A-17
Table A-18
Table A-19
Table A-20
Table A-21
Table A-22

Table A-23
Fig. A-1

Fig. A-2

Fig. A-3

Fig. A4

Fig. A-5
Fig. A6

Fig, A7
Fig. A-8
Fig. A~9

Fig. A-10

Appendix A

Cross-Sectional Areas, A,, for Various Combinarions of Bars—=SI

Units (min”)

Areas of Bars in a Section 1 ft Wide (in.>/ft)

Areas of Bars in a Section t m Wide-—ST Units (mm?*m)

Limiting Values of &' a for Checking if Compression Steel Yields

Limiting Values of d'-a for Checking if Compression Steel

Yields—SI Units

Basic Tension Development Length Ratio, £ 4,/ d,, (in./in.)

Basic Tension Development Length Ratio, € 4, / d ,—SI Units (mm /fmm)

Basic Compression Development Length, € 4. (in.)

Basic Compression Development Length, € ;,,—SI Units (mm)

Basic Development Lengths for Hooked Bars, £, (in.)

Basic Development Lengths for Hooked Bars, € ,—-ST Units (mm)

Minimum Thicknesses of Non-Prestressed Beams or One-Way

Slabs Unless Deflections Are Computed

Maximum Allowable Spiral Pitch, s (in.), for Circular Spiral

Columns, Grade 60 Spirals

Maximum Number of Bars That Can Be Placed in Square Columns

with the Same Number of Bars in Each Face, Based on Normal

(Radial) Lap Splices, Minimum Bar Spacing

Maximum Number of Bars That Can Be Placed in Circular Columns,

Based on Normal (Radial) Lap Splices, Minimum Bar Spacing

Number of Bars Required to Provide a Given Area of Steel

Lap Splice Lengths for Grade 60 Bars in Columns (in.)

Moment Distribution Factors for Slabs without Drop Panels

Moment Distribution Factors for Slabs with Drop Panels, 2, = 1.254

Mornent Distribution Factors for Slabs with Drop Panels, #;, = 1.5k

Stiffness and Carryover Factors for Columns

Bending moment envelope for typical interior span (moment coeffi-

clents: — 1/11, + 1/16, — 1/11).

Bending moment envelope for exterior span with exterior sup-

port built integrally with a column (moment coefficients:
- 1/16, + 1/14, — 1/10).

Bending moment envelope for exterior span with exterior support built

integrally with a spandrel beam or girder (moment coefficients:
- 1/24, + 1/14, — 1/10).

Bending moment envelope for exterior span with discontimious end

unrestrained (moment coefficients: 0, +1/11, — 1/10).

Standard bar details.

Nondimensional interaction diagram for tied columns with bars in

two faces, v = 0.60.

Nondimensional interaction diagram for tied columns with bars in

two faces, y = 0.75.

Nondimensional interaction diagram for tied columns with bars in

two faces, y = 0.90.

Nondimensional interaction diagram for tied columns with bars in

four faces, v = 0.60.

Nondimensional interaction diagram for tied columns with bars in

four faces, v = 0.75.
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Fig. A-11 Nondimensional interaction diagram for tied columns with bars in
four faces, y = 0.90.
Fig. A-12 Nondimensional interaction diagram for circular spiral columns,
vy = 0.60.
Fig. A-13 Nondimensional interaction diagram for circular spiral columns,
y = 0.75.
Fig. A-14 Nondimensional interaction diagram for circular spira/ cotumas,
v = 0.90.
TABLE A-1 Areas, Weights, and Dimensions of Reinforcing Bars
Nominal Dimensions®
Bar Size Cross-
Designation Weight Diameter Sectional
No.p Grades {Ib/ft) {in.} Area (in.%)
3 40, 60 0.376 0.375 (.0l
4 40, 60 0.668 0.500 0.20
5 40, 60 1.043 0.625 0.31
6 40, 60,75 1.502 0.750 0.44
7 60,75 2.044 0.875 0.60
8 60, 75 2.67 1.000 0.79
9 60, 75 3.40 1.128 1.00
10 60, 75 4.30 1.270 1.27
11 60. 75 531 1.410 1.56
14 60, 75 7.65 1.693 2.25
18 60,75 13.60 2,257 4.00

*The nominal dimensions of a deformed har are equivalent to those of a plain round bar having

the same weight per foot as the deformed bar.

®Bar numbers are based on the number of eighths of an inch included in the nominal diameter.

TABLE A-1M Areas, Weights, and Dimensions of Reinforcing Bars—SI Units

Nominal Dimensions?®

Bar Size Cross-
Designation Nominal Mass Diameter Sectional
No.® Grades {kg/m) {mm} Area {(mm?)
10 300, 400 0.785 11.3 100
15 300, 400 1.570 16.0 200
20 300, 400, 500 2.35%8 19.5 300
25 400, 500 3.925 252 500
30 400, 500 5.495 299 700
35 400, 500 7.850 357 1000
45 400, 500 11.775 43.7 1500
55 400, 500 19.625 56.4 2500

F
*The nominal dimensions of a defermed bar are equivalent to those of a plain round bar
having the same mass per metre as the deformed bar.

*Bar designation numbers are the nominal diameter rounded to the nearest 5 or 10 mm.
Appendix A
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TABLE A-2 Welded-Wire Fabric

{a) Wires
Area
. (in.? per ft of width for
Wire Size Number?® DNlomma] center-to-center spacing, in.}
iameter
Smooth Deformed {in.) 4 6 10 12
W3l D3l 0.628 0.93 0.62 0.372 .31
WI1 3301 0.374 0.33 (.22 0.132 0.11
W10 D10 0.356 0.30 0.20 0.12 0.10
w9 D9 0.338 .27 0.18 0.108 0.09
W3 D8 0.319 (r.24 0.16 0.096 0.08
W7 D7 0.298 0.2t 0.14 0.084 0.07
W6 Do 0.276 0.18 0.12 0.072 0.06
W5.5 0.264 0.165 0.11 0.0066 0.055
W5 D3 0.252 0.15 0.10 0.06 0.05
w4 D4 0.225 0.12 0.08 0.048 0.04
W3.5 0.211 C.105 0.07 0.042 0.035
W29 0.192 0.087 0.058 0.035 0.029
W25 0.178 0.075 0.05 0.03 0.025
Ww2.1 0.162 0.063 0.042 0.025 0.021
w14 0.135 0.042 0.028 0.017 0.014

*Wire size number is 100 times the wire areain in.%

(b} Common Stock Welded-Wire Fabric

Steel Area (in.%/ft)

Style Approximate
Designation® Longitudinal Transverse Weight {Ib/100 ft)
6 X 6—W29 X W29 0.058 0.058 42
4 X 4—W21 X W21 0.062 0.062 44
6 X 6—W4 X W4 0.080 0.080 58
4 X 4--W29 X W29 0.087 0.087 62
6 X 6—W55 X W55 0.110 0.110 80
4 X 4—W4 X W4 0.120 0.120 85
4 X 4—W55 X W53 0.165 0.165 119

"The numbers in the style designation refer to: longitudinal wire spacing X transverse wire
spacing — longitudinal wire size X transverse wire size.
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TABLE A-3 Values of ¢k, and j*
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is the tension-controlled limit. Larger values of p can be used but require ¢ to be evaluated.

TABLE A-4 Ratio of Depth of Rectangular Stress Block for Balanced Failure (a,),

Compression-Controlled Limit (2. ), and Tension-Controlled
Limit (a,.¢, to Effective Depth (d) or Depth to Extreme Tension Steel Layer (d,)?

5, Less than
{psi} or equal to
4000 5000 6000 8000
40,000 ay’d, a.d, 0.582 0.548 .514 0.445
0.75a,:d 0.437 0.411 0.385 0.334
Q,4/d, 0.319 (.300 0.281 0.244
0.50a,/d 0.291 0274 0.257 0.223
035a,:d 0.204 0.192 0.180 0.156
60,000 ay/d, a.¢/d, 0.503 0474 0.444 0.385
0.75a,/d 0.377 0.355 0.333 0.288
due/d, 0.319 0.300 0.281 0.244
0.50a,/d 0.252 0.237 0.222 0.192
0.35a,,/d 0.176 0.166 0.155 0.135
B 0.85 0.80 0.75 0.65
%,/ d from £q. 4-21; desirable range for beams a/d from 0.35t0 0.50 4, /d ; a../d, and
¢ d; from Eqs. 4-22 and 4-23, ACI Appendix B requires ¢ < 0.9ifa’d, > a, d,.
TABLE A-4M Ratio of Depth of Rectangular Stress Block for Batanced Failure (a,),
Compression-Controlled Limit (.. ), and Tension Controlied
Limit (a..) to Effective Depth {(d) or Depth to Extreme Tension Steel
Layer {d,)—SI Units®
f. {(MPa)
f, Less than or
{(MPa}) equal to 30 35 40 50
300 ap/d. a..id, 0.567 0.540 0513 0.460
* 0.75a,/d (425 0.405 0.385 0.345
Queld, .319 0.304 0.289 0.259
0.50a,/d 0.283 0.270 0.256 0.230
0.35a,/d 0.198 0189 0.180 0.161
400 wyid, s d, 0.510 0.486 4,462 0.414
0.75a,/d 0.382 0.364 0.346 0.310
Qreld, 0.319 0.304 0.289 0.259
0.50a,/d 0.255 0.243 0.231 0.207
0.35a,/d 0.178 0.170 0.162 0.145
3 B 0.85 0.80 Q.97 0.69

*a, 'd from Eq. 4-21M; desirable range of a/d for beams from 0.35 to 0.50 a,,- d;a,. d, and

ay/ d; from Eqs. 4-22M and 4-23. AC| Appendix B requires ¢ < 09 ifa’d, > a, d.
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TABLE A-6 Minimum Beam Web Widths, b,,, for Various Bar Combinaticns, inierior
Exposure, Minimum Bar Spacing (in.)®®

A B C

No.

of Bar Bar Bar

Bars ([No. 0 5 No. 1 2 3 4 5 No. 1 2 3 4 5
1 5.5 13.0 7.0 8.5 9.5 11.0 12.5
2 7.0 14.5 8.5 9.5 11.0 125 14.0
3 4 8.5 16.0 3 10.0 1.0 12.5 14.0 15.5
4 10.0 17.5 11.5 12.5 14.0 15.5 17.0
5 11.5 1.0 13.0 14.0 15.5 17.0 18.5
1 35 135 7.0 8.3 10.0 11.5 13.0 7.0 8.5 9.5 11.0 125
2 7.0 15.0 85 10.0 11.5 13.0 14.5 8.5 10.0 11.0 12,5 14.0
3 5 8.5 17.0 4 10.0 11.5 13.0 14.5 16.0 3 10.0 11.5 13.0 14.0 155
4 10.5 18.5 12.0 13.5 15.0 16.5 18.0 11.5 13.0 14.5 160 17.0
5 12.0 20.0 13.5 15.0 16.5 18.0 19.5 13.5 14.5 16.5 17.5 19.0
1 55 14.0 7.0 9.0 10.5 12.0 13.5 7.0 8.5 10.0 11.5 13.0
2 7.0 16.0 9.0 10.5 12.0 13.5 15.5 8.5 10.0 11.5 13.0 14.5
3 6 9.0 17.5 5 10.5 12.0 14.0 15.5 17.0 4 10.5 12.0 13.5 15.0 16.5
4 10.5 19.5 12.5 4.0 15.5 17.0 19.0 12.0 13.5 15.0 16.5 18.0
5 12.5 21.0 14.0 15.5 17.5 19.0 20.5 14.0 15.5 17.0 18.5 20.0
1 55 15.0 7.5 9.0 11.0 12.5 14.5 7.0 9.0 10.5 12.0 13.5
2 7.5 16.5 9.0 11.0 12.5 14.5 16.0 9.0 10.5 12.0 14.0 15.5
3 7 9.0 18.5 6 1.0 12.5 14.5 16.0 18.0 5 11.0 12.5 14.0 15.5 17.5
4 11.0 205 13.0 14.5 16.5 18.0 20.0 12.5 14.5 16.0 17.5 19.0
5 13.0 225 14.5 16.5 18.0 20.0 21.5 14.5 16.0 18.0 19.5 21.0
1 5.5 15.5 7.5 9.5 11.0 13.0 15.0 7.5 9.0 11.0 12.5 14.5
2 7.5 17.5 9.5 11.0 13.0 15.0 17.0 9.0 11.0 12.5 14.5 16.0
3 8 9.5 19.5 7 11.5 13.0 15.0 17.0 19.0 6 11.0 13.0 14.5 16.5 18.0
4 11.5 21.5 13.5 15.0 17.0 19.0 21.0 13.0 15.0 16.5 18.5 20.0
5 13.5 23.5 15.5 17.0 19.0 21.0 23.0 15.0 17.0 18.5 20.5 220
1 55 17.0 7.5 9.5 1.5 13.5 15.5 7.5 9.5 11.5 13.0 15.0
2 8.0 [9.0 10.0 12.0 14.0 16.0 [8.0 9.5 11.5 13.5 15.5 17.0
3 9 10.0 21.5 8 12.0 14.0 16.0 18.0 20,0 7 12.0 14.0 155 17.3 19.5
4 12.5 235 14.5 16.5 18.5 20.5 225 14.0 16.0 18.0 200 21.5
5 14.5 26.0 16.5 18.5 20.5 22.5 24.5 16.5 18.5 20.0 220 24.0
1 5.5 18.0 8.0 13.0 12.5 14.5 17.0 8.0 10.0 120 14.0 16.0
2 8.0 20.5 10.5 12.5 15.0 17.0 19.5 0.0 120 14.0 16.0 18.0
3 10 105 23.5 9 13.0 15.0 17.5 19.5 22.0 8 12.5 14.5 16.5 18.5 205
4 13.0 26.0 L 155 17.5 20.0 22.0 24.3 15.0 17.0 19.0 21.0 23.0
5 15.5 28.5 18.0 20.0 22.5 245 27.0 17.5 19.5 215 23.5 255
1 5.5 19.5 8.0 10.5 13.0 15.5 18.0 8.0 10.5 12.5 15.0 i7.0
2 8.5 22.5 11.0 13.5 16.0 18.5 21.0 10.5 13.0 15.0 17.5 19.5
3 11 11.0 25.0 10 13.5 16.0 19.0 21.5 24.0 9 13.5 15.5 18.0 20.0 225
4 14.0 28.0 16.5 19.0 215 24.0 26.5 16.0 18.5 20.5 23.0 250
5 17.0 31.0 19.5 220 24.5 27.0 205 19.0 215 235 26.0 28.0

1. . 3. . .
*Clear cover, 1 2 in.; No. 3 double-leg stirrup; 2 in.-maximum-size aggregate.

EThis table consists of three basic parts; Part A lists the web widths required for 1to 5 bars of
the sizes given in the left margin of part A. Example: 3 No. 5, min b, = 8.5 in. Part A also lists
the minimum b,, for 1 to 6 bars of the size given in the left margin plus 5 bars of the same size.
Example: 3 No. b plus 5 No. 5, min b, = 17.0 in. Part B lists the minimum b,, of 1t0 5 bars of
the size given in the left margin of part A plus 1 to & bars of the size listed in the left margin of
part B. Exampie: 3 No. 6 plus 2 No. 4, min b, = 11.5in, Part C is similar to part B.

Source: Based on a table from Ref. 4-11, used with the permission of the American Concrete Institute.
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TABLE A-8 Cross-Sectional Areas, A,, for Various Combinations of Bars {in.?)*

A B C

No.

of | Bar Bar Bar

Bars| No. 0 5 No. 1 2 3 4 5 No. 1 2 3 4 5
1 0.20 1.20 0.31 042 0.53 0.64 0.75
2 0.40 1.40 0.51 0.62 0.73 0.84 0.95
3 4 0.60 1.60 3 0.71 0.82 0.93 1.04 1.15
4 0.80 1.80 0.91 1.02 1.13 1.24 1.35
5 1.00 2.00 1.11 1.22 1.33 1.44 1.55
1 0.31 1.86 0.51 0.71 091 1.11 1.31 0.42 0.53 0.64 0.75 0.86
2 0.62 2.17 (.82 1.02 1.22 1.42 1.62 0.73 0.84 0.95 1.06 1.17
3 5 093 2.48 4 1.13 1.33 1.53 1.73 1.93 3 1.04 1.15 1.26 1.37 1.48
4 1.24 2.79 1.44 1.64 1.84 204 224 1.35 1.46 1.57 1.68 1.79
5 1.55 3.10 1.75 1.95 2.15 2.35 2.55 1.66 1.77 1.88 1.99 2,10
l - 0.44 2.64 0.75 1.06 1.37 1.68 1.99 0.64 0.84 1.04 1.24 1.44
2 0.88 3.08 119 1.50 1.81 2,12 243 1.08 1.28 i.48 1.68 1.88
3 6 132 3.52 5 1.63 1.94 2.25 2.56 2.87 4 1.52 1.72 1.92 212 2.32
4 1.76 3.96 2.07 2.38 2.69 3.00 3.31 1.96 2.16 2.36 2.56 2.76
5 2.20 4.40) 2.51 282 313 3.44 375 240 2.60 2.80 3.00 3.20
1 0.60 3.60 1.04 1.48 1.92 2.36 2.80 0.91 1.22 1.53 1.84 2.15
2 1.20 4.20 1.64 2.08 2.52 2.96 340 1.51 1.82 2.13 2.44 2.5
3 7 180 4,80 6 2.24 2,68 312 3.56 4.00 5 2.11 2.42 2.73 3.04 335
4 2.40 5.40 2.84 3.28 3.72 4.16 4.60 271 3.02 3.33 3.64 395
5 3.00 6.00 344 3.88 4.32 4.76 5.20 331 3.02 3.93 424 4,55
1 0.79 474 1.39 1.99 2.59 3.19 3.79. 1.23 1.67 211 2.55 2.99
2 1.58 5.53 2.18 2.78 338 398 4.58 2.02 2.46 2.90 334 3.78
3 g8 237 6.32 7 2.97 3.57 4,17 4.77 5.37 6 2.81 3.25 3.69 4,13 4,57
4 3.16 711 3.76 4.36 4.96 5.56 6.16 3.60 4.04 448 4.92 5.36
5 395 7.90 4.55 5.15 5.75 6.35 6.95 4.39 4.83 5.27 571 6.15
1 1.00 6.00 1.79 2.58 3.37 4.16 4.95 1.60 2,20 2.80 340 4.00
2 2.00 7.00 2.79 3.58 4.37 5.16 595 2.60 3.20 3.80 440 5.00
3 9 300 8.00 8 379 4.58 5.37 6.16 6.95 7 3.60 4.20 4.80 540 6.00
4 4.00 9.00 4.79 5.58 6.37 7.16 7.95 4.60 5.20 5.80 6.40 7.00
5 5.00 10.00 5.79 6.58 7.37 8.16 B.95 5.60 6.20 6.80 7.40 8.00
1 1.27 7.62 2.27 3.27 4.27 5.27 6.27 2.06 2.85 3.64 4.43 522
2 2.54 8.89 3.54 4.54 5.54 6.54 7.54 333 4.12 491 5.70 6.49
3 10 381 10.16 9 4.81 5.81 6.81 7.81 8.81 8 4.60 5.39 6.18 6.97 7.76
4 5.08 11.43 6.08 7.08 8.08 9.08 10.08 5.87 6.66 7.45 8.24 9.03
5 6.35 12,70 735 8.35 9.35 10.35 11.35 7.14 7.93 8.72 9.51 10.30
] 1.56 9.36 2.83 4.10 5.37 6.64 7.91 2.56 3.56 4.560 5.56 6.56
2 312 10.92 4,39 5.66 6.93 8.20 0.47 4.12 5.12 6.12 7.12 8.12
3 Il 4.68 12,48 10 595 7.22 8.49 9.76 11.03 9 5.68 6.68 7.68 8.68 93.68
4 6.24 14.04 7.51 8.78 10.05 11.32 12.59 7.24 8.24 924 10.24 11.24
5 7.80 15.60 007 1034 1161 12.88 14.15 8.80 9.80 10.80 11.80 12.80

*For directions on how to use this table, see Table A-6, footnote b.

Source: Based on a table from Ref. 4-12; used with the permission of the American Concrete Institute.
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TABLE A-9 Areas of Bars in a Saction 1 ft Wide (in.?/ft)

Spaaizng Bar No.

{in.} 3 4 5 6 7

4 0.33 0.60 0.93 1.32 1.80
4 % 0.29 0.53 (.83 1.17 1.60
5 0.26 0.48 .74 1.06 1.44
5 % 0.24 0.44 0.68 0.96 1.31
6 0.22 0.40 0.62 0.88 1,20
6';“ 0.20 0.37 0.57 0.81 1.11
7 0.19 G.34 0.53 0.75 1.03
7 % 0.18 0.32 0.50 0.70 0.96
8 0.17 0.30 0.47 0.66 0.90
8 ';‘ 0.16 0.28 0.44 0.62 0.85
9 0.15 0.27 0.41 0.59 0.80
9 % 0.14 0.25 0.39 0.56 0.76
10 0.13 0.24 0.37 0.53 072
10 % 0.13 0.23 0.35 0.50 0.69
i1 0,12 0.22 0.34 0.48 0.65
= 0.11 0.21 0.32 0.46 6.63
12 0.11 0.20 0.31 0.44 0.60
13 0.10 0.18 0.29 0.41 0.55
14 0.09 0.17 0.27 0.38 0.51
15 Q.09 .16 0.25 0.35 0.48
16 0.08 0.15 0.23 0.33 0.45
17 0.08 0.14 0.22 0.31 0.42
18 0.07 0.13 0.21 0.29 0.40
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TABLE A-9M  Areas of Bars in a Section 1 m Wide—

S| Units {mm?*m)

Bar Bar No.

