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Class fi fi/n"
Delimitations
(x 10° Rad.) x Axis y Axis Total Total
-7.5 to -6.5 1 1 2 2.2
-6.5 to -5.5 0 1 1 1.1
-5.5 to -4.5 2 1 3 +3.3
.=4.5 to =-3.5 2 3 w5 5.5
-3.5 to -2.5 18 24 42 45.9
-2.5 to -1.5 50 40 90 98.3
-1.5 to -0.5 98 100 198 . 216.2
-0.5 to 0.5 144 144 288 314.4
0.5 to 1.5 77 77 154 168.1
1.5 to 2.5 35 30 65 71.0
2.5 to 3.5 19 31 50 54.6
3.5 to 4.5 8 5 13 14.2
4.5 to 5.5 2 0 2 2.2
5.5 to 6.5 2 1 3 3.3
6.5 to 7.5 0 0 0 0.0
Total 458 458 n=916
fi = frequency
w = class width = 0.001 Rad.
n = sample dimension (total number of =easurements)
r
TABLE 6.5

FREQUENCY FUNCTION OF COLUMN OUT-OF-PLUMBS

FOR BUILDING A

\
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prescribed tolerance of 1/500. The result was expected. Superimposed
on the histogram is the normal distribution*.calculated from the given
mean and standard deviation. The area Qnder both the histogram and the
normal curve ié unity. A comparison of the two gr;phs indicates that
the out;of—plgmb population can effectively be assumed normally
distributed.

Two more quantities characterize a distribution. As described
in Appgndix A, the skewness and the peakedness (kurtosis) of a distr;—
bution are defined by non—dimensiqgal quantities. For the distribqtion
of Fig. 6.5, the skewness factor is +0.14 indicating that the distri-
bution is slightly skewed to the right. The kurtosis factor is 4.9,
isdicating a distribution more peaked tﬁan a perfect normal distri-
bution with a kurtosis factor of 3.0.

Similar histograms are given in Figs. 6;6 through 6.8 showing
the distributions of column out-of-plumbs measpred in buildiggs B, A
ané B combined, and C. All populations are approximately ﬁormally
distrib&ted. The characteristiesﬁare quite similar in all cases and
are summarized in Table 6.6. Tﬁe standard deviations given in Table
6.6 are comparable with those of Tables 6.1 and 6.2.

The probability densities of t:e absolute values of the -
ﬁeasurements for buildings A, B, A and B combined, and C are given in
Figs. 6.9 through 6.12. The négative part of tpe normal distributions
. of Figs. 6.5 to 6.8 is literally folded over and added to the positive
part. The distribgtign that results when the mean is zero or /
relatively close to zero is called a "half—nérmal" distribution. A

description of the half-normal distribution is given in Appendix A.

-

* Definition given in Appendix A.

v
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Figure 6.9 Distribution of absolute values of column out-of-plumbs for
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8%
Y
The correspondine statist..al characteristic. are.listvd

in Table 6.6. 1In this table, tiue values of the mean and standérd
deviation are 5iways positive and of the same . :der of magnitude, with
a resulting coefficient of va: :ation (standard deviation/mean)
slightly lower than unity. The stendard deviations of the half-normal
distributions are 47 percent’ lower than the standard deviations of the
corresponding uormal distributions. . The measure of kurtosis, in the
order of 6.5, indicates that the half-normal distributien epproaches

the exponential distribution characterized by a factor of 9.0.

6.4.2 Wall Out-of~Plumbs

In a manner similar to the column deviations, the wall out-
of-plumbs are conveniently expressed in the non-dimensional form Ao/h,

where AO is the horizontal deviation of the top of the wall from a
plhhb line passing through -the base of the wall and h is the height
of the wall. Y

Several measurements are needed to‘definezghe out-of—plpmb
of a wall. A min;mum of four measurements were taken at regulaf
intervals.along the wail?.‘ In some cases, up to 15 measuremengs were ;
necessary to define the out-of-plumbs of-long walls. As an example,
..the values and locations of measurements taken -at three adjacent storeys
An building A are given in Fig -6.13. . The s%gn convention adepged 1is
the same as that,used fo;'columns? that is, a value is positive wﬁen
‘the top of a wall leans in the positive direction of éhe axis.
o The'measurements taken on a cast—in—piace reinforced .
concrete wall are not totally independent of eaeh other. This
observation is based on the fact that a wall is being cast in a contin-

Q

uous form and that the chance of measuring large-out of plumb variations

o
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_Figure 6.13 Typical core-wall measurements on building A
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within a short distance along the wall is remote. The average out-of-
plumb value of each individual wall therefore is used in stagistica]\
aanipulations. This, in turn, implies that the deviations of the
individual walls forming a core are iﬁdependent of each other, which
is a reasonable assuﬁptioﬁi

Two out-of-plumb values afe used to characterize a wall.