Spacing

{rmm) 10 1% 20 25
100 1000 2000 3000 50006
1§14 509 1818 2727 4545
120 833 1667 2500 4167
130 769 1538 2308 3846
140 714 1426 2143 3571
150 667 1333 2000 3333
160 625 1230 1875 3125
180 556 1111 1667 2778
200 500 1000 1500 2500
220 455 309 1364 2273
240 417 833 12350 2083
250 400 800 1200 2000
260 385 769 1154 1923
280 357 714 1071 1786
300 333 667 1000 1667
350 286 571 857 1429
400 250 500 750 1250
450 222 444 667 1111
500 200 400 600 1000
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TABLE A-10 Limiting Values of d' & for
Checking if Compression Steel

Yields®
fs {psi)
f, {psi = 4000 5000 6000 8000
40.000 0.636 0.675 0.720 0.831
30.000 0.500 0.332 0.567 0.654
60,000 (0.365 0.388 0.414 0.477

*if d° aexceeds the values given in this table, the com-
pression steel will not yield before failure; calculated
using Eq. 5-9.

TABLE A-10M Limiting Values of d'/a for
Checking if Compression
Steel Yields—Si Units®

f. (MPa)
f, (MPa) = 30 35 40 50
300 0.588 0.625 0.649 0.725
400 3.392 0.417 0.433 0.483

*If d' - a exceeds the values given in this table, the com-
pression steel will not yield before failure; calcutated
using Eq. 5-9M.
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TABLE A-12 Basic Compression
Development Length,

€ gpe (iN.)?
{4 = €45 % {Factors in ACI
Sec. 12.3.3)
T, {psi)

: Bar 5000 psi
: No. 3000 4000 and up
£, = 60.000 psi

3 8 8 8

! 4 11 9 9

5 i4 12 i1

6 16 14 14
7 19 17 16
8 22 19 18
9 25 21 20
10 28 24 23
11 34 27 25

: 14 37 32 30
18 49 43 41
fy = 40,000 psi

i 3 8 8 8
4 8 8 8

! 5 8 8
6 1 9 9

“Lengths may be reduced if excess reinforce-

3 ment is anchored or if the splice is enclosed in
! a spiral. See ACl Sec. 12.3.3. Reduced length
shall not be less than 8 in.

TABLE A-12M Basic Compression Development Length,
£ ape—S! Units {mm)*

€4 = €. X (Factors in ACI Sec. 12.3.3)

f. (MPa}
Bar No. 20 25 30 35 40
e = 400 (MPa)
19 224 200 200 200 200
15 335 300 214 254 240
20 447 400 365 338 320
25 559 500 456 423 400
30 671 600 548 507 480
35 783 700 639 592 560
45 1006 900 822 761 720
55 1261 1128 1030 953 892
£ = 300 (MPa)
10 200 200 200 200 200
I5 252 225 205 200 200
20 335 300 274 254 240
* “Lengths may be reduced if excess reinforcement is anchored or if the splice
is enclosed in a spiral. See ACI Sec. 12.3.3. Reduced length shall not be less
than 200 mm.
b
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TABLE A-13 Basic Development Lengths for TA
Hooked Bars, €44 (in.}

£an = €4y X (Factorsin 12.5.3)%
Narmal-weight concrete, f, = 60,000 psi
Standard 90° or 180° Hooks

f. (psi} : No:
Bar a
No. 3000 4000 5000 6000 : o
: li
3 8.2 7.1 6.4 58 : b
4 11 95 8.5 7.8 ‘ '
5 13.7 1.9 10.6 9.7 ‘ Sup
6 16.4 14.2 127 116 pi
7 19.2 16.6 149 13.6 e
8 22 19 17 15.5 be
9 25 21 19 17.5 de
10 28 24 22 20 :
11 31 27 24 22
14 37 32 29 26 i =
18 49 43 38 33 W=

¢ 1 is defined in Fig. 8-12a. The development length of a hook,
€4 is the product of £, from this table and factors relating to
bar yield strength, cover, presence of stirrups, and type of con-
crete given in AC| Sec. 12.5.3. The resulting length £ 4, shall not
be less than the larger of 8 bar diameters or 6§ in.

TABLE A-13M Basic Development Lengths for Hooked
Bars, € p5—SI Units (mm)

£4n = €45 X (Factors in 12.5.3)*
Normal-weight concrete, f, = 400 MPa

Standard 90° or 180° hooks

f,
{MPa)

Bar

No. 20 25 30 35 40
10 253 226 206 191 179
15 358 320 292 270 253
20 * 436 390 356 330 308
25 563 504 460 426 398
30 669 598 546 505 473
35 798 714 652 603 564
45 977 874 798 739 691
55 1261 1128 1030 953 892

°¢ & is defined in Fig. 8-12a. The development length of a hook, £ 4, is
the product of €, from this table and factors relating to bar yield
strength, cover, presence of stirrups, and type of concrete given in ACI
Sec. 12.5.3. The resulting length £ 4, shall nct be less than the larger of 8
bar diameters or 150 mm.
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TABLE A-14 Minimum Thicknesses of Non-Presiressed Beams or One-Way Slabs
Unless Deflections Are Computed

Minimum Thickness, h

Simply One End Both Ends
Exposure Member Supported Continuous Coniinuous Cantilever Scurce
Nor supporting or Solid one-way slabs {20 {24 {28 {10 ACI Table 9.5{a)
attached to partitions
or other construction
likely to be damaged Beams or ribbed { 16 { 185 t 21 {8
by large deflections one-way slabs
Supporting or attached to  All members; {10 (13 {16 (4 Ref. 5-20
partitions or other w= 0.12"and
construction likely to sustained load < 05
be damaged by large total load ~
deflections All members: {6 {8 {0 {3
sustained load
total load > 03
A = Pf; ."_ﬂ
TABLE A-15 Maximum Allowable Spiral Pitch, s (in.), for
Circular Spiral Columns, Grade 60 Spirals®
f. {psi)
4000 50600 6000
Column Core Spiral Size Spiral Size Spiral Size
Diameter Diameter
{in.) (in.) No.3 No. 4 No.3 No. 4 No.3 No. 4 No.5
12 9 2 34 1 23 — 2] 3}
14 11 2 3 1= 3 — 2, 3,
16 13 2 ) 1= 3 - 2! 3
18 15 2 34 = 3 — 2! 3
20 17 2 3 i3 3 — 2} 3!
22 19 2 3! 13 i - 2} 3,
24 21 2 3 i; 3 — 2} 3}
26 23 2! 3; 13 3! 15 23 3,
28 25 2y 3} [ 12 34
30 27 2! 3 I3 3 14 2] 3L
32 29 2L 3] 13 3} ibe 2i 3}
34 31 2 3 1 3} R 2 3l
36 33 24 3! 13 3, Pi= 2 3}
38 35 2y 3 1] 3 I 24 3,
40 37 24 3! I3 3. i 2] 3]
*The pitch is measured center to center of consecutive turns. Cover 13 in. 1o spiral. The tabu-
lated values can be used with 1-in.-maximum-size agaregate, except that values marked with
an asterisk require % -in.-maximum aggregate.
Source: From Ref. 11-4. Ref. 11-4 is the Design Handbook, reprinted with permission of the
American Concrete Institute.
+
.
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Table A-16 Maximum Number of Bars That Can Be Placed in Square
Columns with the Same Number of Bars in Each Face, Based on -
Normal {Radiai} Lap Splices, Minimum Bar Spacing®

Bar No. :
b Ag . _
lin.) {(in.2) 5 B 7 8 9 10 11
10 0o e 8 4 4 4 4
Ay 2.48 1.76 2.40 3.16 4.00 ;
n 0.025 0.018 0.024 0.032 0.040 i
i2 144 M 12 8 8 8 4 4 4
A, 3.72 3.52 4.80 6.32 4.00 5.08 6.24
P 0.026 0.024 0.033 0.044 0.028 0.035 0.043
14 196 My it 12 i2 12 & 8 4 :
A, 4.96 5.2%8 7.20 9.48 8.00 10.16 6.24 i
2 0.025 0.027 0.037 0.048 0.041 0.052 0.032
16 256 Ry — 16 16 12 12 8 8
" 7.04 9.60 0.48 12.00 10.16 12.48
I’y 0.028 0.038 0.037 0.047 0.040 0.049
18 324 s — 20 20 16 16 12 12
N 8.80 12.00 12.64 16.00 15.24 18.72
Py 0.027 0.037 0.039 0.049 0.047 0.058 ;
20 400 Mo — — 20 20 16 16 12
A, 12.0 15.80 16.00 20.32 18.72
o, 0.030 0.039 0.040 0.051 0.047
22 484 M — — 24 24 20 16 16
A, 14.40 18.96 20.00 20.32 24.96
) 0.030 0.039 0.041 0.042 0.052
24 576 o, —— — 28 28 . 24 20 16
A, 16.80 22,12 24.00 2540 24.96
o, (3.029 0.038 0.042 0.044 0.043
26 676 R — — 32 28 24 20 20 :
19.20 22,12 24.00 25.40 31.20
Py 0.028 0.033 0.036 0.038 0.046
28 784 Ho — - 36 32 28 24 20
N 25.60 25.28 28.00 30.48 31.20
Y 0,028 0.032 0.036 0.039 0.040
30 900 o - — — 36 32 28 24
“ 28.44 32.00 35.56 37.44
'y 0.032 0.036 .039 0.042
32 1024 s — — 40 32 28 28 ; "Bz
31.60 32.00 35.56 43.68 Sol
Iy 0.031 0.031 0.035 0.043 Col

*Based on 1-in.-maximum-size aggregate.

Source: Frem Ref. 11-4. Ref. 11-4 is the Design Handbook, reprinted with permission of
the American Concrete Institute.

;
1
i
1
H
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TABLE A-17 Maximum Number of Bars That Can Be Placed in Circular Columns,

Based on Normal {Radial) Lap Splices, Minimum Bar Spacing®

Bar Size
Diameter Ag
{in.} {in.%) 5 6 7 8 9 16 11
12 113 Hoper 8 7 6 6 — — —
A, 2.48 3.08 3.60 474
P 0.022 0.027 0.032 0.042
14 154 A 11 10 9 & 7
A, 34 4.40 540 6.32 7.00
P 0.022 0.029 0.035 0.041 0.046
16 201 e 14 13 12 11 9 7 6
A 4.34 5.72 7.20 8.69 9.00 8.89 9.36
i 0.022 0.029 0.036 0.043 6.045 0.044 0.047
18 254 Poar — 16 14 13 11 9 8
A, 7.04 8.40 10.27 11.00 1143 12.48
D 0.028 0.033 0.040 0.043 0.045 0.049
20 314 Hopas — — 17 16 13 1 10
Ay 10.20 12.64 13.00 13.97 15.60
i 0.033 0.040 0.041 0.044 0.050
22 380 A — — 20 18 16 13 12
Ay 12.00 14.22 16.00 16.51 18.72
o, 0.032 0.037 0.042 0.043 0.049
24 452 By — e 22 21 18 15 I3
Ay 13.20 16.59 18.00 19.05 20.28
Pr 0.029 0.037 0.040 0.042 0.045
26 531 Hpee — — 25 23 20 17 15
A, 15.00 18.17 20.00 21.59 23.40
D 0.028 0.034 0.038 0.041 0.044
28 016 e — — 28 26 22 19 17
Ay 16.80 20.54 22,00 2413 26.52
P 0.027 0.033 0.036 0.039 0.043
30 707 P e — — 28 25 21 19
A 22.12 25.00 26.67 29.64
P (1031 0.035 0.038 0.042
32 804 ([ — — — 31 27 23 21
Ay 2429 27.00 29.21 3276
2, 0.031 0.034 0.036 0.041
*Based on No. 4 spirals or ties, 1-in.-maximum-size aggregate, and 1; -in. clear cover to spirals.
Source: This tahle is an abridged version of a table in Ref. 11-4 and is printed with the permission of the American
Concrete Institute.
»
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TABLE A-18 Number of Bars Reguired to Provide a Given Area of Steel®

Bar No. Bar No.

5 6 7 8 9 8 9 10 11 14
Area Area
(in.2) 0.31 0.44 0.50 0.78 1.00 (in.2) 0.79 1.00 1.27 1.56 2.25
1.24 4 10.16 8
1.76 4 10.27 13
1.86 6 11.00 11
2.17 7 11.06 14
2.40 4 11.43 9
2.48 8 11.85 15
2.64 6 12.00 12
3.08 7 12.48 8
3.16 4 12.64 16
3.41 11 12.70 10
3.52 8 13.00 13
3.60 6 13.43 17
372 12 13.50 6
3.96 9 13.97 i1
4.00 13 4 14.00 14 9
4.20 7 14.22 18
440 10 15.00 19 i5
4,65 13 15.24 12
4.74 6 15.60 10
4.80 8 15.75 7
5.28 12 15.80 20
5.40 9 16.00 16
553 7 16.51 13
572 13 16.59 21
6.00 10 6 17.00 17
6.32 8 17.16 11
7.00 7 17.78 14
7.04 16 18.00 18 8
7.20 12 18.72 12
7.48 17 19.00 19 15
7.80 13 20.00 20
7.90 10 20.25 13 9
8.00 8 20.32 16
8.40 14 21.00 21
8.69 11 21.59 17
8.80 20 21.84 14
9.00 15 9 22.00 22
9.48 . 12 22.50 10
9.60 16 22.86 18
10.00 10 24.00 24
10.30 18 24,96 16

*Bold figures denote combinations that will give an equal number of bars in each side of a
square column.
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TABLE A-19 Lap Splice Lengths for Grade 60 Bars in
Coiumns {in.)

Bar No.
f. {psi) 5 6 7 8 9 10 11
Comzpression lap splices
Lap splice length = (length from table) X (factors in note a)
< 3000 26 31 35 40 46 51 56
= 3000 19 23 26 30 34 38 42
Tension lap splices
Lap splice length = (length from table) X BA®
Class A tension lap splice: half or fewer of the bars spliced at any location
and 0 = f, = 0.5f, in tension, (ACI Sec. 12.17.2.2)
3000 274 329 48.0 54.8 61.8 69.6 713
4000 237 8.4 415 474 53.5 60.2 66.8
5000 21.2 354 371 424 47.8 538 59.8
6000 19.4 233 339 387 437 49.1 54.6
Class B tension lap splices: more than half of the bars spliced at any section
and/or £; greater than 0.5f, in tension, (ACI Sec. 12.17.2.2)
3000 356 42.7 62.3 - 712 80.4 90.5 100.4
4000 30.8 37.0 539 61.6 69.5 78.3 86.9
5000 27.5 33.0 48.2 55.1 61.2 70.0 77.7
6000 252 302 44.0 50.3 56.7 63.9 70.9

*Compressicon lap splices may be multiplied by 0.83 or 0.75 if enclosed by ties or
spirals satisfying ACI Secs. 12,17.2.4 or 12.17.2.5.

3 = coating factor, A = lightweight concrete factor.
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TABLE A-20 Moment Distribution Factors for Slabs
without Drop Panels®

FEM {uniform load w) = Mw{; €3 K {stifiness) = kE€,13,12¢,
Carryover factor = COF

C2/4;
¢ & 0.00 0.05 0.10 0.15 0.20 0.25
0.00 M 0.083 0.083 0.083 0.083 0.083 0.083
k 4.000 4.000 4.000 4.000 4,000 4.000
COF 0.500 0.500 0.500 0.500 0.500 0.500
0.05 M 0.083 0.084 0.084 0.084 0.085 0.085
k 4.000 4,047 4.093 4,138 4.181 4222
COF 0.500 0.503 0.507 0.510 0.513 0.516
0.10 M 0.083 0.084 0.085 0.085 0.086 0.087
k 4.000 4.091 4.182 4.272 4,362 4.449
COF 0.500 0.506 0.513 0.519 0.524 0.530
0.15 M 0.083 0.084 0.085 0.086 0.087 0.088
k 4,000 4.132 4267 4.403 4.541 4.680
COF 0.500 0.509 0.517 0.526 0.534 0.543
0.20 M 0.083 0.085 0.086 0.087 0.088 0.089
k 4.000 4170 4.346 4.529 4717 4,910
COF 0.500 0.511 0.522 0.532 0.543 0.554
0.25 M 0.083 0.085 0.086 0.087 0.089 0.090
k 4.000 4.204 4.420 4.648 4.887 5.138
COF 0.500 0.512 0.525 0.538 0.550 0.563
x =(l~c/83) 1.000 0.856 0.729 0.613 0.512 0.421

a¢, and ¢, are the widths of the column measured paraltel to £, and £,.
Source: Ref. 14-8.

388 Appendix A



TABLE A-21

Moment Distribuiion Faciors for Slabs with Drop
Panels, hy = 1.251°

FEM (uniform load w) = Mw! ,(?

K (stiffness) = kE( .15 124

Carryover factor = COF
€y

c, £, 0.00 0.05 0.10 0.15 0.20 0.25 0.30
0.00 M 0.088 0.088 0.088 {.088 0.083 0.088 0.088
k 4795 4.795 4.795 1.795 47495 4.795 4,795

COF 0.542 0.542 (0542 0.542 0.5342 0.342 (.342

0.05 M 0.088 0.088 0.089 (0.089 0.089 0.089 0.09G
k 4.795 4.846 4.896 4.944 1.6%0 3.035 5.077

COF 0.542 0.545 0.548 0.551 0.533 0.356 0.358

0.10 M 0.088 0.088 0.089 0.090 {.090 0.09i 0.091
k 4.795 4,894 4,992 5.039 3184 5378 5.368

COF 0.542 0.548 0.553 0.559 0.564 0.569 0.573

0.15 M 0.088 0.089 0.080 0.090 0.091 0.092 0.092
k 4.795 4938 5.082 5,228 5.374 5.520 5.663

COF 0.542 0.550 0.558 0.565 {0.573 0.580 (0.587

0.20 M 0.083 06.089 0.090 0.091 0.002 0.093 0.094
k 4.795 4978 5.167 5.361 5.558 5.760 5962

COF 0.542 0.552 0.562 0.571 0.581 {1.590 0.600

0.25 M 0.088 0.089 0.090 G.091 0.092 0.094 0.095
k 4.795 5.015 5.245 5.485 5.735 5.994 6.261

COF 0.542 0.553 0.565 (.576 0.587 0.598 0.609

0.30 M 0.088 0.089 0.090 6.092 0.093 0.094 0.095
k 4.795 5.048 5317 5.601 5.902 6.219 6.550

COF 0.542 (.554 (1.567 (0.580 {.593 (.605 0.618

*h, Slab thickness; h,, total thickness in drop panel.
Source: Ref. 14-8.
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TABLE A-22 Mocment Distribution Factors for Slabs with
Drop Panels, hy = 1.54°

FEM (uniform locad w) = Mw(z(f K {stiffness) = kEf,f3 12¢,
Carryover factor = COF
¢y {3
¢ 4y 0.00 0.05 g.10 0.15 0.20 0.25
0.00 M 0.003 0.093 0.093 0.093 0.093 0.093
I 5.837 5.837 5.837 5.837 5.837 5.837
COF 0.589 0.539 0.589 0.589 0.589 0.589
0.05 M (1093 0.093 0.093 0.093 (.094 0.094
k 5.837 5.890) 5.942 5.593 6.041 6.087
COF 0.58% 0.591 0.594 0.596 0.598 0.600
0.10 M 0.093 (.093 0.094 0.094 0.094 0.095
k 5.837 5.940 6.024 6.142 6.240 6.335
COF 0.589 (.593 (.598 0.602 0.607 0.611
0.15 M 0.093 0.093 0.094 0.095 0.095 0.096
k 5.837 5.986 6.135 6.284 6.432 6.579
COF 0.589 0.595 .602 0.608 0.614 0.620
0.20 M 0.093 0.093 0.094 0.095 0.096 0.096
k 5.837 6.027 6.221 6.418 6.616 6.816
COF 0.589 0.597 1.605 0.613 0.621 0.628
0.25 M 0.093 0.094 0.094 0.095 0.096 0.097
k 5.837 6.065 6.300 6.543 6.790 7.043
COF 0.589 0.398 0.608 0.617 0.626 0.635

2h, Slab thickness
Source: Ref. 14-8.
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TABLE A-23 Stiffness and Carryover Factors for Columns

EL

K =k ;
1./t 1.08 1,10 1.15 1.20 1.25 1.30 1.35 1,40 1.45
0.00 K.n 4.20 4.40 4.60 4.80 5.00 5.20 5.40 5.60 5.80
Cag 0.57 0.65 0.73 0.80 0.87 0.95 1.03 110 1.17
0.2 Kig 431 4.62 495 5.30 5.63 6.02 6.40 6.79 7.20
Cig 0.56 0.62 0.68 0.74 0.80 0.83 0.91 0.96 1.01
0.4 kip 4.38 4,79 522 5.67 6.15 6.65 7.18 774 8.32
Ciz 0.55 0.60 0.65 0.70 0.74 0.79 0.83 0.87 0.91
0.6 K 4.44 491 5.42 5.96 6.54 7.15 7.81 8.50 9.23
Cog 0.55 0.59 0.63 0.67 0.70 0.74 0.77 0.80 0.83
0.8 Kin 4.49 5.01 5.58 6.19 6.85 7.56 8.31 9.12 9.98
Ciz 0.54 0.58 0.61 0.64 0.67 0.70 0.72 0.75 0.77
1.0 kan 4.52 5.00 571 6.38 7.11 7.89 8.73 9.63 10.60
Cs 0.54 0.57 0.60 0.62 0.65 0.67 0.69 0.71 0.73
1.2 kg 4.55 5.16 5.82 6.54 732 8.17 9.08 10.07 TR
Cas 0.53 0.56 0.59 0.61 0.63 0.65 0.66 0.68 0.69
1.4 kus 4.58 521 591 6.68 7.51 8.41 9.38 10.43 £1.57
Cos 0.53 0.55 0.58 0.60 0.61 0.63 0.64 0.65 0.66
1.6 Kas 4.60 5.26 5.99 679 . 7.66 8.61 9.64 10.75 1195
Cis 0.53 0.55 0.57 0.59 0.60 0.61 0.62 0.63 0.64
1.8 ks 4.62 5.30 6.06 6.89 7.80 8.79 9.87 11.03 12.29
Cis 0.52 0.55 0.56 0.58 0.59 0.60 0.61 0.61 0.62
2.0 Kan 4.63 5.34 6.12 6.98 792 8.94 10.06 11.27 12.59
Cs 0.52 0.54 0.56 0.57 0.58 0.59 0.59 0.60 0.60
2.2 Kus 4.65 5.37 6.17 7.05 8.02 9.08 10.24 11.49 12.85
Cra 0.52 0.54 0.55 0.56 0.57 0.58 0.58 0.59 0.59
2.4 kap 4.66 5.40 6.22 7.12 8.11 9.20 10.39 11.68 13.08
Cis 0.52 0.53 0.55 0.56 0.56 0.57 0.57 0.58 0.58
2.6 kg 4.67 542 6.26 7.18 8.20 9.31 10.53 11.86 13.29
Cas 0.52 0.53 0.54 0.55 0.56 0.56 0.56 0.57 0.57
28 Kus 4.68 5.44 6.29 7.23 8.27 9.41 10.66 12.01 13.48
Con 0.52 0.53 0.54 0.55 0.55 0.55 0.56 0.56 0.56
3.0 kus 4.69 5.46 6.33 7.28 8.34 9.50 10.77 12.15 13.65
Cs 0.52 0.53 0.54 0.54 0.55 0.55 0.55 0.55 0.55
35 kas %71 5.50 6.40 7.39 8.48 9.69 11.01 12.46 14.02
Can 0.51 0.52 0.53 0.53 0.54 0.54 0.54 0.53 0.53
i 4.0 kg 4.72 5.54 6.45 7.47 8.60 9.84 11.21 12.70 14.32
' Can 0.51 0.52 0.52 0.53 0.53 0.52 0.52 0.52 0.52
4.5 kup 4.73 5.56 6.50 7.54 8.69 9.97 11.37 12.89 14.57
Cas 0.51 0.52 0.52 0.52 0.52 0.52 0.51 0.51 0.51
! 5.0 ks 4.75 5.59 6.5 7.60 8.78 10.07 11.50 13.07 14.77
, Cas 0.51 0.51 0.52 0.52 0.51 0.51 0.51 0.50 0.49
6.0 kus 4.76 5.63 6.60 7.69 8.90 10.24 11.72 13.33 15.10
Cra 0.51 0.51 0.51 0.51 0.50 0.50 0.49 0.49 0.48
7.0 Kag 4.78 5.66 6.65 7.6 9.00 10.37 11.88 13.54 15.34
Cag 0.51 0.51 0.51 0.50 0.50 0.49 0.48 0.48 0.47
8.0 Kap 4.78 5.68 6.69 7.82 9.07 10.47 12.01 13.70 15.54
Cas 0.5 0.51 0.50 0.50 0.49 0.49 0.48 0.47 0.46
9. kap 4.80 5.71 6.74 7.89 9.18 10.61 12.19 13.93 15.83
Cas 0.50 0.50 0.50 0.49 0.48 0.48 0.47 0.46 0.45

Source: Ref. 14-7. Courtesy of the Portland Cement Association.
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Uoer

g =

off T

depth of equivalent rectangular stress block.

shear span, distance between concentrated load and face of support.

depth of rectangular stress block corresponding to balanced strain condi-
tions.

depth of rectangular stress block at the compression-controlled limit, in,
depth of rectangular stress block at the tension-controlled limit, in.
effective tension area of concrete surrounding the flexural tension reinforce-
ment and having the same centroid as that reinforcement, divided by the
number of bars, in.2 (see Sec. 9-3).

area of an individual bar, in.”.

area of core of spirally reinforced compression member measured to outside
diameter of spiral, in.”.

arca enclosed by outside perimeter of concrete cross section, in.?

gross area of section, in.%,

influence area (see Sec. 2-7).

total area of fongitudinal reinforcement to resist lorsion, in.”,

gross area enclosed by shear flow path, in.”

area enclosed by centerline of the outermost closed transverse torsional re-
inforcement, in.”

area of nonprestressed tension reinforcement, in.”,

area of compression reinforcement, in.”,

area of tension reinforcement balancing the compression force in the over-
hanging flanges of a T beam.

i
H
H
H
1
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area of skin reinforcement per unit height in one side face, in.”/ft.

area of tension reinforcement balancing the compression force in the web of
aT beam.

area of tension reinforcement balancing the compression force in the com-
pression reinforcement.

area of tension reinforcement balancing the compression force in the con-
crete in a beam with compression reinforcement.

= area of one leg of a closed stirrup resisting torsion, in.”.
= total cross-sectional area of all transverse reinforcement which is within the

spacing s and which crosses the potential plane of spitting through the re-
inforcement being developed, in.”

= garea of shear reinforcement within a distance s, in.”.
= area of shear-friction reinforcement, in.”.

loaded area in bearing.

= area of the lower base of the largest frustrum of a pyramid, cone, or tapered

wedge contained wholly within the support and having for its upper base the
loaded area, and having side slopes of 1 vertical to 2 horizontal {see Fig.
16-10).

width of compression face of member, effective compressive flange width
of a T beam, in.

perimeter of critical section for two-way shear in slabs and footings, in.
web width, or diameter of circular sectien, in.

= length of critical shear perimeter for two-way shear, measured parallel to the

span €4, in.

= length of critical shear perimeter for two-way shear perpendicular to b, in.

spacing or cover dimension, in.

distance from extreme compression fiber to neutral axis, in.

distance from extreme compression fiber to neutral axis corresponding to
balanced strain conditions, in.

distance from extreme compression fiber to the neutral axis when the strain
in the extreme tension steel is €, in tension, in.

distance from extreme compression fiber to the neutral axis when the strain
in the extreme tension steel is 0.003 in tension, in,

size of rectangular or equivalent rectangular column, capital, or bracket
measured paralle! to the span £, in.

size of rectangular or equivalent rectangular column, capitat, or bracket
measured parallel to €5, in,

compressive force in cross section, subscripts ¢ = concrete, s = steel.
cross-sectional constant to define torsional properties.

tactor relating the actual moment diagram of a slender column to an equiv-
alent uniform moment diagram (Chap. 12).

monaent coefficient (Chap. 10).

shear coefficient.

= effective depth = distance from extreme compression fiber to centroid of

tension reinforcement, in.

distance from extreme compression fiber to centroid of compression rein-
forcement, in.

905



= nominal diameter of bar, wire, or prestressing strand, in.
= thickness of concrete cover measured from extreme tension fiber to center

of the closest bar, in.
distance from extreme compression fiber to extreme tension steel, in.

= dead loads, or related internal moments and forces.

diagonal compression force in the web of a beam or in a compression strut
in a D-region, Ib.

= eccentricity of axial load on a column = M/P.

modulus of elasticity of concrete, psi.

= fiexural stiffness of compression member.

modulus of elasticity of reinforcement, psi.

= specified compressive strength of concrete, psi.

square root of specified compressive strength of concrete, psi.
diagonal compressive stress in the web of a beam, psi.
effective compressive strength of concrete in the web of a beam,

= vf.,psi.

fa=
fr=
fi=
fy =
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= required average compressive strength for f{ to meet statistical acceptance

criteria.

splitting tensile strength of concrete, psi.

modulus of rupture of concrete, psi.

calculated stress in reinforcement at service loads, ksi.
specified yield strength of nonprestressed reinforcement, psi.

= overall thickness of member, in.
= moment of inertia of section. Subscripts: & = beam, ¢ = column, 5 =

slab,
moment of inertia of cracked section transformed to concrete.

= effective moment of inertia for computation of deflection.

moment of inertia of gross concrete section, neglecting reinforcement.
mement of inertia of gross transformed uncracked section.

moment of inertia of the reinforcement in a column about centroidal axis of
member cross section.

distance between the resultants of the internal compressive and tensile
forces on a cross section.

property of assumed critical section for two-way shear, analogous to polar
moment of inertia.

= effective length factor for compression members.

factor used in calculating flexural capacity of a section.

= flexural stiffness; moment per unit rotation. Subscripts: # = beam, ¢

column, ec = equivalent column, s = slab.

= torsional stiffness of torsional member; moment per unit rotation.
= transverse reinforcement index, see Chap. 8.
= span length of beam or one-way slab, generally center to center of supports;

clear projection of cantilever, in.

= additional embedment length at support or at point of inflection, in.
= length of compression member in a frame, measured from center to center

of the joints in the frame.




£, = development length. in.
¢, = basic development length in tension before modification.
£ 4. = basic development fength in compression.

4 = development length of standard hook in tension, measured from critical sec-
tion to outside end of hook, in.

{,, = basic development length of standard hook in tension, in.
¢, = clear span measured face to face of supports:

= clear span for positive moment, negative moment at exterior support, or
shear;

= average of adjacent clear spans for negative moment.
£, = unsupporied length of compression member.

£, = length of span of two-way slab in direction that moments are being deter-
mined, measured center-to-center of supports.

£, = length of span of two-way slab transverse to £, measured center-to-center
of supports.
I = live loads, or related internal moments and forces.
" m = moment per unit width, subscript xy = twisting moment, ft-kips/ft.
m, = resisting moment per unit width, ft-kips/ft.
M, = maximum moment in member af the stage for which deflections are being
computed, see Sec. 5-4.
M. = factored moment to be used for design of a slender compression member.
M., = cracking moment.
M, = nominal moment strength, in.-1b.
: M, = total factored static moment.
J M, = probable flexural moment strength, see Eq. 19-10.
M, = moment in column due to loads causing appreciable sidesway.
M, = moment due to factored loads.
M, = smaller factored end moment on a compression member, positive if the
member is bent in single curvature, negative if bent in double curvature.

5 M, = factored end momenton a compression member at the end at which M, acts,
: due to loads that cause no appreciable sidesway.

le , M, = factored end moment ona compression member at the end at which M, acts,
: due to loads that cause appreciable sidesway, calculated using a first-order

ar . elastic frame analysis.

M, = larger factored end moment on a compression member, always positive,
M, = factored end moment on a compression member at the end at which M, acts,
due to loads that cause no appreciable sidesway.

- M,, = factored end moment on a compression member at the end at which M, acts,
due to loads that cause appreciable sidesway, calculated using a first-order
elastic frame analysis.

n = modular ratic = E,/E..
s — number of bars in a layer being spliced or developed at a critical section.
N, = factored axial load normal to cross section occurring simultaneously with
V,; positive for compression, negative for tension, and to include effects of
or ¢ tension due to creep and shrinkage.
N, = axial tension force due to shear, 1b.
Appendix B * 907
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= outside perimeter of the concrate cross section, in.
= perimeter of the centerling of the outermost closed transverse torsional rein-

forcement, .

= nominal axial load strength at balanced strain conditions.

critical load.
buckling load of an elastic. hinged-end column.

= pnominal axial load strength at given eccentricity.
= nominal axial load strength at zero eccentricity.

axial force due io factored loads.

= stability index for a story; see Chap. 12.

radius of gyration of cross section of a compression member.
standard deviation.

spacing of shear or torsion reinforcement measured along the Jongitudinal
axis of the structural member, in.

= nominal torsionai moment strength.
= pominal torsional moment strength provided by torsion reinforcement.

factored torsional moment at section.

= required strength to resist factored [oads or related internal moments and

forces.

shear stress.

nominal shear stress carried by concrete, psi.
nominal shear stress, psi.

nominal shear force carried by concrete.

design shear force in beams or columns due to dead, live, and seismic
loads.

= nominal shear strength.
= nominal horizontal shear strength.

nominal shear strength provided by shear reinforcement.

= factored shear force at section.

weight of concrete, Ib/ft,
factored dead load per unit area of slab or per unit length of beam.

= factored live load per unit area of slab or per unit of length of beam.

total factored load per unit length of beam or per unit area of slab.
shorter overall dimension of rectangular part of cross section.
longer overall dimension of rectangular part of cross section.

= distance from centroidal axis of cross section, neglecting reinforcement, to

extreme fiber in tension.
quantity limiting distribution of fiexural reinforcement.

= angle between in¢lined stirrups and longitudinal axis of member.

ratio of flexural stiffness of beam section to flexural stiffness of a width of
slab bounded laterally by centerlines of adjacent panels (if any) on each side
of the beam = E 7,/ (EI,).

reinforcement location factor for development length calculation.

average value of « for all beams on edges of a panel.
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= coefficient usad to compute V, in slabs.

o in direction of €.
@ in direction of £-.

= coating factor for development length calculation.

= ratio of clear spans in long to short direction of two-way slabs.

ratio of long side to shortt side of footing.

= ratic of dead load per unit area to live load per unit area (in each case with-

out load factors).

ratio of area of reinforcement cut off to total area of tension reinforcement at
section.

= ratio of Jong side to short side of column or concentrated load.

(a) for nonsway frames, 3 is the ratio of the maximum factored axial dead
load to the total factored axial load,

{b) for sway frames, except as required in (¢}, B is the ratio of the maxi-
mum factored sustained shear in a story to the total factored shear in that

story,

(c) for stability checks of sway frames carried out in accordance with ACI
Sec. 10.13.6, B, is the ratio of the maximum factored axial dead load to the
total factored axial load.

ratio of torsional stiffness of edge beam section to flexural stiffness of a
width of slab equal o span length of beam, center-to-center of supports

= E,C/(2E ;).
ratio of depth of rectangular stress biock, . to depth 1o neutral axis, c.

ratio of the distance between the outer layers of reinforcement in a column
to the overall depth of the column (see Fig. 11-30).

reinforcement size factor for development length calculations.

fraction of unbalanced moment transferred by flexure at slab-column con-
nections.

fraction of unbalanced moment transferred by eccentricity of shear at
slab—column connections = 1 — yp.

moment magnification factor for frames braced against sidesway, to reflect
effects of member curvature between ends of compression member.

moment magnification factor for frames not braced against sidesway, to re-
flect lateral drift resulting from lateral and gravity loads.

strain.

= strain in concrete.

compressive sirain at crushing of concrete.

= gtrain in steel.

net tensile strain in extreme tension steel at nominal strength.

= multiplier for additional long-term deflection.

correction factor related to unit weight of concrete,
coefficient of friction.
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(mu)
v = ratio of effective concrete strength in web of beam or compression strut to

fl
(nu}
£ = time-dependent factor for sustained load deflections.
(xi)
p = ratic of nonprestressed tension reinforcement = A, - bd.
(rho)
p’ = ratio of nonprestressed compression reinforcement A bd.

p, = reinforcement ratio corresponding to balanced strain conditions.
p, = ratio of total reinforcement area to cross-sectional area of column.

p. = ratio of volume of spiral reinforcement to total volume of core (out-to-out
spirals) of a spirally reinforced compression member.

Po =A; b d
¢ = strength reduction factor.
{phi)
8 = angle of compression struts in web of beam.
(theta)

@ = mechanical reinforcement ratio = pf, /f/.

{omega)

910 Appendix B




ut

Fralbniea 5o, ek

L

Chapter 1

Hedley E. H. Roy. *Toronto City Hall and Civic Square,” ACI Journal, Proceedings, Vol. 62, No. 12,
December 1965, pp. 1481-1502.

CRSI Subcommittee on Placing Reinforcing Bars, Reinforcing Bar Detailing, Concrete Reinforcing
Steel Institute, Chicago, 1971, 280 pp.

Robert Murk, Light, Wind, and Structure: The Mystery of the Master Builders, MIT Press, Boston, 1990,
pp. 52-67.

Committee on Concrete and Reinforced Concrete, “Standard Building Regulations for the Use of
Reinforced Concrete,” Proceedings, National Association of Cement Users, Yol 6, 1910, pp. 349-361.
Spevial Commitiee on Concrete and Reinforced Concrete, “Progress Report of Special Committee on
Concrete and Reinforced Concrete,” Proceedings of the American Society af Civil Engineers, 1913,
op. 117- 135,

Special Commitiee en Conerete and Reinforced Concrete, “Final Report of Special Committee on
Cenerete and Reinforced Concrete,” Proceedings of the American Society of Civil Engineers, 1916,
pp. 1657 - 1708.

Frank Kerekes and Harold B. Reid, Jr.. “Fifty Years of Development in Building Code Requirements for
Reinforced Concrete,” ACI Journal, Proceedings, Vol. 50, Ne. 8, February 1954, pp. 441472

Uniform Building Code, International Conference of Building Officials, Whittier, Calif., various edi-
tions.

Standard Building Code. Southern Building Code Congress, Birmingham, Ala., various editions.

Basic Building Code, Building Officials and Code Administrators Imernational, Chicago, various edi-
tions.

AC! Commiltee 318, Building Code Reguirements for Structural Concrete (ACI 318-95) and
Commentary (ACI 318R-95), American Concrete Institute, Detroit, 1995, 369 pp.

Standard Specifications for Highway Bridges, American Association of State Highway and
Transportation Offictals, Washington, D,C., various editions.

CEB-FIP Mode! Code 1990, Thomas Telford Services [.td., London. for Comité Euro-International du
Béton, Laussane, 1993, 437 pp.

911




912

Chapter 2

25

2-6

2-7

2-8

-9

2-10
2-11

2-12

2-13

2-14

2-15

2-16

2-19
2-20

2-21

2-22

2-23
2-24

Donala Taylor, “Progressive Collapse.” Canadian Journal of Civil Engineering, Vol, 2, No. 4, December
1975, pp. 517-529.

Minivmem Design Loads for Buildings and Other Structres, ASCE 7-93, American Society of Civil
Engineers, New York, 1995, 214 pp.

C. Allan Cornell. A Probability Based Structvral Code.” ACT Jownal, Proceedings, Yol. 66, No. 12,
December 1969. pp. 974-0985.

Alan H. Mattock. Ladislav B. Kriz. and Eivind Hognestad. “Rectangular Concrete Stress Distribution in
Ultimate Strength Design,” ACI Journal, Proceedings, Vol. 57, No. 8, February 1961, pp. 875-928.
Jong-Cherng Pier and C. Allan Cornell, “Spatial and Temporal Variability of Live Loads,” Proceedings
ASCE, Journal of the Structural Division, Vol. 99, No. ST3, May 1973, pp. 503-922.

James G, MacGregor. “Safety and Limit States Design for Reinforced Concrete,” Canadian Journal of
Civil Engineering, Vol. 3, No. 4, December 1976, pp. 484-513.

Bruce Ellingwood, Theodore V. Galambos, James G. MacGregor, and C. Allan Cornell, Development
of a Probability Based Load Criterion for American Natioral Standard A58, NBS Special Publication
577, National Bureau of Standards, U.S. Department of Commerce, Washington, D.C., June 1980,
222 pp.

James G. MacGregor, “Load and Resistance Factors for Concrete Design,” ACT Journal, Proceedings,
Vol. 80, No. 4, July—August 1983, pp. 279-287.

Uniform Building Code, International Conference of Building Officials, Whittier, Calif., various edi-
tions,

Standard Building Code, Southern Building Code Congress, Birmingham, Ala., various editions.

Basic Building Code, Building Officials and Code Administrators International, Chicago, varioss edi-
tions.

Donald A. Sawyer, “Ponding of Rainwater on Flexible Roof Systems.” Proceedings ACSE, Journal of
the Structural Division, Vol. 93, No. ST1, February 1967, pp. 127-147.

Allan G, Davenport, “Gust Loadiag Factors,” Proceedings ASCE, Journal of the Structural Division,
Vol. 93, No. 576, June 1967, pp. 12-34

Material and Cost Estimating Guide for Concrete Floor and Roof Svstems, Publication PA 136.01B,
Portland Cement Association, Skokie, I1l., 1974, 14 pp.

Percival E. Pereiru, McGraw-Hill's Dodge Construction Svstems Costs 1980, McGraw-Hill Information
Systems Company, New York, 1980, 281 pp.