One is measured in the direction "perpendicular" to the plane of‘tﬂe
wall and is\ the average out-of-plumb discussed above. The second is
measured in the direction "parallel” to the plane-of the wall and is

the average of the measurements taken at the two extremities. Accdrding
to this definition, the parallel out-of-plumb for wall No. 1 at storey 7
in Fig. 6.13 is (0.0026 + 0)/2 = 0.0013 Rad. i

The average perpendicular and pafallel wall out-of-plumbs,
as defined above, afe given in Tables 6.7 through 6.10 for buildings
A and B. The measurements for building B were taken by the fesearch
team but those for building A were supplied by the survé;or on thé_job
site.” The results for the 5 storeys above level 22 in tgé latter were
not available.

The perpendiculér and parallel out-of-plumbs are plotted
separatély on Figs. 6.14 through 6.19 for building A, B, and A and B
combined. The type of graph useéd is the same as for the column data.
6ﬁce ag:ia, each discrete distribution can4£e fitted by a normal
ﬁAistribuLion.

The charaéteristics of each statistical distribution are
summarized in Table 6.11. The standard“aeviatipn can be taken as

0.0028 Rad. for both parallel and perpendicular out-of-plumbs. For

all pfactical purposes, a common mean value of 0.00028 Rad. can be



Out—of—Plumbs : x 10° Rad. N
\
. \\
Storey Wall No.* ™\

| 1 2 3 ) 4
22 1.95 1.02 12.37 -4.20
21 2.86 1.48 1.5 . 1-1.54
20 -0.87 -0.87 0.69 \_ 0.72
19 2.60 -1.74 -1.74 T 5,79
18 0.12 2.11 5.64 0.00
17 -5.82 -6.57 -0.87 -0.93
16 2.93 -0.11 8.25 0.87
15 0.00 -0.22 3.91 -3.69
14 5.32 3.26 | -4.12 -1.09
13 -1.20 -0.98 -0.22 1.95
12 -2.50 -1.52 -2.60 -2.60
11 0.87 2.17 3.47 0.87
10 -1.85 -0.98 2.17 0.22
9. 0.43 - 0.87 -4.56 -1.95
8 ... 2.93 -0.22 5.43 . 0.43
7 -0.98 . 0.55 1.74 -2.17
6 0.14 -0.43 0.68 -0.65
5 2.92 0.36 . =1.76 -0.54
4 -4.17 0.55 1.91 6.95
3 0.31 -0.28 1.74 -2.08
2 3.27 . 0.40 2.17 -3.76
1 -4.40 - 1.45 3.76 2.89

90

* Wall numbering given in Fig. 6.2.

TABLE 6.7  PERPENDICULAR WALL OUT-OF-PLUMBS FOR

BUILDING A



Qut-of-Plumbs : x 103 Rad.

Wall No.*
Storey 1 2 3
22 ~11.28 -10.42 0.00 -1.74
21 ~-1.30 0.00 0.00 1.74
20 0.00 1.74 0.43 -0.43
19 -0.43 -1.74 -0.43 0.43
18 4.34 4.34 0.87 3.04
17 -3.47 0.87 -1.74 -9.55
16 1.30 -0.87 -2.17 -0.87
15 -3.04 -0.87 1.74 2.60
14 0.43 0.00 * 1.74 -3.91
13 &2.60 -2.60 2.17 -2.60
12 3.04 3.04 N -3.47 2.17
11 -0.87 -0.43 0.43 -1.74
10 -3.04 -2.17 -1.74 1.30
9 1.30 2.17 1.74 2.17
8 1.30 -1.30 0.43 -0.87
7 6.51 0.87- 1.30 3.47
6 -1.74 0.00: -0.43 ~-0.87
5 1.08 -2.15 ~0.54 2.15
4 7.29 0.00 0.00 0.00
3 3.13 0.00 2.60 -0.52
2 -0.87 -0.43 -0.87 1.30
1 -1.74 4.34 0.00 ~1.74
6.2.

* Wall numbering given in Fig.