ACT Committee 340, Design Handbook in Accordance with the Strength Design Method of ACI 318-89,
Vol. 1. Beams, One-Way Slabs, Brackets, Footings, and Pile Caps, ACI Publication SP-17(91), American
Concrete Institute, Detroit, 1991,

ACI Committee 340, Design Handbook in Accordance with the Strength Design Method of ACI 318-89,
Vol. 2, Columns, ACI Publication SP-17A(90), American Concrete Institute, Detroit, 1990,

ACI Committee 340, Design Hundbook in Accordance with the Strength Design Method of ACI 318-89,
Vol. 3, Two-Wav Slabs, ACI Publication SP-17(91)(8), American Concrete Institute, Detroit, 1991,
CRSI Handbook, 1992, Concrete Steel Reinforcing Steel Institute, Schaumberg, IlL., 1992, 710 pp.

ACI Committee 315, ACT Detailing Manual—1994, ACI Publication SP-66 (94), American Concrete
Institute, Detroit, 1994, 244 pp.

ACI Comuuittee 301, Specifications for Structural Concrete for Buildings, ACI 301-95, American
Concrete Institute, Detroit, 1995, 36 pp.

Mary K. Hurd and ACI Committee 347, Formwork for Concrete, 6th ed., ACI Publication SP-4,
Americarn Concrete Institute, Detroit, 1995, 500 pp.

Muanual of Concrete Practice, Vol. 1 to 5, American Concrete Institute, Detroit, published annually.

ACI Committee 117, “Standurd Specitications for Tolerances for Concrete Construction and Materials
(ACH 117-90) and Commentacy (ACI LI7R-90)." ACI Manual of Concrete Practice, American Concrete
Institute, Detroit, 1991 und later editions.

Chapter 3

3-1

3-2

Thomas T. C. Hsu, F. O. Slate, G. M. Sturman. and George Winter. “Micro-cracking of Pkain
Congcrete and the Shape of the Stress-Strain Curve,” AC! Journal, Proceedings, Yol. 60, No. 2,
Febroary 963, pp. 209-224,

K. Newman and J. B. Newman, “Failure Theories and Design Criteria for Plain Concrete,” Part 2
in M. Te "eni (ed.), Selid Mechanics and Engineering Design, Wiley-Interscience, New York,
1972, pp. 83/1-83/33.

F. E. Richart, A, Brandizaeg. and R. L. Brown, A Study of the Fuilure of Concrete under Combined
Compressive Stresses, Bulletin 185, University of Illinois Engineering Experiment Station, Urbana, I1L.,
November 1928, 104 pp.

References




ber

n
on

36

3-7

3-8

3-10

3-11

3-12

3-13

3-14

3-15

3-18

3-19

3-20

3-21

3-22

323

3-24

325

3-26

3-27

3-28

329

Hubert Riisch, “Research toward a General Flexural Theory for Structural Concrete,” ACT Journal,
Proceedings, Vol. 57. No. 1, July 1960, pp. 1-28.

Llewellyn E. Clark. Kurt H. Gerstle, and Leonard G. Tulin, “Effect of Strain Gradient on Stress-Strain
Curve of Mortar and Congrete,” ACI Joumnal. Proceedings, Vol. 64, No. 9, September 1967. pp.
380-386.

Comité Euro-International du Béon. CEB-FIP Mode! Code 1990, Thomas Telford Services Lid,
London, 1993, 437 pp.

ACI Commitiee 214, Recommended Practice for Evaluaiion of Sirength Test Results of Concrete, ACI
2t4-77, American Concrete [nstitute, Detrolt, 1977, 14 pp.

Sher Ali Mirza, Michael Hatzinikolas, and James G. MacGregor, “Statistical Descriptions of the
Strength of Concrete,” Proceedings ASCE, Journal of the Structural Division, Vol. 105, No, $T6, June
1979, pp. 1021-1037.

H. F. Gonnerman and W, Lerch, Changes in Characteristics of Portland Cement as Exhibited by
Laboratory Tests over the Period 1904 10 1930, ASTM Special Publication 127, American Society for
Testing and Materials, Philadelphia, 1951,

ACI Committee 211, “Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass
Concrete” (ACI 211.1-91), ACI Manual of Concrete Practice, American Concrete Institute, Detroit.
1992 and later editions, pp. 211.1-1 to 211,1-38.

ACI Committee 226, “Use of Fly Ash in Concrete™ (ACI 226.3R-87), ACI Manual of Concrete
Practice, American Concrete Institute, Detroit, 1988 and later editions, pp. 226.3R-1 to 226.3R-38.
AC1 Committee 226, “Ground Granulated Blast Furnace Slag as a Cementitious Constituent in
Concrete” (ACI 226.1R-87), ACI Manual of Concrete Practice, American Concrete Institute, Detroit,
1988 and later editions, pp. 226.1R-1 to 226.1R-16.

Walter H. Price, “Factors Influencing Concrete Strength,” ACI Journal, Proceedings. Vol. 47, No. 6,
December 1951, pp. 417432

Paul Klieger, “Effect of Mixing and Curing Temperature on Concrete Strength,” AC! Joumnal,
Proceedings, Vol. 54, No. 12, June 1958, pp. 1063-1081.

AC1 Commitiee 209, “Prediction of Creep, Shrinkage and Temperature Effects in Concrete Structures,”
Designing for Creep and Shrinkage in Concrete Structures, ACI Publication SP-76, American Concrete
Institute, Detroit, 1982, pp. 193-300.

V. M. Malhotra, “Maturity Cancept and the Estimation of Concrete Strength: A Review,” fndian
Concrete Journal, Vol. 48, No. 4, April 1974, pp. 122126 and 138; No. 5, May 1974, pp. 155159
and 170,

H. S. Lew and T. W. Reichard, “Prediction of Strength of Concrete from Maturity,” Accelerated Strength
Testing, ACI Publication SP-56, American Concrete Institute, Detroit, 1978, pp. 229-248.

F. Michael Bartlett and James G. MacGregor, “Equivalent Specified Concrete Strength from Core Test
Data,” Concrete International, Vol. 17, No, 3, March 1995, pp. 52-58.

F. Michael Bartlett and James G. MacGregor, “Statistical Analysis of the Compressive Strength of
Concrete in Swructures,” ACH Materials Jeurnal, Vol. 93, in press,

Jerome M. Raphael, *Tensile Strength of Concrete,” ACS Journal, Proceedings, Yol. 81, No. 2,
March—April 1984, pp. 158-165.

Proposed Complements to the CEB-FIP International Recommendutions— {970, Bulletin d’Information
74, Comité Européen du Béton, Paris, March 1972 revision, 77 pp.

H. S. Lew and T. W, Reichard, “Mechanical Properties of Concrete at Early Ages,” ACT Journal,
Proceedings, Vol. 75, No. 10, October 1978, pp. 533-542.

H. Kupfer, Hubert K. Hilsdorf, and Hubert Riisch, “Behavior of Concrete under Biaxial Stress,” AC/
Journal, Proceedings, Vol, 66, No. 8, August 1969, pp. 656-666.

Frank J. Vecchio and Michacl P. Collins, The Response of Reinforced Concrete to In-Plane Shear and
Normal Stresses, Publication 82-03, Department of Civil Engineering, University of Toronto, Toronto,
March 1982, 332 pp.

Frank J. Vecchio and Michael P. Collins, “The Modified Compression Field Theory for Reinforced
Conerete Elements Subjected To Shear,” AC! Journal, Proceedings, Vol. 83, No. 2, March—April 1986,
pp- 219-231.

J. A. Hansen, “Strength of Structura! Lightweight Concreie under Combined Swess,” Journal of the
Research and Development Laboratories. Portland Cement Association, Vol. 5, No. 1, January 1963,
pp. 39-46.

ACI Committee 363, “State-of-the-Art Report on High-Strength Concrete,” ACI Manual of Concrete
Practice. Vol. 1, American Concrete Institute, Detroit, 1993 and later editions, pp. 363R-1 to 363R-53.
Eivind Hognestad, Norman W. Hanson, and Douglas McHenry, “Coencrete Stress Distribution in
Ultimate Strength Design,” ACY Journal, Proceedings, Vol. 52, No. 4, December 1955, pp. 475-479.
Paul H. Kaar, Norman W. Hanson, and H. T. Capell, “Stress-Strain Characteristics of High-Strength
Conerete,” Douglas McHenry International Symposium on Concrete and Concrete Structures, ACL
Publication SP-55, American Conerete Institute, Detroit, 1978, pp. 161-186.

References 913



914

3-30

3-31

3-32

3-33

334

3-33

3-36

3-40

3-41

342

343

344

3-45

34a

347

Adrian Pauy. “Sttie Modutus of Elusticity as Affected by Density.” ACE Jotrnal, Proceedings, Vol. 57,
No. 6. Decembar [960. pp. 679-6313.

Eivind Hognestad. A Snidy of Combined Bending and Axial Load in Reinforced Concrete Members,
Bulletin 399, University of Illinois Engineering Experimen: Station. Urbana. [ll.. November 1951, 128
PP

Claudio E. Todeschini. Albert C. Bianchini. and Clvde E. Kesler. “Behavior of Concrete Columns
Reinforced with High Strength Steels.” ACY foumal, Proceedings. Vol. 61, No. 6. June 1964, pp. 701-716.
§. H. Ahmad and Surendra P. Shah. ~Stress—Strain Curves of Concrete Contined by Spiral
Reinforcement.” ACT Jonwmal, Proceedings. Vol. 79. No.6. November—Decerber 1982, pp. 484490,

B. P. Sinha. Kurt H. Gerstle. and Leonard G. Tulin, “Stress—Strain Relarions for Conerete under Cyclic
Loading,” ACH Journal, Proceedings. Vol. 61, No. 2, February 1964, pp. 195-212.

Surendra P. Shah and V. S. Gopalarainam, "Softening Responses of Plain Concrete in Direct Tension,”
AC! Journal, Proceedings. Vol. 82. No. 3. May-June 1985 pp. 310-323.

Zedenek P. Bazant, “Prediction of Concrete Creep Effects Using Age-Adjusted Effective Modulus
Method.” ACT Journal, Proceedings. Vol. 69, No. 4, April 1972, pp. 212-217.

Walter H. Dilger, “Creep Analysis of Prestressed Concrete Structures Using Creep-Transformed Section
Properties.” PCT Journal, Voi. 27, No. 1. January—February 1982, pp. 99-118.

Amin Ghali and Rene Favre, Concrete Striectures. Stresses and Deformations, Chaprnan & Hall. New
York. 1986. 348 pp.

Structural Effects of Time-Dependent Behaviour of Concrete, Bulletin d"Information, 215, Comité Euro-
International du Béton, Laussane, March 1993, pp. 265-291.

ACI Committee 216, “Guide for Determining the Fire Endurance of Concrete Elements,” Concrete
International: Design and Construction, Yol. 3, No. 2. February 1981, pp. 13-47.

Boris Bresler, “Lightweight Aggregate Reinforced Conerete Columns,” Lightweight Concrete, ACIT
Publication SP-29, American Conerete Institute, Detroit, 1971, pp. 81-130.

ACI Committee 201, “Guide to Durable Concrete,” (ACI 201.2R-92), ACI Manual of Concrete Practice,
Amgerican Concrete Institute, Detroit, 1993 and later editions, pp. 201R-1 to 201.2R-41.

ACT Commitiee 222, “Corrosion of Metals in Concrete”™ (ACI 222R-85). ACT Journal, Proceedings,
Vol. 82, No. [, January—February 1985, pp. 3-32.

PCT Committee on Durability, “Alkali-Aggregate Reactivity—A Summary,” PCI Journal, Yol. 39,
No. 6, November—December, 1994, pp. 26--35.

ACI Committee 515, “A Guide to the Use of Waterproofing. Dampproofing. Protective, and Decorative
Barrier Systems tor Concrete™ (ACI 515.R-79), ACI Manual of Concrete Practice. American Concrete
Institute, Detroit, 1993 and later editions, pp. 515.1R-1 to 515.1R-44.

Sher Al Mirza and James G. MacGregor, “Variability of Mechanical Properties of Reinfarcing Bars,”
Proceedings ASCE, Journal of the Structral Division, Vol, 105, No. ST5, May 1979, pp. 921-937.

T. Helgason and Jehn M. Hanson. “lnvestigation of Design Factors Affecting Fatigue Strength of
Reinforcing Bars—Statisticai Anulysis.” Abeles Svmposiwm on Futigne of Concrete, ACT Publication
SP-41, American Concrete institole, Detroil, 1974, pp. 107-137.

ACI Committee 215, “Considerations for Design of Concrete Structures Subjected 10 Fatigue Loading,”
(ACT 215R-74, revised (992}, ACT Munual of Concrete Practice, Americun Conerete [nstitute, Detroit,
1993 and later editions, Detroit, pp. 215R-1 to 2{5R-24.

Chapter 4

4-1

L]

42

4-3

4-5

46

4-1

References

Eivind Hognestad, A Studv af Cenebined Bending and Avial Load in Reinforced Concrete Members,
Bulletin 399, University of [llinois Engineering Experiment Station. Urbana, 111, Novernber 1951,
128 pp.

Hubert Riisch, “Rescarch towurd a General Flexural Theory for Structural Concrete.”™ ACE Journed,
Proceedings, Vol. 57, No. L, July 1960, pp. 1-28; Discussion, Vol. 57, No. 9, March 1961, pp. [147-1164.
Alan H. Mattock, Ladislav B. Kriz, and Eivind Hognestad, "Rectangular Concrete Stress
Distribution in Ultitnate Strength Design.” AC! Journal, Proceedings. Vol. 57, No. 8, February 1961, H
pp. 875-926.

CEB-FIP Mode! Code 1990, Thomas Teltord Services Lid., London. tor Comité Euro-International du
Béton, Laussane, 1993, 437 pp.

Dudley Charles Kent and Robert Park, “Flexural Members with Coenfined Concrete,” Proceedings
ASCE, Journal of the Structiral Division, Vol. 97, No. ST7, July 1971, pp. 1969-1990; Closure to
Discusston, Vol. 98, No. §T12, December 1972, pp. 2805-2810).

I. Stephen Ford, D. C. Chang, and John E. Breen, “Design Indications from Tests of Unbraced
Multipanel Concrete Frames,” Concrete international; Design and Constraction, Vol. 3, No., 3, March
1981, pp. 3747.

Paul H. Kaar. Norman W. Hanson. and H. T. Capell. “*Stress—Strain Characteristics of High Strength
Concrete,” Douglas McHenry International Symposium on Concrete Structires, ACI Publication SP-35,
American Concrete [nstitute. Detroit, 1978, pp. 161-185.




o
l

ion

TO-

ice,

ic

al,

3
z
:
‘

1-8

49

4-10

4-11

4-12

4-13

Robert F. Mast. “Unified Design Provisions for Reinforced and Prestressed Concrete Flexural and
Compression Members,” AC Strucniral Journal, Proceedings. Vol 89, No. 2. March—April 1992,
pp. 1835-199.

Charles §. Whitney. “Plasiic Theory of Reinforced Concrete Design.” Preceedings ASCE, December
1940; Transacrions ASCE, Vel. 107, 1942, pp. 251-326.

P.W. Birkeland and L. J. Westhoff. “Dimensional Tolerance—Concrete,” State-of-Art Report 5,
Technical Committee 9. Proceedings of International Conference on Planring and Design of Tall
Buildings. Vol. Ib, American Society of Civil Engineers, New York. 1972, pp. 845-849.

Sher-Ali Mirza and James G. MacGregor, “Variations in Dimensions of Reinforced Concrele Members,"”
Proceedings ACSE, Jowrnal of the Structural Division, Vol. 105, No. 5T4, April 1979, pp. 7T51-766.

ACI Committee 340, Design Hundbook, Vol. 1, Beams, One-Way Slabs, Brackets, Footings, and Pile Caps,
in Accordance with the Strength Design Method of ACI 318-91, dth ed.. ACI Publication SP-17(91),
American Concrete Institute. Detroit, 1991, 374 pp.

CRSI Handbook 1992. Concrete Reinforcing Steel Institute. Schaumberg, 1. 1992, 710 pp.

Chapter 5

5-1

5-2

5-3

54

5-5

CRSI Subcomsmittee on Placing Reinforcing Bars, Placing Reinforcing Bars, Concrete Reinforcing Steel
Institute, Chicago, 1971, 201 pp.

Stephen Timoshenko and J. N. Goedier. Theory of Elasticity, 2nd ed., McGraw-Hill, New York, 1951,
pp. 171-177.

Gottfried Brendel, “Strength of the Compression Slab of T-Beams Subject to Simple Bending,” AC/
Journal, Proceedings, Vol, 61, No. 1, January 1964, pp. 57-76.

G. W. Washa and P. G. Fluck, “Effect of Compressive Reinforcement on the Plastic Flow of Reinforced
Concrete Beams,” ACI Journal, Proceedings, Vol. 49, No. 4, QOctober 1952, pp. 89-108.

Mircea Z. Cohn and S. K. Ghosh, “Flexural Ductility of Reinforced Concrete Sections,” Publications,
International Association of Bridge and Structural Engineers, Zurich, Vol. 32-I1, 1972, pp. 53-83.

Chapter 6

61

6-2

6-3

64

65

66

67

68

69

6-10

6-11

6-12

6-13

6-t4

6-15

Boyd G. Anderson, “Rigid Frame Failures,” ACI Journal, Proceedings, Vol. 533, No. 7, January 1957,
pp. 625-636.

Howard P, J. Taylor, Investigation of Forces Carried across Cracks in Reinforced Concrete Beams in
Shear by Interlock of Aggregate, TRA 42.447, Cement and Concrete Association, London, 1970,

22 pp.

Robert Park and Thomas Paulay, Reinforced Concrele Structires, A Wiley-Interscience Publication,
Wiley, New York, 1973, 769 pp.

ACI-ASCE Commitice 426, “The Shear Swrength of Reinforced Concrete Members—Chapters 1 to 4,”
Proceedings ASCE, Journal of the Structural Division, Vol. 99, No. §T6, June 1973, pp. 1091-1187.
Jorg Schiaich, Kurt Schaefer, and Mattias Jennewein, “Towards a Consistent Design of Reinforced
Conerete Structures,” Journal of the Prestressed Concrete Institute, Vol. 32, Ne. 3, May--June 1987.
ACI-ASCE Committee 426, Suggested Revisions to Shear Provisions for Building Codes, American
Concrete Institute, Detroit, 1978, 88 pp; abstract published in ACT Journaf, Proceedings, Yol. 75, No. 9,
September 1977, pp. 438-469; Discussion, Val. 75, No. 10, October 1978, pp. 563-569.

Michael P. Collins and Denis Mitchell, Prestressed Concrete Structures, Prentice Hall, Englewcod
Cliffs, N. 1., 1991, p. 366.

Peter Marti, “Basic Tools of Beam Design,” ACI Joumnal, Proceedings, Vol. 82, No. 1,
January-February 1985, pp. 46-56.

Peter Marti, “Truss Models in Detailing,” Concrete International Design and Construction, Vol. 7,
No. 12, December 1985, pp. 66-73.

David M. Rogowsky and James G. MacGregror, “Design of Reinforced Concrete Deep Beams,”
Concrete International: Design and Construction, Vol. 8. No. 8, August 1986, pp. 49-58.
Bruchwiderstand und Bemessung von Stahlbeton-und Spannbetontragwerken Ultimate Limit States and
Design of Reinforced Concrete and Prestressed Concrete Structures), Schweizerischer Ingenieur-und
Architekten-Verein {SIA), Zurich, 1976,

CEB-FIP Model Code 1990, First Draft, Bulletin d'Information 195 and 196, Comité Euro-International
du Béton, Lausanne, March 1990, 348 pp.

Michas! P. Collins and Denis Mitchell, “Design Proposals for Shear and Torsion.” Journal of the
Prestressed Concrete Institute, Vol, 23, No, 3. September—October 1980, 70 pp.

Frank 1. Vecchio and Michael P. Collins, *The Modified Compression Field Theory for Reinforced
Concrete Elements Subjected to Shear,” ACI Journal, Proceedings, Vol. 83, No. 2. March—April 1986,
pp. 219-231.

ACL-ASCE Committee 326, Shear and Dingonal Tension.” ACI Journal, Proceedings, Vol. 59, Nos. 1-3,
Junuary-March 1962, pp. 1-30, 277-344. and 352-396.

References 915




916

619

620

6-21

Theodore C. Zsutty. “Shear Strength Prediction for Separate Caiegories of Simple Beam Tests.” ACK
Journal. Proceedings. Vol. 68. No. 2 February 1971, pp. 133—143.

Fritz Leonhardt and Rene Walther, The Srutrgart Shear Tesis. 1961, Translation 111, Cement and
Concrete Association. Leadon, 1964, 110 pp.

A. G. Mphonde and Gregory C. Frantz, “Shear Tests for High- and Low-Strength Concerete Beams with-
out Stirrups.” ACH Journal, Proceedings, Vol. 81. No. 4, July—August 1984 pp. 350-357.

A. H. Elzanaty. Arthur H. Nilson. and Floyd O. Slate, “Shear Capacity of Reinforced Concrete
Beams Using High Strength Concrete.” ACT Journal. Proceedings. Vol. 83, No. 2. March—April
1986, pp. 290-296.

CSA Technical Committee on Rzinforced Concrete Design. Design of Concrete Structires for Buildings,
CAN3-A23.3-M84, Canadian Standards Association, Rexdale, Ontario, December 1984, 281 pp.

Alan H. Martock and J. F. Shen. “Joints berween Reinforced Conerete Members of Similar Depth,” ACS
Structural Jouwrnal. Proceedings. Vol. 89, No. 3, May—-June 1992, pp. 290-295.

Chapter 7

7-1

72

7-3

7-4

75

7-6
7-7
7-8
7-9
7-10
7-11
712
7-13
7-14

7-13

Stephen P. Timoshenko and J. N, Goodier, Theory of Elasticity, McGraw-Hill, New York, 1951, pp. 275-288,
E. P. Popov, Mechamics of Materials, Sf Version, 2nd ed., Prentice Hall, Englewood Cliffs, N. J., 1978,
590 pp.
Thomas T. C. Hsu, “Torsion of Structural Concrete—Behavior of Reinforced Conercte Rectangular
Members,” Torsion of Structural Concrete, ACT Publication SP-18, Amcerican Concrete Institute, Detroit,
1968, pp. 261-306.
Ugor Ersoy and Phil M. Ferguson, “Concrete Beams Subjected to Combined Torsion and Shear—
Experimental Trends.” Torsion of Structural Concrete, ACI Publication SP-18, American Concrete
Institute, Detroit, 1968, pp. 441-460.
N. N. Lessig, Determination of the Load Carryving Capacity of Reinforced Concrete Elements with
Rectangular Cross-Section Subjected to Flexure with Torsion, Work 5, Institute Betona i Zhelezobetona,
Moscow, {959, pp. 4-28; also available as Foreign Literature Study 371, PCA Research and
Development Labs, Skokie, Iil.
Paut Lampert, Torsion und Biegung von Stahlbetonbalken (Torsion and Bending aof Reinforced Concrete
Beams), Bericht 27, Institute fiir Baustatik, Zurich, Janvary 1970.
Paul Eampert and Bruno Thiirlimann, “Ultimate Strength and Design of Reinforced Concrete Beams in
Torsion and Bending,” Publications, International Association for Bridge and Structural Engineering,
Zurich, Vol. 31-1, 1971, pp. 107-131.
Paul Lampert and Michael P Coilins, “Torsion, Bending, and Confusion—An Attempt to Establish the
Facts,” ACT Journal, Proceedings , Vol. 69, No. 8 August 1972, pp. 500-504.
CEB-FIP Model Code 1990, First Draft, Builetin d’Information 195 and 196, Comité Euro-International
du Béton, Lausarne, March 1990, 348 pp.
CAN3-A23.3-MB84, Design of Concrete Strictires for Buildings, Canadian Standards Association,
Rexdale, Ontario, 1984, 280 pp.
Thomas T. C. Hsu, “Torsion of Structural Concrete—Plain Concrete Rectangular Sections,” Torsion of
Structiral Concrete, ACH Publication SP-18, American Concrete Institute, Detroit, 968, pp. 203-238.
James G, MacGregor and Mashour G. Ghoneim, “Design for Torsion,” ACT Structural Journal, Vol. 92,
No. 2, March-April 1995, pp. 211-218.
Thomas T. C. Hsu, “Shear Flow Zone in Torsion of Reinforeed Concrete,” Journal of Structural
Engineering, ASCE, Vol. 116, No. |1, November 1990, pp. 3206-3226.

*Michael P. Collins and Denis Mitchell, “Design Proposals for Shear and Torsion,” PCT Jowernal, Vol, 25,
No. 3, September—October 1980, 70 pp.
Michael P, Collins and Pau) Lampert, “Redistribution of Moments a1 Cracking—The Key to Simpler
Torsion Design?" Anafvsis of Structural Systems for Torsion, ACI Publication SP-35, American
Concrete Tnstitute, Detroit, 1973, pp. 343-383.

7-16 Denis Mitchell and Michael P. Collins, “Detailing for Torsion,” ACI Journal, Proceedings, Vol. 73,
Ne. 9, September 1976, pp. 506-511,
7-17 ACI Committee 318, Building Code Reguirements for Structiral Conerete {ACI 318-95) and
Conmentary {AC] 318R-95), American Concrete Institute, Detroit, 1995, 369 pp.
T-18 ACI Committee 315. ACT Detailing Manuad, ACI Publication SP-66(%8), American Concreie Institute,
Detroit, 1988. 218 pp.
Chapter 8
8-1 ACI Committee 408, “Bond Stress—The State of the Art,” ACI Sournul, Proceedings, Vol. 63, No, 11,
November 1966, pp. 1161—1190: Discussion, pp. 1569-1570.
8-2 C.O. Orangun. J. Q. Jirsa, and J. E. Breen, "A Reevaluation of Test Data on Development Length and
Splices,” AC! Journal, Proceedings, Vol, 74, No. 3, March 1977, pp. 114-122; Discussion. pp. 470-475.
Y
References




g6

8-7

88

8-9

814

1. O, Jirsa. L. A. Lutz. and P. Gergely, “Rationale for Suggested Development. Splice and Standard Hook
Provisions for Deformed Bars in Tension.” Concrete Imernational: Design and Construction. Vol. 1,
No. 7. fuly 197%. pp. 47-61.

Bond Action and Rond Behaviour of Reinforcement, State-of-the-Art Report, Bulletin d”Information 151.
Comité Fure-International du Béton, Paris. April 1982, 153 pp.

Paul R. Jeanty. Denis Mitchell. and Saeed M. Mirza. “Investigation of Top Bar Effects in Beamns,” ACT
Structural Journal, Vol. 85, No. 3, May—June 1988, pp. 251-257.

Robert A. Treece and James ©. Jirsa. “Bond Strength of Epoxy-Coated Reinforcing Bars,” ACI
Materials Journal, Vol. 86, No. 2, March-April 1989, pp. 167-174.

1. L. G. Marques and J. ©, Jirsa. “A Study of Hooked Bar Anchorages in Beam-Column Joiats,” AC/
Journal, Proceedings, Vol. 72, No. 5. May 1975, pp. 198-209.

G. Rehm, “Kriterien zur Reurteilung von Bewehrungsstiben mit hochwertiger Verbund (Criteria for the
Evaluation of High Bond Reinforcing Barsy™ Stahibetonbau-Berichte aus Forschung und Praxis-Huberr
Riisch gewidmer, Berlin, 1969, pp. 79-85

Joint Comenittee on Standard Specifications for Concrete and Reinforced Concrete, Recommended
Practice and Standard Specifications for Concrete and Reinforced Concrete. Americar Concrete
Institute, Detroit, June 1940, 140 pp.

M, Baron, “Shear Strength of Reinforced Concrete Beams at Point of Bar Cutoff,” ACI Journal,
Proceedings. Vol. 63, No. 1, January 1966. pp. 127-134.

Y. Goto and K. Otsuka, “Experimental Studies on Cracks Formed in Concrete around Deformed Tension
Bars,” Technological Reports of Tohoku University, Vol. 44, Jupe 1979, pp. 40-83.

1. F. Pfister and A. H. Mattock, “High Surength Bars as Concrete Reinforcement,” Part 5, “Lapped
Splices in Concentrically Loaded Columns,” Journa! of the Research and Development Laboratories,
Portland Cement Association, Yol, 5, No. 2, May 1963, pp. 27-40.

F. Leonhardt and K. Teichen, “Druck-Stoesse von Bewehrungsstagben (Compression Splices of
Reinforcing Bars)," Deutscher Ausschuss fuer Stahlbeton, Bulletin 222, Wilhelm Ernst, Berlin, 1972,
pp. 1-53.

ACI Commitice 439, “Mechanical Connections of Reinforcing Bars,” Concrete International: Design
and Consiruction, Vol. 5, No. 1, January 1983, pp. 24-35.

Chapter 9

9-1

9-2

9-3

94

9-5

9-6

9-7

9-8

9-13

9-14

Zedenek P. Bazant, “Prediction of Conerete Creep Effects Using Age-Adjusted Effective Modulus
Method,” ACT Journal, Proceedings, Vol. 69, No. 4, April 1972, pp. 212-217.

Walter H. Dilger, “Creep Analysis of Prestressed Concrete Structures Using Creep-Transformed Section
Properties,” PCI Journal, Vol. 27, No. . January-February 1982, pp. 99-118.

Amin Ghali and Rene Favre, Concrete Structures: Stresses and Deformations, Chapman & Hall, New
York, 1986, 348 pp.

Fritz Leonhardi, "Crack Control in Concrete Structures,” IABSE Surveys, IABSE Periodica, 3/1977,
International Association for Bridge and Structural Engincering, Zurich, 1977, 26 pp.

ACI Committee 224, “Control of Cracking in Concrete Structures” (ACI 224R-90), ACI Manual of
Concrete Practice, American Concrete Institute, Detroit. 1991 and fater editions, pp. 224R-1 to
224R-43,

ACI Committee 224, “Causes. Evaluation, and Repair of Cracks in Conerete Structures™ (ACL

224 IR-90), ACT Manual of Concrete Practice, American Congrete Institute, Detroit, 1991 and later
editions, pp. 224.1R-1 to 224.1R-20.

Comité Euro-International du Béton, CEB Manual—Cracking and Deformations, Ecole Polytechnique
Fédérale de Lausanne, 1985, 232 pp.

Peter Gergely and Leroy A. Lutz, “Maximum Crack Width in Reinforced Concrete Flexural Members,”
Causes, Mechanism and Control of Cracking in Concrete, ACI Publication SP-20, American Concrete
Institute, Detroit, 1973, pp. 87-17.

Andrew W. Beeby, “Cracking, Cover, and Corrosion of Reinforcement,” Concrete International: Design
and Construction, Yol. 5, No, 2, February 1983, pp. 35-41.

ACI Committee 222, “Corrosion of Metals in Concrete” {ACI 222R-89}, ACI Manual of Concrete
Practice. American Concrete Institute, Detroit, 1990 and later editions, pp. 222R-1 to 222R-30.
CEB-FIP Model Code 1990, Thomas Telford Service Ltd., London, for Comité Euro-Iaternational du
Béton, Lausanne, 1993, 437 pp.

Gregory C. Frantz and John E. Breen, “Design Proposal for Side Face Crack Control Reinforcement for
Large Reinforced Concrete Beams ™ Concrete International: Design and Construciion, Vol. 2, No. 10,
QOctober 1980, pp. 29-34.

ACI Committee 435, Deflections of Reinforced Concrete Flexural Members,” ACT Journal, Praceedings,
Vol. 63 No. 6 June 1966, pp. 637-674.

Dan E. Branson, “Compression Steel Effect on Long-Time Deflections,” ACT Jourral, Proceedings,
Vol. 68, No. 8, August 1971, pp. 555-339.

References 917



918

9-15 Amir Ghali. “Deflection of Reinforced Concrete Members: A Critical Review,” ACT Structural Jowrnal,
Vol, 9G, No. 4, July—August 1993, pp. 364-373.

9-16 H. Mayer and Hubert Riisch, “Damage 10 Buildings Resulting from Deflection of Reinforced Concrate
Members.” Deutscher Ausschuss fiir Stahibeion, Bulletin 193, Wilhelm Ernst. Berlin, 1967, 80 pp.;
English translation: Technical Traaslation 1412, Naticnal Research Council of Canada. Ottawa, 1970,
{15 pp.

6-17 D A. Sawver, “Ponding of Rainwater on Flexible Roof Systems.” Proceedings ASCE, Journal of the
Structural Division. Vol. 93. No. ST1, February 1967, pp. 127-147.

9-18 ACT Committee 435, “Allowable Deflections,” ACS Journal, Proceedings, Vol. 65, No. 6, June 1968,
pp- 433444

9-19 Robert Ramsey, Sher-Ali Mirza, and James G. MacGregor, “Variability of Deflections of Reinforced
Concrete Beams,” ACI Journal, Proceedings, Vol. 76, No. 8. August 1979, pp. 897-918.

9-20 Jacod S. Grossman, “Simplified Computations for Effective Moment of Inertia /, and Minimum
Thickness to Avoid Deflection Computations,” ACT Journal, Proceedings, Vol. 78, No. 6,
November-December 1981, pp. 423-440.

9-21 “Motion Perception and Tolerance,” Chapter PC-13, Planning and Environmental Criteria for Tall
Buildings, Monograph en Planning and Desigh of Tall Buildings, Vol PC, Asmerican Society of Civil
Engineers, New York, 1981, pp. 805-862.

G-22 Fazlur R. Khan and Mark Fintel, “Effects of Column Exposure in Tall Structures,” ACI Journal,
Proceedings, Vol. 62, No, 12, December 1965, pp. 1533-1556: Vol. 63, No. 8, August 1966,
pp. 843-864; Vol. 65, No. 2, February 1968, pp. 99-1106.

9-23 Mark Fintel and S. K. Ghosh, Column Shortening in Tall Siructures—Prediction and Compensation,
EB108.01D, Pertland Cement Association, Skokie, I1l., 1986, 35 pp.

9-24 David E. Allen, ). Hans Rainer, and G. Pernica, “Vibration Criteria for Long-Span Concrete Floors,”
Vibrations of Concrete Structures, ACI Publication SP-60, American Concrete Institute, Detroit, 1979,
pp. 67-78.

9-25 “Commentary A, Serviceahility Criteria for Deflections and Vibrations,” Supplement to the National
Building Code of Canada 1990, NRCC 30629, National Research Council of Canada, Ottawa, 1990,
pp. 134-140.

9-26 ACI Committee 215, “Considerations for the Design of Concrete Structures Subjected to Fatigue
Loading™ (ACI 215R-74, revised 1992), AC! Manual of Concrete Practice, American Concrete Institute,
Detroit, 1993 and later editions, pp. 215R-1 to 215R-24.

9-27 ACI Committee 343, “Analysis and Design of Reinforced Concrete Bridge Structures” (ACI 343R-
88), ACI Manual of Concrete Practice, American Concrete Institute, Detroit, 1989 and later editions,
pp- 343R-1 to 343R-162.

9-28 Bond Action and Bond Behavior af Reinforcement, Bulletin d’Information 151, Comité Euro-
International du Béton, Paris, April 1982, 153 pp.

Chapter 10

10-1 ACI Committee 216, “Guide for Determining the Fire Endurance of Concrete Elements,” Concrete
International: Design and Construction. Vol. 3, No. 2, February 1981, pp. 13—47.

10-2 R.Ian Gilbert, “Shrinkage Cracking in Fully-Restrained Concrete Members,” ACY Structural Journal,
Vol. 89, No. 2, March-Aprit 1992, pp. 141-130,

10-3 Building Movements and Joints, Engincering Bulletin EB 086.10B, Portland Cement Association, Skokie,
111, 1982, 64 pp.

104 Minimuwmn Design Loads for Buildings and Other Structures, ASCE 7-95, American Society of Civil

* Engineers, New York, 1995, 214 pp.

10-5 ACI-ASCE Committee 428, “Progress Report on Code Clauses for Limit Design,” ACY Journal,
Proceedings, Yol. 65, No. 9, September 1968, pp. 713-720.

106 Richard W. Furlong, “Design of Concrete Frames by Assigned Limit Moments.” ACT Journal,
Proceedings, Yol. 67, No. 4, April 1970, pp. 341-353.

10-7 Alan H. Mattock, “Redistribution of Design Bending Moments in Reinforced Concrete Continuous
Beams,” Proceedings, Institution of Civil Engineers, London, Vul. 13, 1959, pp. 3546.

Chapter 11

11-1 FEivind Hognestad, A Studv of Combined Bending and Axial Load in Reinforced Concrete Members,
Bulletin 399, University of [llinois Engineering Expertment Station. Urbana, IlL., June 1951, 128 pp.
11-2  ACI Committee 105, “Reinforced Concrete Column Investigation,” ACI Journal, Proceedings, Vol. 26,
April 1930, pp. 601-612; Vol. 27, February 1931, pp. 675-676; Vol. 28. November 1931, pp. 157-578;
Vol, 29, September 1932, pp. 53-56; Vol. 30, September—Cctober 1933, pp. 78-90; November—-December
1933, pp. 153-156.
11-3 ACI-ASCE Committee 327, “Report on Ultimate Strength Design.” Proceedings ASCE. Vol. 81, October
1955, Paper 809. See also AC! Jowrnal, Proceedings, Vol 2, No. 7. January 1956, pp. 505-524.
.
References



VR e e e

;
H
i
i
H

11+

il-3
-6

11-7

11-8

11-9

11-1C

11-11

11-12

11-13

ACI Commites 310, Design Handbook Volume 2—Coltmns (ACL 340.2R-91). ACI Publication SP-
17A¢90). American Concrete Institute. Derroit. 250 pp.

CRSI Handbook 1992, Concrete Reinforcing Steel Institute, Schaumberg, IlL.. 1992. 710 pp.

Albert C. Bianchini. R. E. Wooeds, and Clvde E. Kesler. “Effect of Floor Concrete Strength on Column
Strength.” ACT Journal, Proceedings. Vol. 56, No. 11. May 1960, pp. 1149-1169.

ACI Committee 363, ~State-of-the-Art Report on High-Strength Concrete.” ACI Manual of Concrete
Practice. American Concrete Institute, Detroit. 1993 and later editions, pp. 363R-1 to 363R-535.
Charles §. Whitney. “Plastic Theory of Reinforced Concrete Design.” Transactions ASCE. Vol. 107,
1942, pp. 251-326.

Troels Brondiem-Nielsen. “Ultimate Limit States of Cracked Arbitrary Concrete Sections under Axial
Load and Biaxial Bending,” Concrete International: Design and Construction, Vol. 4, No. 11,
November 1982, pp. 51-53.

James G. MacGregor, “Simple Design Procedures for Concrete Columns,” Introductery Report,
Symposium on Design and Safety of Reinforced Concrete Compression Members, Reports of the
Working Commissions, Vol. 13, International Association of Bridge and Strucwral Engineering. Zurich.
April 1973, pp. 23-49,

Albert J. Gouwens, “Biaxial Bending Simplified,” Reinforced Concrete Columns, ACI Publication
SP-30, American Concrete Institute, Detroit, 1973, pp. 233-261.

Boris Bresler, "Design Criteria for Reinforced Conerete Columns under Axial Load and Biaxial
Bending,” ACI Journal, Proceedings, Vol. 57, No. 5, November 1960, pp. 481-490; Discussion,
pp. 1621-1638.

ACI Commiltee 318, Building Code Requirements for Structural Concrete (ACI 318-95) and
Commentary (ACI 318R-95), American Concrete Institute, Detroit, 1995, 369 pp.

Chapter 12

12-1

12-2

12-3

12-6

12-7

12-8

12-9

§2-10

1211

12-12

12-13

12-14

12-15

12-16
12-17

James G. MacGregor, John E. Breen, and Edward O, Pfrang, “Design of Slender Columns,” ACI
Journal, Proceedings, Yol. 67, No. 1, January 1970, pp. 6-28.

Bengt Broms and Ivan M. Viest, “Long Reinforced Concrete Columns—A Symposium,” Transactions
ASCE. Vol. 126, Part 2, 1961, pp. 308—400.

Contmentary on Specification for the Design, Fabrication and Erection of Structural Sreel for Buildings,
American Institute of Steel Construction, New York, 1970.

Walter J. Austin, “Strength and Design of Metal Beam-Columns,” Proceedings ASCE, Journal of the
Structural Division, Vol. 87, No. ST4, April 1961, pp. 1-34.

fames G. MacGregor, Urs H. Oelhafen, and Sven E. Hage, “A Reexamination of the Ef Value for
Stender Columns.” Reinforced Concrete Columns, ACI Publication SP-50, American Concrete Institute,
Detroit, 1975, pp. |-40.

A, A. Gvozdey and E. A. Chistiakov, “Effect of Creep on Load Capacity of Slender Coempressed
Elements,” State-of-Art Report 2, Technical Committee 23 ASCE-IABSE International Conference on
Tzl Buildings, Proceedings, Vol. HI-23, August 1972, pp. 537-554.

Roger Green and John E. Breen, “Eccentrically Loaded Columns undler Sustained Load,” ACT Journal,
Proceedings. Yol. 66, No. 11, November 1969, pp. 866-874.

Adam M. Neville, Walter H. Dilger, and I, J. Brooks, Creep of Plain and Structural Concrete.
Construction Press, New York, 1983, pp. 347-349.

Robert F, Warner, “Physical-Mathematical Models and Theoretical Considerations,” Introductory
Report, Symposium on Design and Safety of Reinforced Concrete Compression Members, International
Association on Bridge and Structural Engincering, Zurich, 1974, pp. 1-2L

Sher Ali Mirza, P. M. Lee, and D. L. Morgan, “ACI Stability Resistance Factor for RC Columns.” ASCE
Structural Engineering, Vol. 113, No. 9, Sepiember 1987, pp. 1963-1976.

Richard W. Furlong and Phii M. Ferguson, “Tests of Frames with Columas in Single Curvature,”
Symposium on Reinforced Concrete Columns, ACI Publication SP-13, American Concrete Institute,
Detroit, 1966, pp. 55-73.

William B. Cranston, Analvsis and Design of Concrete Columns, Research Report 20, Paper 41.020,
Cement and Concrete Association, London, 1972, 54 pp.