TABLE 6.8 PARALLEL WALL OUT-OF-PLUMBS FOR

BUILDING A
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Owt-of-Plumbs : x 10% Rad.
Wall No.*
Storey -
1 3 4
34 -0.97 |-0.83 - 2.76 | -2.19 1.46 1.98 1.48 | -0.42
33 2.19 0.00 - 2.71 | -0.83 1.56 y-1.67 | -2.37 | -0.31
32 0.73 2.08 -3 5.73 3.33 | -3.54 {-1.39 | -2.37 1 -3.33
31 -0.26 1.67 - 1.70 1.67 0.42 0.52 | -1.22 | -0.42 ]
30 1.72 [-1.46 - 1.04 | -4.04 |-0.91 | -0.73 | -3.131 0.10 |-
29 1.88 1.41 - -0.31 0.21 | -2.50 }-0.42 1.47 | -0.20
28 2.29 0.52 - 1.17 0.63 | -3.44 1.98 | -0.59 | -1.46
27 0.05 |-1.25 - 0.68 |-1.15{-2.50 |-0.52 | -0.26 | -0.83
26 1.25 0.10 - 0.21 |-0.63 |-2.08 | -3.44 1.87 | 1.04
25 0.05 |[-0.21 - -2.71 [-0.52 | 1.04 | 4.17 | 2.24 |-1.67
24 0.89 0.96 - -0.39 |-2.92 1.35 7.29 1.82 6.94
23 0.63 1.82 - 2.08 |-3.13 |-1.88 0.31 | -1.30 }-0.21
22 2.08 0.21 - -0.20 1.04 3.65 2.92 | -0.63 1.94
21 0.94 0.28 - 0.76 |-2.08 | -1.87 1.98 | -2.27 2.71
20 0.68 | 0.26 - 4.69 [-1.88 | -1.46 1.25 5.00 | -1.04
19 -1.72 2.50 5.52 }-1.35 [ -0.83 2.50 1.25 2.08 | -0.47
18 0.98 3.52 3.52 |"1.95 4.04 1.82 5.73 0.00 | -1.39
7 1.09 0.47 1.98 3.02 |-1.87 0.73 | -1.56 0.42 1.15
0.37 0.94 3.75 }=5.42 [-2.92 | -1.46 [ -2.92 | 8.75|-3.85
b -0.99 1.20 2.50 |~0.73 0.00 | 1.65 |-2.92 |-4.17 1.04
14 2.71 1.46 |-0.52 |-2.78 |-2.08 0.83 |-2.19 0.00 | -0.83
13 2.73 |-0.59 0.91.] 4.43 0.39 |-1.25 2.73 0.52 1.04
12 -2.05 0.43 [-2.41 0.52 3.52 {-0.52 |-0.91 | -5.21 |-2.02
11 1.69 9.33 [-1.17 }-3.13 |{-9.51 |-2.47 |-2.60 |-1.82 | -4.56
10 1.99 |-3.52 0.26 |-2.29 2.08 1.30 0.78 | -4.69 0.46
9 3.52 1.86 0.26 1.30 0.65 0.76 0.00 | -0.52 2.08
8 2.15 |-1.60 |-0.98 0.91 1.82] 2.73 0.13 1.04 2.21
7 0.49 |-0.91 0.78 0.70 |-1.59 4.77 | -4.43 | -1.56 2.73
6 ~-1.63 0.33 2.60 [~1.56 0.26 0.00 | -1.30 | -0.42 3.13
5 2.15 0.52 {-0.17 2,99 0.13 |-0.15 | -3.52 5.28 |-1.74
4 ~-0.62 0.62 2.40 |-0.91 }|-2.21 0.91 1.17 |-0.91 2.41
3 -4.86 |-0.89 |-1.09 |-1.04 0.00 0.52 [-0.13 0.13 0.70
2 3.99 |-0.07 |-0.35 |~-2.74 |[-0.65 |[-1.17 |~0.52 |-0.78 |-1.85
1 -1.39 |-0.05 |-1.27 |-1.04 |-1.31 [-1.56 |-0.52 -1.69. | 1.62
*Wall numbering given in Fig. 6.3

TABLE 6.9

PERPENDICULAR WALL OUT-0F-PLUMBS

FOR BUILDING B




‘Out-of-Plumbs : x 10? Rad.

Storey Wall No.*
: 2 b .1 5 8
34 -2.08 [-0.83 0.27 | -0.83 [ -0.83 | 0.42 |-3.73 ] -0.42
33 4.17 |-0.20 4.17 | -2.92 [-3.75|-0.42 | 2.29] 3.33
2 -0.42 | 0.00 2.50 | 0.42 ] 0.83] 5.00| 3.75| o.21
31 0.79 | -0.26 2.08 | 1.25| 0.00 |-1.67| 1.25| o0.83
30 -1.04 | 1.46 .1 0.21 | 2.29 | 0.21 |-0.63 |-1.04 | 1.88
29 -3.33 [-2.50 5.83 | 2.08 | 1.04 | 0.63 |-0.211 0.21
28 -0.73 | 1.25 1.67 | 1.67 |~0.42 | 2.50 | 2.08 | 3.33
27 0.42 | -0.42 -1.67 {-1.25 | 0.00 |-3.13 | 0.63| 2.71
26 -2.50 | 0.42 2.92 | 3.75(-0.21 ] 0.00 |-1.67 ! 0.42
25 -0.83 {-0.63 0.83 [~-0.42 | 0.42 | 0.00| 0.21| 0.00
24 -2.50 | 2.08 -0.83 | 0.00.} 0.42 | 2.08| 2.50 | 4.17
23 1.67 | -0.42 2.08 } 1.67 |-1.46 | 0.83 | 2.08| 0.83
22 0.00 |-0.63 0.00 {-0.21 | 6.67 | 1.04 | 0.21 | 1.67
21 0.94 | 0.28 0.76 |-2.08 [-1.88 | 1.98 | 0.42 | 1.88
120 ~4.17 | 4.17 -0.83 [ 1.257| 0.42 | 1.04 | 1.67 | 1.46
19 -3.751-2.50 |-1.67 [-0.83 | 2.50 | 0.00 |-3.33 [~1.25 |-2.29
18 -0.42 ) 2.50 | 5.42 | 3.13 | 1.82 |-0.52 | 1.82 | 1.82| 4.58
17 0.21 | 0.00 |-4.58 | -1.25 |-0.63 | 1.67 | 1.25 2.50 | 1.46
16 =2.92 |-5.83 | 0.63 | 0.42 | 3.13 | 1.46 | 1.25 |-1.67 | 0.83
15 0.63 | 2.08 [-1.67 | 2.92 | 0.00 |-2.50 3575 {-3.33 | 4.38
14 -0.83 |-0.21 | 1.67 | 2.92 | 0.42 | 2.92 | 2550 | 2.92 | 0.83
13 2.08 |-1.56 | 0.78 [-0.52 |-0.52 | 3.80 | 3.38 | 0.00 | 2.08
12 =0.52 1-1.95 | 1.95 |-2.47 {-0.52 |-2.60 |-2.21 {-0.65 | 1.43
11 0.00 {-2.60 | 3.65 [-0.26 | 1.04 | 4.17 | 4.43 | 3.65| 5.73
10 ~1.04 | 4.43 [-1.95 [-2.21 {-1.56 | 0.65 | 1.69 | 0.26 2.08
9 =2.34 1 3.91 | 5.08 | 1.30 | 1.04 | 2.21 | 1.82 | 0.52 | 5.73
8 0.26 1-0.13 1-0.52.{-0.78 | 0.52 | 2.08 | 2.34 | 1.69 |-3.39
7 1.04 1 2.60 {-1.04 {-2.08 | 0.26 | 0.26 | 2.60 |-1.95 | 0.78
6 0.26 | 1.56 |-0.26 |-1.56 | 2.08 | 0.13 | 0.52 |-3.13 |-1.56
5 -1.78 1-5.73 | 0.26 | 4.69 | 0.78 | 1.30 |-0.78 |-1.56 | 0.78
4 2.08 | 0.71 | 2.08 | 1.41 [-0.31 | 2.19 | 0.91 |-2.40 1.04
3 =4.34 1-0.69 | 2.08 |-0.69 | 0.00 [-1.52 | 0.43 |-1.30 {-2.60
2 -0.17 1-0.35"} 3.47 | 0.69 | 0.17 {-2.08 | 1.39 | 2.43 | 2.78
1 -1.56 | 0.52 |-0.28 | 0.35 [-1.39 {-1.39 |-0.35 | 0.52 |-0.69