Robert F, Manuel and James G. MacGregor, "Analysis of Restrained Reinforced Concrete Columns
under Sustained Load, ACT Journal, Proveedings, Vol. 64, No. |, January 1967, pp. 12-23.

Shu-Ming Albert Lai, James G, MacGregor, and Jostein Hellestand, “Geometric Non-linearities in Non-
sway Frames, Proceedings ASCE, Journal of the Structural Division, Vol. 109, No. S$T12, December
1983, pp. 2770-2785.

Thomas C. Kavenagh, “Effective Length of Framed Columns.” Transactions ASCE, Vol. 127, Part 2,
1962, pp. 81-101.

William McGuire, Stee! Strucnures, Prentice Hall, Englewood Cliffs, N.J., 1968, 1110 pp.

Code for the Struciural Use of Concrete, CP 110, Part |, British Standards Institution, Londen, 1972. £54 pp.

References N 919



ACI Committee 340, Design Handbook iz Accordance with the Strengit Desion Method of ACIH3 18-
77 Yol 20 Colunmes, ACT Publication SP-17A178 ) American Conerete Institute. Detrott, 1978,

214 pp.

PCI Design Handbook. 31d ed.. Prestressed Concrete Institute. Chicago. 1983, 321 pp.

James G. MacGregor and Sven E. Hage. ~Stabilitv Analssis and Design of Concrete Frames,” Proceedings
ASCE. Journal of the Structral Division, Vol. 103, No. ST10. October 1977, pp. 1953-1970.

Noel D. Nathan. "Raticnal Analysis and Design of Prestressed Concrete Beam Columns and Wall
Panels.” Jonrnal of the Presiressed Concrere Instingre, Vol. 30, No. 3. May—June 1985, pp. 82-133.

I. Steven Ford. D. C. Chang. and John E. Breen. “Design Implications from Tests of Unbraced
Multipane]l Concrete Frames,” Concrete International: Design and Construction, Vol, 3. No. 3. March
1981, pp. 3747,

Shu-Ming Albert Lai and James G. MacGregor. "Geometric Non-Linearities in Multi-story
Frames.” Proceedings ASCE. Journal of the Structural Divisian, Vol. 109, No. ST11. November
1983, pp. 2528-2543.

James G. MacGregor. “Design of Slender Columns—Revisited.” AC! Struciural Journal, Vol. 90, No. 3,
May—June 1993, pp. 302-309.

Minimum Design Loads for Buildings and Other Strucrures, ASCE 7-95, American Society of Civil
Engineers, New York, 1995, 214 pp.

W, G. Godden, Numerical Analyvsis of Beam and Column Structures, Prentice Hall. Englewocd Cliffs,
N. L. 1965, 320 pp.

Randal W. Poston, fohn E. Breen. and Jose M. Roesset, “Analysis of Nonprismatic or Hollow Slender
Concrete Bridge Piers.” Journal of the American Concrete fnstitute, Vol. 82, No. 5, September—October
1985, pp. 731-739.

Chapter 13

13-1

13-9

13410

13-11

13-12

13-13

1314

13-15

13-16

13-17

Mete A. Sozen and Chester P, Siess, “Investigation of Multiple Panel Reinforced Concrete Floor Slabs:
Design Methods—Their Evolution and Comparison,” ACH Journal, Proceedings, Vol. 60, No. 8, August
1963, pp. 999-1027.

John R. Nichols. “Statical Limitations upon the Steel Requirements in Reinforced Conerete Flat Slab
Floors,” Transactions ASCE, Vol. 77, 1914, pp. 1670-1681.

Discussions of Ref. 13-2, Transacrions ASCE. Vol. 77, 1914, pp. 1682-1736.

H. M. Westerguard and N. A. Skater, “Moments and Stresses in S8labs,” AC! Proceedings, Vol, 17, 1921,
pp- 415-538.

ACI Committee 318, Building Code Requirements for Structural Concrere (ACI 318-95) and
Cemmentary (ACI 318R-95), American Concrete Institute, Detroit, 1995, 369 pp.

Notes on ACT 318-95, Building Code Requirements for Reinforced Concrete, with Dexign Applications,
Portland Cement Associution, Skokie. 111, 1996, 860 pp.

David P. Thompson and Andrew Scanlen, “Minimum Thickness Requirements for Control of Two-Way
Slab Deflections,” AC! Siructural Journal, Vol. 85, No. 1, January-February 1988, pp. 12-22.

James O. Frsu, Mete A. Sozen, and Chester P. Siess, “Pattern Loadings on Reinforeed Concrete
Floor 81abs,” Proceedings ASCE, Journal of the Structural Division, Vol 95, No. §T6, June 1969,
pp. 11171137,

R, E. Woodring and Chester P. Siess, An Analvtical Stedy of the Moments in Continuotes Slabs Subjected
te Concentrated Loads, Structural Research Series 264, Department of Civil Engineering, University of
IHinois, Urbana, May 1963, 151 pp.

Scott D. B. Alexander and Sidney H. Simmonds, “Ultimate Strength of Column-Slab Connections,™ ACT
Structural Journal, Proceedings, Vol. 84, No. 3. May—June 1987, pp. 255-261.

ACI-ASCE Commitige 426, “The Shear Strength of Reinforced Concrete Members,” Chapter 5, “Shear
Strength of Slabs,” Proceedings ASCE. Journaf of the Structural Division, Vol. 100, No. ST8, Augnst
1974, pp. 1543-1591.

Paul E. Regan and Michael W. Braestrup, Punching Shear in Reinforced Concrete. Bulletin
d’Information 168, Comité Euro-International du Béton. Lausanne, January 1985, 232 pp.

Johannes Moe, Shearing Strength of Reinforced Concrete Stabs and Footings under Concentrated
Loads, Development Pepartment Bulletin D47, Portland Cement Association, Skokie, I1., April 1961,
ACI-ASCE Committee 326, “Shear und Diagonal Tension, Slabs,” ACH Journal, Proceedings, Yol. 59,
No. 3, Murch 1962, pp. 353-396. :
ACI-ASCE Committee 426, “Suggested Revisions to Shear Provisions for Building Codes,™ ACS i
Jourral, Proceedings, Vol. 75. No. 9, September 1978, pp. 458—469. !
Neil M. Hawkins, H. B. Failsen. and R. C. Hinojosa. “Influence of Column Rectangularity on the
Behavior of Flat Plate Structures,” $P-30 Cracking, Deflection and Ultimute Load of Concrete Slab
Svstems, American Conerete [nstitute. Detroit, 1971), pp. 127-146,

M. Daniel Vanderbilt, “Shear Strength of Continuous Plates, Proceedings ASCE, Jonrnal of the
Structural Division, Vol, 98. No, ST5. May 1972, pp. 961-973.

e o

920 References



b PRt P e b e e s

i
i

13-18 W. Gene Corley and Neil M. Hawkins. "Shearhead Reinforcement for Slabs.” ACT Journal. Proceedings.
Vol. 65. No. 10, Octeber 1968. pp. 811-82+4.

13-19 Walter H. Dilger and Amin Ghali. “Shear Reinforcernent for Concrete Slabs.” Proceedings ASCE,
Journal of the Structural Division, Vol. 107, No. ST12, December 1981, pp. 2403-2420.

13-20 Ade! E. Elgabry and Amin Ghali, “Design of Stud-Shear Reinforcement for Slabs.” ACI Structural
Journal, Vol. 87, No. 3. May—June 1990, pp. 350-361.

13-21 ACI Committee 421, "Shear Reinforcement for Stabs™ (AC1421.1R), AC! Structural Jowrnal, Vol. 89.
No. 5, September—October 1992, pp. 587-589.

13-22 Neil M, Hawkins. “Shear Strength of Slabs with Moments Transferred to Columns,” Shear in Reinforced
Concrete, Vol, 2, ACI Publication SP-42, American Concrete Institute, Detroit, 1974, pp. 817-846.

13-22 Sidney H. Simmonds and Scott D. B. Alexander, “Truss Model for Edge Column—Slab Connections,”
ACT Structural Journal, Vol. 84, No. 4, July-August 1987, pp. 296-303.

13—24 Walter H. Dilger and Alaa Sherif, Discussion of “Proposed Revisions to Building Code Requirements
for Reinforced Concrete,” Concrete International, Vol. 17, No. 7, Jaly 1995, pp. 70-73.

13-35 Jack P. Moehle, “Strength of Slab—Column Edge Connections,” ACI Srructural Journal, Vol. 85, No. 1,
January—February 1988, pp. 85-98; Discussions and Closure, Vol. 83, No. 6, November-December
1988, pp. 703-709.

13-26 Joseph DiStasio and M. P. Van Buren, “Transfer of Bending Moment between Flat Plate Floor and
Column,” ACI Journal, Proceedings, Vol. 57, No. 3, September 1960, pp. 299-314.

13-27 Norman W. Hanson and John M, Hanson, “Shear and Moment Transfer between Concrete Slabs and
Columns,” Journal of the Research and Development Laboratories, Portland Cement Association,
Vol. 10, No. 1, January 1968, pp. 2-16.

13-2%  Amin Ghali and Adel Elgabry, Discussion of “Proposed Revisions to Building Code Requirements for
Structural Concrete,” Concrete International, Vol. 17, No. 7, July 1995, pp. 75-82.

13-29 ACI Commitiee 352, “Recommendations for Design of Slab-Column Connections in Monolithic
Reinforced Concrete Structures,” ACT Structural Journal. Vol. 85, No. 6, November—December 1988,
pp. 675-696.

13-30 Denis Mitchell and William D. Cook, “Preventing Progressive Collapse of Slab Structures,”
Proceedings ASCE, Journal of the Structural Division, Vaol. 110, No. ST7, July 1984, pp. 1513-1532.

13-3! R. K. Agerwal and Noe! ). Gardner, *“Form and Shore Requirements for Multistory Flat Plate Type
Buildings, ACI Journal, Proceedings, Vol. 71, No. 11, November 1974, pp. 559-569.

13-32 John A. Sbarounis, “Multistory Flat Plate Buildings,” Concrete fnsernational: Design and
Construction, Vol. 81, No. 2, February 1984, pp. 70--77; No. 4, April 1984, pp. 62-70; No. 8, August
1984, pp- 31-35.

Chapter 14

14-1 Dean Peabody. Jr., “Continuous Frame Analysis of Flat Slabs.” Journal, Boston Seciety of Civil
Engineers, January 1948.

14-2 Chester P. Siess and Nathan M, Newmark, “Rational Analysis and Design of Two-Way Concrete Slabs,”
ACT Journal, Proceedings, Vol. 45, 1949, pp. 273-315.

14-3 Chester P. Siess and Nathan M. Newmark, Monments in Two-Way Concrete Floor Siabs, Bulletin 385,
University of lllinois Engineering Experiment Station, Urbana. 11, 1950, 124 pp.

14-4 W. Gene Corley and James O. Jirsa, “Equivalent Frame Analysis for Slab Design,” ACT Journal,
Proceedings, Vol. 67, No. 11, November 1970, pp. 875-884.

14-5 M. Danie! Vanderbilt, “Equivalent Frame Analysis of Unbraced Concrete Frames,” Significan!
Developments in Engineering Practice and Research—A Tribute to Chester P. Siess, ACI Publication
SP-72, American Cencrete Institute, Detroit, 1981, pp. 219-246.

14-6 C. K. Wang, Statically Indeterminate Structures, McGraw-Hill, New York, 1953.

147 Notes on ACI-318-95, Building Code Requiremenis for Reinforced Congrete with Design Applications,
Portland Cement Association, Skokie, TIl., 1996, 860 pp.

14-8 Sidney H. Simmonds and Janko Misic, “Design Factors for the Equivalent Frame Method,” ACY
Journal, Proceedings, Vol. 68, No. 11, November 1971, pp. 825-831.

149 Sidney H. Simmonds, Effects of Suppaorts on Stab Behavior, meeting preprint 1697, presented at ASCE
National Structural Engineering Meeting, Cleveland, Ohio, April 24-28, 1972

14-10 ACI Committee 318, Building Code Requiremenis for Reinforced Concrete, (ACI 318-89), and
Commentary (ACI 318R-89), American Concrete Institute, Detroit, 1989, 333 pp.

Chapter 15

15-1 Ame Hillerborg, Strip Method of Design, E. & F., N. Spon, London, 1975, 258 pp.

15-27 Randal H. Wood and G. S, T. Armer, "“The Theory of the Strip Methed for Design of Siabs,”
Proceedings, Institution of Civil Engineers, London, Vol. 41, October 1968, pp. 285-313.

15-3 Kurt W. Johansen, Yield-Line Theory, Cement and Concrete Association, London, 1962, 131 pp.

References : 921



922

154
15-5
156

Lecnard L. Jones and Randal H. Wood, ¥Feld Line Analysis of Slabs, Elsevier, New York, 1967.
Roger P. Johnson, Struciural Concrete, McGraw-Hill, London, 1967, 271 pp.

Robert Park and William L. Gamble, Reinforced Concrete Slabs, Wiley-Interscience, New York, 1880,
618 pp.

7 Arne Hillerborg, “Equilibrium Theory for Concrete Slabs” (in Swedish), Betong, Vol. 41, No. 4, 1936,

op. 171-182.

Arne Hillerborg, “The Advanced Strip Method—A Simple Design Tocel,” Magazine of Concrere
Research, Vol. 34, No. 121, December 1982, pp. 175-181.

Chapter 16

16-1
16-2

[6-3

164

16-5

166

Joseph E. Bowles, Foundation Analysis and Design, 31d ed., McGraw-Hill, New York, 1982, 816 pp.
Arthur N. Talbet, Reinforced Concrete Wall Footings and Column Footings, Bulletin 67, University of
Illinois Engineering Expediment Station, Urbana, I1i., 1913, 96 pp.

Frank E. Richart, “Reinforced Concrete Wall and Column Footings,” ACI Journal, Proceedings, Vol. 43,
October 1948, pp. 97-128; November 1948, pp. 327-360.

ACI-ASCE Committee 326, “Shear and Diagonal Tension,” Part 3, **Slabs and Footings.” ACI Journal,
Proceedings, Vol. 59, No. 3 March 1962, pp. 353-396.

ACI Committee 436, “Suggested Design Procedures for Combined Footings and Mats,” AC! Journal,
Proceedings, Vol, 63, No. 10, October 1966, pp. 1041-1058.

F. Kramrisch and P. Rogers, “Simplified Design of Combined Footings,” Proceedings ASCE, Journal of
the Soil Mechanics Division, Vol. 87, No. SM5, October 1961, pp. 19-44.

Perry Adebar, Daniel Kuchma, and Michael P. Collias, “Strut-and-Tie Models for the Design of
Pile Caps: An Experimental Study” ACI Structural Journal, Vol. 87, No. 1, January-February
1990, pp. 81-92.

CRSI Handbook, 1992, Concrele Steel Reinforcing Steel Lustitute, Schawmberg, 111., 1992, 710 pp.

Chapter 17

17-1

172

17-3

174

17-5

176

17-7

17-8

1. A. Hotbeck, 1. A. Ibrahim, and Alan H. Mattock, “Shear Transfer in Reinforced Concrete,” ACI
Journal, Proceedings, Vol. 66, No, 2, February 1969, pp. 119-128.

Alan H. Mattock and Neil M. Hawkins, “Shear Transfer in Reinforced Concrete—Recent Research,”
Journal of the Prestressed Concrete Institure, Vol. 17, No, 2, March-April 1972, pp. 55-75.

Norman W. Hanson, “Precast-Prestressed Concrete Bridges,” Purt 2, “Horizontal Shear Connections,”
Journal of the Research and Development Laboratories, Portland Cement Association, Vol, 2, No, 2,
May 1960, pp. 38-58.

ACI-ASCE Commitiee 426, “The Shear Strength of Reinforced Concrete Members, Proceedings ASCE,
Journal of the Structural Division, Vol. 99, No. ST6, June 1973, pp. 1148-1157.

P. W. Birkeland and H. W. Birkeland, “Connections in Precast Concrete Construction, ACT Journa!,
Proceedings, Vol. 63, No. 3, March 1966, pp. 345-368.

ACI Committee 318, Building Code Reguirements for Structural Concrete (ACI 318-95 and
Commentary (ACI 318R-95}, American Concrete Institute, Detroit, 1995, 369 pp.

PCI Design Handbook—Precast and Prestressed Concrete, 31d ed., Prestressed Concrete Institute,
Chicago, 1985, 521 pp.

Panl H. Kear, L. B. Kriz, and Eivind Hognestad, “Precast-Prestressed Bridges: (1) Pilot Tests of
Continuous Girders,” Journal of the Research and Development Laboratories, Portiand Cement
Associarion, Vol. 2, No. 2, May 1960, pp. 21-37.

17-9 J1. C. Saemann and George W. Washa, “Horizontal Shear Connections Between Precast Beams and Cast-
in-Place Slabs,” ACT Journal, Proceedings, Vol. 61, No. 11, November 1964, pp. 1383-1409.
17-10 Robert E. Loov and A. K. Patnaik, “Horizontal Shear Strength of Composite Concrete Beamns with a
Rough Interface,” PCI Journal, Vol. 39, No. 1, January-February 1994, pp. 48—69.
17-11 Amin Ghali and Rene Favre, Concrete Structures: Siresses and Deformations, Chapman & Hall, New
York, 1986. 348 pp.
17-12 Walter H. Dilger, "Creep Analysis of Prestressed Concrete Structures Using Creep-Transformed Section
Properties,” PCI Journal, Vol. 27, No. 1, January—February 1982, pp. 99-118.
Chapter 18
18—-1 Jorg Schlaich and Dieter Weischede, Detailing of Concrete Structures (in German), Bulletin
d’Information 150, Comité Euro-International du Béton, Paris, March 1982, 163 pp.
18-2 Jorg Schiaich, Kurt Schifer, and Mattias Jennewein, “Toward a Consistent Design of Structural
Concrete,” Journal of the Prestressed Concrete Institute, Vol. 32, No. 3, May—June 1987, pp. 74-150.
5.
References

sk



18-7

18-8

Jére Schlaich and Kurt Schiifer, “Design and Detailing of Structural Cencrete Using Strut-and-Tie
Models." The Structural Ergineer, Vol. 69, No. 6, March 1991, 13 pp.

David M. Rogowsky and Peter Marti. “Detailing for Post-Tensioning.” VSI Report Series, No. 3. V5L
International Ltd., Bern, 1991, 45 pp.

Perry Adebar and Zongyu Zhou. “Bearing Strength of Compressive Struts Confined by Plain Concrete.”
ACI Structural Journal, Vol. 90, No. 5, September—October 1993, pp. 534-541.

David M. Rogowsky and James G. MacGregor, "Design of Deen Reinforced Concrete Continuous
Beams.” Concrete Internationai: Design and Consiruction, Yol. 8, No. 8, August 1986, pp. 49-538.
CERB-FIP Mude! Code 1990, Thomas Telford Services. Ltd., Lendon, for Comité Euro-International du
Béton, Lausanne, 1993, 437 pp.

M. P Nielsen, M. N. Braestrup. B. C. Jensen, and F. Bach, Concrete Plasncity, Beam Shear—Shear in
Joints —Punching Shear, Special Publication of the Danish Society for Structural Science and
Engineering, Technical University of Denmark, Lyngby/Copenhagen, 1978, 129 pp.

CSA Technical Committee on Reinforced Concrete Design, A23.3-94 Design of Concrete Structures,
Canadian Standards Association, Rexdale, Ontario, December 1994, 199 pp.

18-10 Michael P. Collins and Denis Mitchell, “Design Proposats for Shear and Torsion,” Journal of the
Prestressed Concrete Institute, Vol. 25, No. 5, September-October 1980, 70 pp.

18-11 Konrad Bergmeister, John E. Breen, and James O. Jirsa, “Dimensioning of the Nodes and Development
of Reinforcement,” Strucrural Concrete, IABSE Colloquium, Stuttgart 1991, Report, International
Association for Bridge and Structural Engineering, Zurich, 1991, pp. 55 1-536.

i8-12 James O, Jirsa, Konrad Bergmeister, Robert Anderson. John E. Breen, David Barton, and Hakim Bouadi,
“Experimenta! Studies of Nodes in Strut-and-Tie Models.” Structural Concrete IABSE Colloguium
Stuttgart, 1991, Report, International Association for Bridge and Structural Engineering, Zurich, 1991,
pp. 525-532.

18-13 Ladislav Kriz and Charles H. Raths, "Connections in Precast Concrete Structures—Strength of
Corbels,” Journal of the Prestressed Concrete Institute, Vol. 10, No. 1, February 1363, pp. 16—47.

18-i4 Alan H. Mattock, K. C. Chen, and K. Scongswany, “The Behavior of Reinforced Concrete Corbels,”
Journal of the Prestressed Concrete Institute, Vol. 21, No. 2, March-April 1976, pp. 52-77.

18-15 PCI Design Handbook—Precast and Prestressed Concrete, 3rd ed., Prestressed Concrete Institute,
Chicago, 1985, 52! pp.

18-16 Alan H. Mattock and T. Theryo; Strength of Members with Dapped Ends, Research Project 6,
Prestressed Concrete Institute, 1980, 25 pp.

18-17 William D, Cook and Denis Mitchell, “Studies of Disturbed Regions near Discontinuities in Reinforced
Concrete Members.” ACI Structural Journal, Vol. 85, No. 2, March—April 1988, pp. 206-216.