*Wall numbering given in Fig. 6.3

TABLE 6.10  PARALLEL WALL OUT-OF-PLUMBS

FOR BUILDING B
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assumed for both types of'out—bf—plumbs,‘therefqre eliminating the
need to differentiate between perpendiqular and paral¥lel deviations.
The values listed in Table 6.11 also deﬁonstrate that the distri-
butions are slightly skewedAénd somewhat more peaked than a normal

distribution.
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CHAPTER VII

STATISTICAL ANALYSIS ' -

7.1 Effects of Column’ Qut-of-Plumbs

Since the column gut—of—piumb population is normally distri-
buted, the variate Ad/h can be standardized as described 1in Appendix A.
A desigu value for’coluﬁn deviations from plumb is obtained by
rearranging the terms in;Ea; (A-44),
A A . ) .
& Td = —h—O+BcC " . L (7.1)
In this expression Ad/h is the distributed random variable, B is the
staﬁdérdized %d/h value, Zb/h is the arithmetic mean of the discrete
population, and OC is the standard deviation. . ' .
| ‘In the present study, the mean, valued at -1.0 x 10> Rad.
in Fig. 6.7, may clearly be neglected in Eq. (7.1). In other words,

the pdpulation is assumed normally distributed about a mean -of zero.

The expression is then reduced to .

= Bo | | (7.2)

The quantity B is four” from the "Tables of the Standard Cumulative
Normal Distribution" (Table A-1) for a prescribed cumulative probability
of occurrence. For example, the p;obability of having-a value falling

~within the limits # 20c is 6.9544. The selection of ‘an appropriate B
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in the present case is very arbitrary. A study deScribed in Ref. 58 has
shown that.the probability of failure of a building under normal
conditions should not be higher than 3 x lO‘“'during the 30-year life
of the sgkhctqre.‘ This corresponds to a 8 factor of approximately 3.5.
A factor of 3.0 has bee; used in Ref. 61 in the derivation of design
criteria based on limit states. The New Canadian Standard CSAjSl6.1,
"Steel Structufeg for Buildings - Limit States Design'", has used B
factors ranging between 2.9 and 4.0(59). The selected factor, R,

‘ ‘ |
commonly called the "safety index", should fall within these limits. A
conservative B of 3.5 éorfesponding to a prdbdbility of being exceeded of

4.6 x 10~* will be used in this thesis. This choice will be subject to

further discussions in Appendices B and C.

7.1.1 Horizontal Force at Connection Point

The horizontal forces shown in Fig. 2.2 result from the fact
that the column is out-of-plumb. The force PAx/h, for instance, is
bransmitted by the connection to the beam or floor diaphragm and then

to the core. A safe estimate of this additional force in the connection

is:
Fy = BoP = 3.5x 0.0017 P = 0.006 P ‘ (7.3)

where Fd is the absolur; value of the force, P is the factored axial

load in the column obt.iued for. a specific load combiqgtion, B = 3.5,

‘and o = 0.0017 frém Table 6.6. Equation (7. 3) indicates that a connection
between one column and the adjacent beam should be designed for 0.6

percent of ghe factored axiq;=load'to resist the force created by the
out-of-plumb of the column., The force Fd has a probabillty of not being

exceeded, deflned by the safety index B, of 99.954 percent or, in
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other words, a probability of being exceeded of 4.6 x 10~", if P is
assumed deterministic.*

In the common case of two column segments connected at a floor
Jevel .and having different axial loads, diffefent heights, and diffe%ent
out-of-plumbs, the extra force, F, at the beam~to-column connection is

an algebraic summation of the type shown in Fig. 7.1.

‘

N Co_ B L BA :
Fo= G+ G, (7.4)
F = + PY
If F PlX P,
and X N(ux, Ux), Y ~> N(uy, Oy)
~' 2 <2 2 2
Then Fo~> NP u_+P, Hys /”?1 o + P oy) ,

if independence is satisfied.t

Forux=uy=0andox=oy=o,
S 0
F ~> N(0, o Pi + P%) _ SN

Thus, in the case of two column segments, the force F is still normally
p) K
-distributed and has a new standard deviation defined as above.

Equations (7.2) and (7.4) are combined to glve:

d

F, = B0/ P + P2 B 1 (7.5)
where Fd is the absolute value of the extra force used in the design of
a beam-to-column connection %ﬁen two colymns are present. When P1 = PZ’

Fd‘= 3.5 x 0.0017 x Y2 P = 0.0084 P. The extra force to be resisted

by the connection as given by expression (7.5) is 0.84 percent of the

~

* See Appendix B

t See Appendix C



F=(PA/h); +(PA/h),

Figure 7.1 Horizontal force required to stabilize two out-of-plumb coliimns

105



106

average axial load in the columns, which ig significantly lower than

the 2 percent presently usgd( 3).