18-18 Fritz Leonhardt and Rene Walther, “Wandartige Trager (Wall-like Beams).” Deutscher Ausschuss fiir
Stahlbeton, Vol. 178, Wilhelm Ernst, Berlin, 1966, 159 pp.

18-19 ACI-ASCE Committee 352, “Recommendations for Design of Beam-Column Joints in
Monolithic Reinforced Concrete Structures,” ACI Journal, Proceedings, Vol. 82, No. 3,
May—June 1983, pp. 266-283.

18-20 Ingvar H. E. Nilsson and Anders Losberg, *Reinforced Concrete Corners and foints Subjected to
Bending Moment,” Proceedings ASCE, Journul of the Structural Division, Vol. 102, No. 5T6, June
1976, pp. 1229-1254,

18-21 P.S. Balint and Harold P. J. Taylor, Reinforcement Detailing of Frame Corner Joints with Particular
Reference to Opening Corners, Technical Report 42462, Cement and Concrete Association, London,
February, 1972, 16 pp.

18-22 Neil M. Hawkins, “The Bearing Strength of Concrete Loaded through Rigid Plates.” Magazine af
Concrete Research, Vol. 20, No. 62, March 1968, pp. 31-40.

Chapter 19

19-1 Henry J. Degenkolb, Earthquake Forces on Tall Structures, Booklet 2028, Bethlehem Steel, Bethlehem,
Pa., 1964, 25 pp.

19-2 Robert Park and Thomas Paulay, Reinforced Concrete Structures, Wiley-Interscience, New York, 1975,
7068 pp.

19-3 Uriform Building Code, International Conference of Building Officials, Whittier, Calif., 1988,
926 pp.

194 Minimum Design Loads for Buildings and Other Structures (ASCE 7-93), American Seciety of Civil
Engineers, New York, 1995, 214 pp.

19-5 Nathan M. Newmark and Emilio Rosenblueth, Fundamenials of Earthquake Engineering, Prentice Hall,
Englewood Cliffs, N. I., 1971, 639 pp.

19-6 Anil K. Chopra, Dyramics of Structures—A Primer, Earthquake Engineering Research Institute,

Berkeley, Calif., 1981, 126 pp.

References 923



16-7 Egor P. Popov, Vitelme V. Bentero and H. Krawinkler, Cyclic Behavior of Three R/C Flexural Members
with High Shear, EERC Report 72-5, Earthquake Engineering Research Center, University of
California, Berkeley, Octcber 1972,

19-8 James K. Wight and Mete A. Sozen, “Shear Strength Decay of RC Columns under Shear Reversails,”
Proceedings ASCE, Journal of the Structural Division, Vol. 101, No. §T3, May 1975, pp. 1053-1065.

19-9 Jack R. Benjamin, Statically Indeterminate Structures, McGraw-Hill, New York, 1959, 350 pp.

19-10 ACI Committee 318, Building Code Requirements for Structural Concrete (ACI 318-95) and
Commentary {ACI 318R-95), American Concrete Institute, Detroit, 1995, 369 pp.

924 References



A

ACIY
Codc 10
Handbooks 33
Accuracy of calculations 34
Actions {yee Loads)
Adebar. P. 736, 760. 922, 923
Agarwal, RK. 631,921
Aggregates 35, 42
Ahmad, S H. 58,914
Allen, D E. 367, 918
Alexander, S.D.B. 578. 589, 020, 92]
Alignment charts 500
Allen, D.E. 918
Allowable stress design 19
Alternate design procedure 19
Anchorage (see afso Bond)
of Stirrups 208. 262
Analysis (see alse Structural unulysis) 83, 96
Anderson. B.G. 181, 915
Anderson, R. 764, 923
Arch action 185, 546

Areas of reinforcing bars (see Reinforcement.

areas)
Armer, G.S5.T. 681,921
ASCE-7 12,21, 826
Aspdin, J. 8
Austin, W.J. 483,919
Axle steel 76

B

B-regions 82. 189, 753
Bach. E 761, 923
Bulanced condition
basic discussion 98
beams with compression reinforcement 162
columns 428, 431, 434
rteutral axis depth 103
T Beams 144
Balint. P.S. 805, 923
Bartlett, EM. 45, 48, 913
Burton, D. 764,923
Baron, M.1. 316, 917
Bars {yee¢ Reinforcement)
Bazant. Z.P. 69, 342, 914, 917
Beam-column joints (see Joints)
Beam-columns ¢yee Columns)
Beams
apalysis 96
arca of steel
beams 122
influence on tvpe of failure 112
tables 874
assumpitons 90
balanced faiture 98
heams with compression steel 162, 163
neutral axis depth 103
reinforcement ratio 104



singly reinforced rectangular beams 103
T-Beams 144, 1346
unsymmetrical beams 170
balanced steel ratio (see Beams. balanced
failure)
bar cutoffs (see Bond. bar cutoff points)
behavior 87
compression-controlled limit 100, 104, 143
compression failure 98, 110
compression reinforcement
analysis 160
bzlanced reinforcement 162, 163
compression sieel yields at failure 161
compression steel does not yield at
failure 163
influence on behavior 156
influence on deflections 158
influence on strength 156
maximum reinforcement
tie spacing 164
construction of 115, 138, 371
continuous 113
analysis 374
analysis by ACI coefficients 379
design example 396
moment redistribution 415
pattern loadings 377
cracking 342
crack width 345, 348
cracking moment
types of cracks 342
deep (see Deep beams)
deflections (see Deflections)
design procedure for 121, 126
design aids (see alse Design charts, Tables)
use of 131
detailing 112
development of reinfercement (see Bond)
doubly reinforced (see Beams, compression
steel)
ductility 159
effective depth, d 84, 117
elastic theory 86, 336
girder 140, 382,412
integrity reinforcement 316
{fmiting compressive strain 92
minimum reinforcement 120, 146
minimum width 117
modes of failure 87
momenl curvature diagrams 87, 100
moment of mertia (see Moment of inertia)
neutral axis
balanced 103, 194
service loads 337, 340
nominal moment strength 83
overreinforced section 98
rectangular stress block 94
shear strength (see Shear in beams)
singly reinforced rectangular bearns
analysis 96, (4, 110, 132
balanced 98
design 112, 121

index

effect of variables on moment capacity
112
overrainforced 98, 110
underinforced 98
spandre] 139
statics 85
straight line theory 336
strain distribution 90
strain compatibility solution 174
stress block 86, 94
T beams 138
analysis of
rectangular compression zone 142, 147
T-shaped compression zone 142, 150
balanced reinforcement 144, 146
design 155
effective flange width 140
examples 138, 396
girders 140
maximum reinforcement 146
minimum reinforcement 146
negative moment 139, 149
stress in flanges
compression flange 140, 817
strut-and-tie model 817
tension flange 818
tension-controlied limit 100, 104, 145
tension failure 98
torsion (see Torsion)
transformed section 337
transition section 100
underreinforced section 98
unsymmetrical 170
working stress design 337
Bearing 715, 814
Beeby, A.W. 347,917
Bending (see Beams, Biaxial bending,
Columns)
Benjamin, J.R. 857, 924
Bergmeister, K. 761, 764, 923
Bertero, V.V, 838, 924
Bianchini, A.C. 56, 447, 914, 919
Biaxial bending
beams 170
columns 465
Birkeland, H. W, 741, 922
Birkeland, P.W. 118, 741, 915, 922
Blast furnace slag 42
Bond
bar cutoff points
bending moment graphs 325
calculation of 317
effect of shear 202, 308
effect on bar stresses 311
flexural 308
in tension zone 311
point of inflection 311
rules for calculation of 317
simple support 311
standard bend points 330
stirrups at cut-off points 316
structural integrity steel 316



ERNPNENN

3
!

two-way slabs 608
design for anchorage 300
development length 288
bundled bars 295
compression 294
hooks 297
at points of inflection 311
tension 289
top bars 291
welded wire fabric 295
failure mechanism 287, 293
hooks
behavior 296
development length 297
pull-out test 284
splices {see Splices: Columns, splices}
splitting failures 287
stress
concept 282
distribution 284
flexural 283
Bouadi, H. 764, 923
Bowles, J.E. 707, 922
Braced frame 373
Brackets (see Corbels)
Braestrup, M.W. 579, 589, 761, 920, 923
Brandtzaeg, A. 36, 54, 908
Branson, D.E. 353, 354, 357,913
Breen, LLE. 92, 288, 289, 351, 474, 487, 513,

540, 761, 764, 914, 916, 917, 919, 920, 923

Brendel, G. 140, 915
Bresler, B, 73, 467,914,919
Brondiem-Nielsen, T. 466, 919
Broms, B. 478,919
Brooks, 1.J. 487, 919
Brown, R.L. 36, 54, 912
Buckling {(see Slender columns)
Buel, A W. 544
Building code 9
Buildings

Use categories 28, 826
Bundled bars 295, 448

C

Camber 115
Capacity reduction factor (see Resistance,
factor)
Capell, H.T. 56, 95, 913, 914
Capitals 6, 606
Carbonation 61
Carry-over factors 651
Cement
history 7
supplementary cementitious materials 42
types 41
water-cement ratio 41
water-cementitious materials ratio 42
Centroid
plastic 435
transformed sections 337

Index

Chang, D.C. 92, 513. 614, 920
Chen, K.C. 778,923
Chistizkov, E.A. 487,919
Clark. L.E. 37,913
Chopra, A K. 828, 830, 923
Classification of buildings 28. 826
Codes 9
Coefficient of friction 742
Cohn, M.Z. 159,915
Coignet, M. 8,9
Collins, M.F. 53, 193, 203, 204, 243, 254, 256,
238,262, 736, 761,913,915, 916,922
Column-analogy method 651
Column capitals &, 606
Columns
axially loaded 423, 431, 433
balanced failure 428, 430
biaxial bending 465
Bresler method 467, 469
equivalent eccentricity method 466, 468
braced frames (see Slender columns)
buckling load 475
centroid 435
circular 441
areas and centroids of circular
segments 441
compression-controlled sections 433, 436
construction of 371, 419
design 416
design examples
short 457
slender 490, 506, 521
ductility 421
eccentricity of loads 424, 443
effective lengths 475, 499
Elof 484, 515
equivalent column 656
Euler buckling load 475
interaction diagrams 424
calculation of 429, 433
calculation of, circular columns 441
example 436
mechanics and properties of 425
nondimensional 443
simplified 444
slender columns 478
strain compatibility solution 429
unsymmetrical columns 443
use in design of columns 458
inierior, unbalanced moment in 577
long columns (see Slender columns)
maximum axial load 431, 433
modified Whitney equation 462
moment-magnification 479
P-delta effect 516
plastic centroid 435
reinforcement
lateral
hoops 847
spirals 454
ties 452
longitudinal 446

* 927



ratios 447
shear strength 224
short column 448, 488
slender columns (see Slender columns)
spacing of longitudinal bars 449
spiral colurnns 421
behavior 421
number of bars in 442, 447
spiral details 456
spiral reinforcement ratio 454
strength reduction factor for 432, 436, 442
splices
butt 450
lap 450
mechanical 450
strength
axial load 423
axial load and moment
approximate solution 462
interaction diagram 424, 429
balanced failure 428, 430
interaction diagrams 424, 429, 461
shear 224
strength reduction factor 432, 436
tension-controlled sections 433, 436
tension failure 435
tied columns 419
behavior 421
number of bars in 447
tic details 452
strength reduction factor for 432, 436
unbraced frames (see Slender columns)
unsymmetrical 443
Whitney equation 462
Column strip (see Two-way slabs)
Combined axial load and moment (see
Columns)
Combined footings 727
Comité Euro-International du Béton 10, 92,
918, 920, 923
Compatibility Torsion 257
Composite beams 745
deflections 749
example 749
horizontal shear 746
shored and unshored 745
Compression-controlled limit 104, 145, 433
Compression reinforcement in beams {see
Beams, compression steel)
Compressive stress block
Hognestad stress block 56
rectangular stress block 94
Todeschini stress block 56
Concrete 35
age 37,44
biaxial strength 51
chemical attack of 74
compressive strength 35
age of concrete 44
aggregate, effect of 42
blast furnace slag 42
cement type 41
core tests 45

Index

critical stress 36
cracked concrete 52
curing 43
curing temperature 43
factors affecting 41
fly ash 42
in a structure 48
maturity 44
rate of loading 45
silica fume 42
specified compressive strength 41
sustained loads 37
tests of 39
water-cement ratio 41
variability of 39
creep 65
density 25
durability 73
failure mechanism 35
fatigue 36
freeze thaw 74
high strength 71
history 7
lightweight 72
microcracking 35
modulus of elasticity 57
Poisson’s ratio 59
quality tests 39
shrinkage (see Shrinkage)
stress-strain curves
compressive 55
cracked concrete 54
design idealizations for 57, 93
lightweight concrete 73
tensile 58
temperature effects
curing temperature 41
strength at high and low temperature 74
thermal expansion 71
tensile strength 48
factors affecting 50
relationship to compressive strength 49
standard tests 48
stress-strain curves 58
triaxial strength 54, 421
water-cement ratio 41
water-cementitious materials ratio 42
ultimate strain 57, 92
Concrete structural systems 4
Consequences of failure 17
Construction
beams and slabs 115, 138, 371
columns 371, 419
costs 6, 31
frames 138, 371, 419
loads on two-way slabs 631
tolerances 34
two-way slabs 606, 631
Continuous beams and frames (see Beams,
continuous)
Cook, W.D. 609, 781, 921, 923
Corbels 771
design by



§
3
H
i

ACI Coude 778
strut-and-tie models 773
Core tests 45
Corley, W.G. 589, 650, 921
Cornell, C.A. 15,17, 19,20, 912
Corner joints 8035
Corrosion 73, 116
Coupling beams 838
Cover
beams and slabs 116
columns 449
effect on bond 289, 293
footings 716
for fire 117
two-way slabs 607
Cracking 342
bond stress cracking 288, 293
crack control provisions 347
effect on moment of inertia 340, 352
flexural 87, 343
flexure-shear cracks 190, 343
heat of hydration 343
inclined cracks 189, 343
joints 805
limits on crack widths 347
mechanism for formation 344
microcracks 35
shear cracks 189, 343
spacing of cracks 345
torsional 239, 343
types of cracks 343
web face cracking 350
web-shear cracks 189, 343
width of cracks 211, 345
Cracking moment
fiexure 354
torsion 247
Cranston, W.B. 494, 919
Creep 65
creep coefficient, calculation 65
compression steel, effect of 69
deflections, effect on 158, 357
factors affecting 65
slender columns 485, 497
Critical stress 36
Cross, H. 651
Crossties 452
Curvature
double curvature 483
moment-curvature diagrams 87
relationship with momenits in slabs 550
single curvature 483
Cut-off of reinforcement (see Bond, bar cut-off
points)
Cylinder strength 39

D

D-regions 82, 189, 753
example 756
method of solution 754

Index

Damping 820
Dapped ends 781
example 782
Davenport, A.G. 29, 912
Deep beams
ACI Code
definition of 786
design for shear 803
behavior 787
continuous 788
definition 786, 790
design of 790
elastic stress fields 787
example 794
strut-and-tic model 788
design using 792
effective concrete strength 761
Deflections of beams
accuracy of calculations 360
allowable 358, 360
behavior 351
compression steel, effects of 158
cracked section calculations 336, 353
creep, effects of 158, 357
depth, relationship to 115, 360
effective moment of inertia 353
elastic deflection equations 355
examples 360
influence of cracking on 352
limits on deflections 358, 360
load-deflection behavior of beams 351
long term 357
minirum depths to control 115, 360
modular ratio, n 337
sustained load 158, 357
Deflections of frames
limits on 367
P-delta deflections 510
relative vertical deflection 367
Deflections of two-way slabs 631
Deformed bars 75
Degenkolb, H.J. 821, 923
Density 25
Design charts (see also Tables)
bond and anchorage
bar cut-off moment diagrams 892, 893
hooks and bends 297
standard bar details 608, 894
columns
interaction diagrams 895
splices 455
ties 433
deflections 355
flexure
stanclard bar details 894
slender columns
effective lengths 500
El486
two-way slabs
bar cut-offs 608
computing o 558
distribution of M, 566
Design process 1t

929



Design strength 23
Detailing
beams 112
columns 449
hooks 297
joints 8035, 811
joists 413
one-way slabs 894
two-way slabs 605
stirrups 208, 262
Development length {see Bond, development
length)
Diagonal tension (see Shear)
Dilger, W.H. 69, 342, 487, 589, 590, 749, 914,
917,919, 921, 922
Direct design method (see Slabs, direct design
method)
Discontinuity limit 36
Discontinuity regions (see D-regions)
Disturbed regions (see D-regions)
DiStasio, 1. 593, 921
Doubly reinforced beams (see Beams,
compression steel)
Dowels 449, 715
Drop panels 580, 605
Ductility 98, 830
compression steel, effects on 156
effect on seismic forces 821
Durability 73
alkali-silica reaction 74
chemical attack 74
corrosion 73
freeze-thaw 74

E

Earthquake
ACI Code provisions 832
ASCE 7-95 provisions 826
base shear 828
building
configuration 823
systems 826
solumns 846
example 849
reinforcement
lengitudinal 846
transverse 847
required capacity 846
shear forces in 848
coupling beams 858
diaphragms 825, 856
ductility 830
effect on forces 821
ratio 838
eccentricity 823
equivalent lateral force analysis 828
flexural members 834
example 838
reinforcement
longitudinal 835

Index

transverse 836
shear forces in 837
forces on building 820, 827
general requirements 832
hoops 831, 837
joints 854
load factors 834
moderate seismic risk 860
response spectrum 8§20
seismic hook 837
seismic performance category 826
seismic zones 826
strength reduction factors 834
Uniform Building Code 826
use category 28, 826
walls 857
coupled 858
Eccentrically loaded columns {see Columns)
Eccentricity of column load, e 424, 443
Economy 6, 31
Eddy, H'T. 544
Effective depth, 4 84, 117
Effective flange width of T beams 140, 817
Effective length of columns 475, 498
alignment charts 500
effective length factors 475
Effective moment of inertia 353
Elastic analysis
of beam sections 336
of frames 374
of slabs 678
Elasticity modulus 57
Elgabry, A.E. 589, 598, 921
Ellingwood, B, 19, 20, 912
Elzanaty, A H. 214, 916
Embedment length (see Bond, development
length)
Ersoy, U. 243, 916
Equilibrium method 683
Equilibrium torsion 256
Equivalent column 656
Equivalent frame method (see Slabs, two-way,
equivalent frame method)
Euler buckling load 475
European Concrete Committee (see Comité
Euro-International du Béton)

F

Factored loads 15
Factored resistance 23
Failure (see also Limit states design)
balanced 98, 144
consequences of 17
Fallsen, H. 584, 920
Fatigue 36, 79, 368
Favre, R. 69, 342, 749, 914, 917,922
Ferguson, P.M. 243, 494, 916, 919
Finite element analysis 680
Fintel, M. 367, 918
Fire 6, 71, 74, 80, 117



Flanges. effective width 140, 817
Flexural bond stress 283
Flexural stiffness 352
Flexure (see Beams)
Flexure-shear cracking 189
Fluck. P.G. 158. 915
Fly ash 42
Footings 705
cojumn-footing joint 715
combined 705. 727
examples
combined footing 729
spread footing 720. 725
strip footing 717
flexural stiffness 502
mat foundations 703, 735
moments 712
pile-caps 735
retnforcement, development of 713
shear
one-way 713
two-way 714
soil pressures 707
allowable 707
distribution 707
gross 710
net 710
spread footings 703, 712, 720
rectangular 725
strip footings 7035, 717
types of 705
wall footings 703, 717
Ford, J.5. 92, 513, 914, 920
Foundations (see Footings)
Frantz, G.L. 214, 351, 916,917
Freyssinet, E 8
Furlong, R.W. 415,494,918, 919
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Galambos, T.V. 19,20.912
Gamble, W.L. 682,922
Gardner, N.J. 631, 921
Gergely, P. 288, 346, 348, 917
Gerstle, K.H. 37, 58,913,914

GChali, A. 69, 342, 358, 589, 598, 749, 914,

917,918, 921,922
Ghoneim, M.G. 247, 916
Ghosh, $.K. 159, 367,915,918
Gilbert, R.1. 385, 918
Girders 382,412
Godden, W.G. 540.920
Gonnerman, H.F. 42,913
Goodier, J.N. 140, 234,915, 916
Gopalaratnam, V.S. 59,914
Goto, Y. 331,917
Gouwens, A.J. 466, 919
Green, R. 487,919
Gross section, moment of inertia of 338
Grossman. 1.S. 360, 918
Gvozdev, A.H. 487,919
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H

Hage. S.E. 486,304, 515.919. 920
Handbooks 33
Hanger reinforcement 221
Hanxen. LA, 35,813
Hanson. J.M. 79, 393,594,914, 921
Hansomn. N.W. 36,93, 593, 594, 739, 913,914,
921.922
Hatzinikolas. M. $0. 49.913
Hawkins. N.M. 584, 589, 739, 816. 920. 921,
922.923
Heat of hydraiion 343
Helgason. T. 79. 914
Hellestand. J. 498. 501,919
High-strength concrete 71
creep and shrinkage 72
effect on shear strength 212, 214
effect on torsional strength 265
mechanical properties 72
Hillerhore. A. 680. 694, 698,921,922
Hilsdorf, H.K. 51. 59,913
Hincjosa, R.C. 584, 920
History
cement and concrete 7
concrete design codes 9
reinforced concrete 8
two-way slabs 544
Haofbeck, J.A. 739,922
Hognestad compressive stress block 56
Huognestad, E. 16, 56, 91, 03,424, 746,912,
913, 914, 918,922
Hooks
behavior 296
development length 297
seismic 837
standard 297
stirrup 209, 262
Hoop reinforcement 837
Horizontal shear transfer 746
Hsu, T.C. 35, 239, 2472, 244, 250,912,916
Humidity
effect on creep 66
etfect on shrinkage 61
Hurd, M.K. 34,912
Hyatt. T. 8

| |

Ibrahim, LA, 739,922

Imposed deformations 23

Inclined eracking (see Shear in beams, inclined
cracks}

Inertia. moment of {see Moment of inertia)

Inflection points 114, 314

Influence areas 26. 357

Influence lines 375

Ingerslev, A. 682

Instability (see Slender columns}

Interaction diagrams {see¢ Columns, interaction
diagrams)
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Jeanty, PR. 291, 917
Jennewein, M. 189, 733, 015,922
Jensen, B.C. 761, 923
Jirsa. J.O. 288, 289, 292 296, 367, 650, 761,
764.916,917,920,921, 923
Johansen, K. W, 682, 921
Johnson. R.P. 682,922
Joints
beam to column 804
ACI Code sections 804
ACI 352 design procedure 809
example 812
corner 805
exterior 808
nterior 808
roof 807
seismic 854
T-joints 807
column to footing 715
construction 743
forces on 805, 809
slab to column 578, 589
Joist floor construction
one-way 413
two-way 542
Jones, L.L. 682, 922

K

Karr, P.H. 56, 95, 746,913, 914, 922
Kavenaugh, T.C. 500, 919

Kent, D.C, 92,9014

Kerekes, F. 9, 911

Kesler, C.E. 56, 447, 94,919
Khan, FR. 367, 918

Klieger, P. 43,913

Koenen, H. 8

Krawinkler, H. 838, 922

Kramrisch, F. 735, 922

Kriz, L.B. 16,93, 741, 778,912,914, 922, 923
Kuchma, D. 736,922

Kiipfer, H. 51,59, 913
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Lai, S-M A 498 501,518,919, 920
Lambot, M. 8
Lampert, P. 243, 256, 258, 916
Lap splices
column 450
compression 333
tension 331
Latera! load analysis 676
Lee, PM. 489,919
Length effects in columns (see Slender
columns)
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Leonhardt, F. 211, 333, 343, 789, 916, 917,
923
Lerch, W. 42,813
Lessig, N.W. 241,916
Lever arm 84
Lew, H.8. 44, 913
Lightweight concrete 72
bond strength 292
modulus of ¢lasticity 72
shear strength 214
torsional strength 265
Limit design, moment redistribution 415
Limit states design 12
definition 13
serviceability limit states 13, 336
crack width 13, 211, 347
deflection 13, 358
vibration 13, 367
ultimate limit states 12
fatigue 13
progressive collapse 12
Live load 26
concentrated loads 27
pattern loadings 375, 664
reduction factor 27
values of 27
Load effect 14
Load factors 14
alternative 21
ASCE 7-95 21
derivation of 17
Load transfer
column load through floors 446
from column to footing 713
Loads
checkerboard 377
classification 24
construction 29, 631
dead 25
earthquake 820
live 26, {see also Live Load)
pattern 375, 664
roof 29
snow 28
variability 16
wind 29
Long columns (see Slender columns)
Losberg, A. 805, 923
L-shaped sections 170
Lutz, L.A. 288, 346, 348, 917

M

MacGregor, 1.G. 912, 913, 914, 915, 916, 917,
019, 920, 923

Magnification factor {(see Slender columns)

Maillart, R. 544

Malhotra, V.M. 44, 913

Manuel, R.F. 497, 919

Mark, R. §, 911



Marques, J.L.G. 296. 917
Marti, P. 199, 760, 915, 923
Mast, R.F. 106, 813
Mat footing 735
Mattock, A.H. 16,93, 221, 333, 415, 739, 741,
778,912,914, 916,917, 918, 922, 923
Mayer, H. 358, 917
McGuire, W. 500, 919
McHenry, D. 56, 913
Microcracking 35
Mirza, S.A. 40, 49, 78, 120, 360, 489, 913,
914,015, 917,919
Mirza, S.M. 241, 917
Misic, J. 652, 921
Mitchell, D. 193, 203, 204, 254, 262, 291, 609,
761, 781,915,916, 917, 923
Modular ratio 337
age-adjusted 70
Modulus of elasticity 57
age-adjusted effective modulos 69
reduced modulus 487
Moedulus of rupture 48
Moe, J. 580, 920
Moehle, I.P. 591, 921
Mohr nupture envelope 53
Moment (see also Beams, Flexure)
bending 85
coefficients
beams, one way slabs 374
slabs, direct design method 566
cracking 354 '
envelope 379
first-order in columns 481
internal resisting 85
negative 84
positive 84
second-order in columns 481
torsional (see Torsion)
two-way slabs (see Slabs, two-way, mo-
ments)
Moment-curvature diagrams 87
Moment distribution method 651
Moment of inertia
age adjusted transformed 342
cracked transformed section 337
effective for deflections 352
equivalent frame method 651, 655
flanged sections 361
for second order analysis 515
gross section 337
slender columns 484
transformed 337
Moment magnification (see Slender columns})
Moment redistribution 415, 544
Manier, J, 8
Morgan, D.L. 489,919
Morsch, E. 8,9, 195
Mponde, A.G. 214, 916
Mueller-Breslau principle 377
Multistory building frames
construction 371, 419
lateral bracing 373
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Nathan, N.D. 512, 920
Negative moment 84
Net tensile strain 103
Neutral axis
balanced reinforcernent 103, 144
elastic cracked section 337
influence of steel area on 99, 105
Neville, A.M. 487,519
Newman, B.J. 36, 51, 912
Newman, K. 36, 51,912
Newmark, N.M. 650, 830, 921, 923
Nichols, J.R. 544, 548, 920
Nielsen, MLP. 761, 923
Nilson, A.H. 214, 916
Nilsson, LH.E. 803, 923
Nominal strength
definition 15
shear 204
Nonrectangular beams 138, 170
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Oelhafen, U.H. 486, 919

One-way joists 413

One-way slabs (see Slabs, one-way)
Orangun, C.0. 288, 289, 916
Overreinforced beams 98, 103, 146
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P-delta effect (see Slender columns)
Pantheon 8

Park, R. 92, 185, 682, 822, 914, 915, 922,923
Patnaik, A.K. 746,922

Pattern loading 375, 664

Paulay, T. 185, 822, 915,923
Pauw, A. 57,014

Peabody, D. Jr. 650, 921

Pereiru, RE. 33, 912

Pernica, G. 367,918

Pfister, J.F. 333,917

Pfrang, E.O. 474, 919

Pier, J-C. 17,912

Pile cap 735

Plane sections 90

Plastic centroid of cofumns 433
Plastic design 20, 415

Plastic flow (see Creep)

Plastic hinge 20, 415

Points of infiection 114, 311, 892
Poisson's ratio 59

Polar moment of inertia 5935
Ponding failure 13

Popov, E.P. 236. 838, 916, 924
Positive moment 84

Poston, R.W. 540, 920
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Prestressed concrete 1, 9, 10
Price, W.H. 43,913
Principal stresses 182, 239

Progressive collapse (see alse Structural

integrity} 12
Punching shear (see Shear in slabs)

R

Radius of gyration 488
Rail steel 76
Rainer, J.H. 367, 918
Ramsey, R. 360, 918
Ransome, E.L. 8
Raphael, J.M. 48, 49,913
Raths, C.H. 778,923
Rectangular stress distribution 94
Redistribution of moiments
flexure 415
torsion 259
Regan, PE. 579, 589, 920
Rehm, G, 296, 917
Reichard, TW. 44, 913
Reid, H.B.Ji. 9, 911
Reinforcement
areas
single bars
combinations of bars
per foot of slab 384
welded wire fabric
ASTM Specifications for 76, 80
bar supports 115
bend tests of 77
bundled 295
columns
details 449, 452, 454
minimum and maximum areas 447
cover 116, 383, 449
deformed bars 75
details
bent-up bars 115
column 449,452, 454
hooks 297, 837
Joints
stirrups 209, 262
ties 452
two-way slabs 608
development (see Bond)
dimensions of standard bars 77
dowels 715
elongations of 77
fatigue 79
fiber-reinforced plastic 75
grades 76
hooks 297
seismic 837
hoops 837
identification marks 76
integrity 316
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location in beams 112, 307
percentage (see Reinforcement ratio)
ratio (see Reinforcement ratio)
shear 186, 209
shrinkage and temperature 384
sizes 77
skin 350
spacing
beams 117
columns 449
effect on bond 288
two-way slabs 607
spiral 454
splices 331, 450
stimups 115,208, 262
strength 77
fatigue 79
high temperatures 80
variability 78
stress-strain characteristics 78
structural integrity 316
temperature and shrinkage 384
ties
columns 452
compression reinforcement 164
torsion 262
web face 350
welded-wire fabric 80
Reinforcement ratio 84
balanced 146
equation for 84
guide for selection of
beams 126
columns 447
maximum
beams with compression steel 163
columns 447
singly reinforced beams 105
T beams 145
mechanical 99
minimum
beams 120, 146
columns 447
Required strength 15, 19, 21, 83
Resistance
factored 23
factors 15, 23, 83, 105, 212
columns 432, 436
second order analysis 514
seismic design 834
shear 212
variability 15
Revell, V. 2
Richart, EE. 36, 711, 912, 922
Ritter, W, 195
Roesset, J. 540, 920
Rogers, P. 735,922
Rogowsky, D.M. 198, 915, 923
Rosenblueth, E. 830,923
Roy, HEH. 2, 511

Riisch, H. 38, 51, 59, 92, 358, 913, 914, 917
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Saemann, J.C. 746, 922
Safety 15
Safety factors (see Load factors)
Sawyer, D.A. 29, 359,912, 917
Sharounis, J.A. 631, 921
Scanlon, A. 362, 920
Schaefer, K. 189, 753, 915, 922, 923
Schlaich, I. 189, 753, 915, 922, 923
Second-order analysis 514
Second-order moments 479
Section properties (see Moment of inertia)
Seismic design (see
Earthquakes)
Serviceability (see alse Cracking, Deflections,
Vibrations)
limit states 13
Service load stresses 340
Shah, 5.P. 58, 59,910
Shall be permitted 34
Shear flow 235
Shear friction 739
behavior 739
design 742
example 744
Shear, horizontal 746
Shear in beams 180
axially-loaded 205, 224
B-regions and D-regions 189, 753
behavior 187, 194 :
compression field theory 204
concrete contributton 195, 205
critical section 212
design examples 214
diagonal cracks (see Shear in beams, in-
clined cracks)
effect on bar cut-off points 202, 211, 309
earthquake 837
failure modes 188, 205
forces in cracked beam 190, 194, 202
hanger reinforcement 221
inclined cracks 182, 189
types of cracks 189
widths 211
seismic regions 837
shear cracks (see Shear in beams, inclined
cracks)
shear force
at o from support 212
at midspan 214
coefficients 380
earthquake 837
envelopes 214
shear reinforcement
anchorage 208
design 207
details 209
forces in 205
inclined 207
minimum 211

Index

types 186
shear span a/d and M/Vd ratios 188, 193
shear strength, effects of
a/d ratio 188, 193
axial force 193
high strength concrete 214
lightweight concrate 214
longitudinal reinforcement ratio 192
size of beam 193
tensile strength of concrete 192
shear stress
distribution 182
trajectories 182
strength reduction factor 212
tapered beams 223
truss model 195, 758
construction of 196
internal forces 199
slope of inclined struts 203
web crushing 201, 203, 211
web reinforcement (see Shear in beams,
shear reinforcement)
with torsion (see Torsion)}
Shear in columns 224
earthquake 847
Shear in corbels (see Corbels)
Shear in deep beams (see Deep beams)}
Shear in discontinuity regions 189
Shear in footings (see also Shear in slabs) 713
Shear in slabs

behavior 578
critical perimeter 580
design 604
examples 584
moment and shear transfer 589
behavior 589
design example 600
moment about centroid of shear perimeter
direct design method 600

equivalent frame method 667
properties of critical section 595
circular columuns 598
J. 595
¥ 594
one-way shear 584
shear carried by concrete 580
shear reinforcement 587
truss models 579, 589
Shear studs 589
Shear walls 857
coupling beams 858
Shearheads 589
Shen, I.F. 221. 916
Sherif, A. 590, 921
Shrinkage 59
calculation of 61
carbonation 61
factors affecting 60
Shrinkage and temperature reinforcement 383
ST units
density 25
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Sidesway 476, 510 equivalent columns 658
Siess, C.P. 181, 544, 567, 650, 920, 921 slab-beams 651
Silica fume 42 torsional members 659
Simmonds, $.H. 578, 689, 652, 665, 920 thickness 667
Sinha, B.P. 58,914 finite element analysis 680
Slabs, one-way 82, 373 flat plate 542
analysis by ACI Coefficients 379 flat slab 542
behavior 382 history 544
cover 383 middle strip 566
design example 387 moments
minimum thickness 382 in slabs supported by beams 552
reinforcement 383 in slabs supported on columns 555
temperature and shrinkage reinforcement Nichols analysis 548
334 positive and negative 566
Slabs, two-way relationship to curvatures 550, 680
beam cross sections 559 resolution of 680
behavior 544 statical 547, 563
column capitals 606 reinforcement 607
column strip 566 corner 610
concentrated loads 567 edge column 609
construction loads 631 structural integrity 609
effect on deflections 632 shear strength (see Shear in slabs}
corner reinforcement 610 shear and moment transfer (see Shear in
cover 607 slabs)
deflection of 631 statical moment 563
design process and methods 556 strip method (see Strip method) i
direct design method 556 thickness to control deflections 561
calculation of coefficients two-way slab with beams 544
C570 types 542
a 558 waffle slab 542
B, 569 ’ yield line analysis {see Yield line analysis) |
column moments 577 Slag 42 :
column and middle strip moments 568 Slate, FO. 35, 214, 912, 916 ‘
design examples Slater, N.A. 553, 920
deflection 632 Slender columns 473
slab without beams 611 behavior
slab with beams 636 columns in braced frames 492
limitations on use of 557 columns in sway frames 510
pattern loading effect on moments 566 hinged columns 473, 477
positive and negative moments 566 sustained loads 485, 497
slabs with beams in two directions 634 braced frames 476, 492, 503
statical moment 563 buckling 475
drop panels 580, 605 curvature 484
economy 31 definition 474
edge beams 558, 577, 604 design examples
clastic analysis 678 column in braced frame 506
equilibrium of 547 column in sway frame 521
equivalent frame method 650 second-order analysis 524
carry-over factors 651 direct second-order analysis 533
column and middle strip moments 667 sway moment magnifier 535
computer anatysis 675 hinged column 490
critical sections for slab moments 6635 effective length 475, 498
design example 668 factor 475
distribution factors 669 nomographs 500
equivalent column 656 table 500
fixed-end moments 651 Er
laterally loaded frames 676 for individual columns 484
live load patterns 664 for second-order analysis 515
moment transfer to columns 667 equivalent moment factor 483
reduction of slab moments 665 Euler buckling load 475
’ stiffness 651 flexural stiffness
columns 655 footings 502

936 Index




general analysis 340
interaction curves 478
ioad-moment curve 473
material failure 478
minimum moment 489, 521
moment magnifier
cofumns In nonsway frames 498
M, and M. moments 312
hinged columns 479
unbraced frames 520
P-delta analysis 516
second-order analysis 514
direct 517
iterative 516
slenderness ratio
classification of columns 488
stability failure 478
stability index 504, 518
sustained loads 485, 497
sway frames 476, 503, 318
unbraced frames 476, 503, 518
Smeaton, J. 8
Soongswamy, K. 778, 923
Sozen, MLA, 544, 567, 849, 920, 924
Spiral column (see Columns, spiral columns)
Splices
behavior 331
column
end-bearing 450, 451
lap 449, 450
mechanical 450
column-footing 715
compression 333
mechanical 333, 450
tension 331
Split cylinder test 48
Spread footings {see Footings, spread)
Statical moment 563
Standard deviation 40
Stiffness
cracked section 337
effective for defleciions 353
ftexural 352
for equivalent frame analysis 651
slender columns 484, 515
torsional 255
Stirrups (see Shear in beams, shear
reinforcement; Torsion, reinforcing details)
Straight line theory 336
Strain
creep 65
crushing, €,, 57.92
distribution in flexure 90
net tensile 103
shrinkage 59
Strain condition, balanced 98
Strain compatibility
beams 90, 96, 174
columns 429
Strength
design 19, 23, 83
required 15, 19, 21, 83

index

Strength design ¢see ¢fso Flexure. Columns.
Shear. etc 19
Strength interaction diagrams {see Columns.
interaction diagrams)
Strength reduction factors {see Resistance.
factors)
Stress
principat 182, 239
service toad in flexure 340
shear 182, 184
torsional 232
trajectories 182
Stress blocks 56. 86, 93
rectangular 94
Stress-strain curve
concrete 55. 93
reinforcement 78
Strip method 694
advanced 698
coiuma-supported slabs 698
edge-supported slabs 694
examples 696, 699
Structural analysis 374
Structural concrete 10
Structural integrity (see afso Progressive
collapse) 316
Strut-and-tie models
compression fans 198, 764
compression fields 198, 764
compression struts 738
confinement reinforcement 762
etfective strength 760
etficiency factor 761
splitting 758
force whirls 765
layout ot 767
nodal zones 762
strength 761
types 762
strength reduction factors 770
tension ties 762
Sturman, G.M. 35,912
Supplementary cementitious materials 42
Symbols 84

T

T beams (see Beams. T beams)
Tables (see also Design charts)
columans (xee afyo Tables. slender columns)
area of steel 886
lap splice lengths 887
maximum number of bars 8§84, 885
spirad pitch 883
development length
compression 881
hooks 882
tension 879, 880
Hexure. beams and one-way slabs
balanced compression zone depthy 867
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balanced steel ratio 868, 869
compression steel yields 878
minimum beam width 870, 871
minimum depth for deflections 883
bd=112000, bd*/10° 872, 873
&k, and j 865, 866
live loads 27
reinforcement
area, single bars 863
ares. combinations of bars 874, 873
area in one foot, one meter. wide section
876, 877
welded wire fabric 864
shear
effective concrete strength 761
slender columns
effective length factors 500
ET 486
splices
column 887
tension lap 331
strut-and-tie models
effective concrete strength 761
Iwo-way slabs
distributicn of M, in direct design method
568
minimum thickness 562
moment distribution factors 888
Talbot, A.N. 711,922
Taylor. D. 12, 912
Taylor, H.PJ. 185, 805,915,923
Teichen, K. 333,917
Temperature and shrinkage steel 384
Tension-controlled limit 104, 145, 433
Tensile strength, concrete (see Concrete,
tensile strength)
Theoretical cut-off point (see Bond, bar cut-off
points)
Thermal expansion 71
Theryo, T. 923
Thompson, D.P. 562, 920
Thiirlimann, B. 243,916
Ties 164, 452
Time dependent
deflections 357, 359
«Jeformations of concrete 59, 65
Timoshenko, S. 140, 234, 915,916
Todeschini, C.E. 56, 914
Tolerances 33
Top bars 291
Torsion
area enclosed by shear flow path 237
behavior 239
calculation of torques 259
circular sections 232
compatibility torsion 257
cracking load 247
critical section tor 261
design example
compatibility torsion 271
equilibrium torsion 267
spandrel beam 271
design method 266

index

equilibrium torsion 256
hollow sections 234
maximum shear and torsion 252
minimum torque 247, 255
moment and torsion 240
reinforcement
details 261
longitudinal 250
minimum 262
transverse 249
skew bending theory 244
soap-film analogy 232
space iruss analogy 246
stresses 232
thin-walled tube analogy 234, 246
Torsional constant , C 570
Torsional stiffness 255
Tulin, L.G. 37, 58, 913,914
Turner, C.A.P. 544
Transfer of moments to columns 589, 804
Transformed section 336
age-adusted 69
Treece, R.A. 292, 917
Two-way slabs (see Slabs, two-way)

U

Unbraced frames (see Slender columns)
Underreinforced beams 98

neutral axis depth 106
Uniform Building Code 25, 823, 826
Unsymmetrical section

beams 170

columns 443

A\’

Van Buren, ML.P. 593, 921
Vanderbilt, M.D. 584, 650, 920, 921
Variability

loadings 16

resistances 15
VYecchio, FJ. 53, 204, 913, 915
Vibrations 13, 367
Viest, M. 478, 919

w

Waffle slab 542

Wall footing 703, 717

Walther, R. 211, 789, 916, 923
Wang, C.K. 651, 921

Ward, WE. 8

Warner, R.F. 487,919

Washa, G.W, 158, 741, 915, 922
Water-cement ratio 41
Water-cementitious materials ratio 42
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