7.1.2 Horizontal Shear in the Plane of the Floor

-

The out-of-plumbs of the columns above and below a given
floor prpduce exfra shears in the plane‘of that floor. For example,
the floor .system of Fig. 6.2 must transmit to the core an extra shear --
resulting from fhe 16 out-of-plumb columns on lines 8 to 15. These
columﬁs have random inclinations and the resulting shear (for example

in the x- direction) is:

n PA
F = X [————] (7.6)
=1 P

where n = 16, the number of columns considered in the example.

o
F. = Bo vV I PJ? ~ (7.7)
Fd is the 'absolute value of the extra horizontal shear due to n out-of-
plumb columns and’ PJ is the factored column axial load for the 1oad
combination considered. The other terms have been defined previously.

Equation (7.7) is general and includes Eqs.'(7.3) and (7.5), applied

Previously to connection design, for n = 1 and 2.

7.1.3 Moment in Floor

Moments in any portion of a floor due to a group of out-of-

plumb columns can also be determined. For example, the moment in the
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plane of the floor at point 0 in Fig. 6.2 is produced by the x and y

out-of-plumbs of the columnson lines 8 to 15, thuys:

16 PA PA

= Y
“ M jEl 5L, 5 Ly | (7.8)

In Eq. (7.8), LX and Ly are the lever arms in the x and y directions
from the column to the point at which the moment is calculated. Since

Lx and Ly are also coefficients (similar to P), the same summation

rule applies.

¢

M, = Ro »/rzl [PZ(LZ%Lz)] ' (7.9)
d c j=1 x vy ] i )

Md is the absolute value of the design moment in the plane of the floor

due to a group of n out-of-plumb columns.

7.1.4 Shear in Core

The core (or any other bracing system) must stabilize the
columns by resisting the forces induced by the vertical loads acting
4 on the columns in their deformed positions. Fig. 7.2 shows that t&e
absolute value of the out-of-plumb shear resisted by the core between
floors i-1-and i is Si,and depends only on the out—ofjplumbs of the

columns at storey i (storey below floor leqel\i).

!

s, = 1 [—9. ‘ o (7.10)

where n, 1s the number of colummns at storey i. Then,

i
, /Py :
S = Bo/ I p? _ _ (7.11)

di jop



m
(k)|
;r m‘
| 3
e ! Sit2
—_ Ly = — —
. A ‘__
Svi+1 1 iSI"“]
hival . _
.I Si+1
R Ealradats
: S, *5i
h; I
I <Si Mi
¥ i -1 ~—N .
E IR A= v
| Si~1 -9~ 1
hioq I
Si- 4
S;_ t8i-2 .

Column Stack

Plumb Line i Qut-of-Plumb

D 7777 77777777777/ 77 /72 A7 7777777,

m = Total number of storeys

i, k =Storey indices i+1<ksm

Figure 7.2 Shears and moments in core due to column out-of-plumbS
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where Sdi is the absolute value of the shear in the core at storey 1
caused by the out~of-plumbs of the columns and Pj is the factored axial

load in column j- The summation extends over the n, columns in storey 1.

7°%1.5 Moment in Core

Fig. 7.2 shows that the moment at floor level i due to the

out-df—plumb columns 1is:

M, = £ s.h (7.12)
1 k=1+1 K K

where k is a storey index used for storeys above level 1. Substituting

)

- . \. 0 .
‘“Sk as given by Eq. (7.10) in the expression for the moment, gives:

n

m k PAO
M, = [ (—9.]h
1 k=141 j=1 D Jkk

Transforming the summation inside the brackets results in:

m k
M, = I  (Bo I P?). h
* keftl ¢ gm1 IRk

Transforming again for the other summation yields:

| ///,m / Tk ‘ | : ——
M. = Bo vV I~ [V I P2 p2 - o
r.'dl c* k=i+£\\\vijl/PEif k

D

_.which can be written as:

[

m ' . ‘
Moo= / I (s,m?2 Ny - (7.13)
di k=it1 4K

oy

where Mdi is the moment in the core at floor level i caused by the out-
e )

of-plumbs of the columns, Sdk is the shear at storey k given by Eq. (7.11),
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hk is the height of storey.k, and m is the total number of storeys.in

the bqilding.

7.1.6 Torque in Core

The torque due to out-of-plumb columns, at a specific storey
of the core, depends only on the columns at that storey 1in a manner
‘gimilar to the shear. The torque at eéch storey is obtained by combining.
the expressions developed for the ‘moments in the floors (7.9) and the

shears in the core (7.11).

n

i PA PA :
T, = § [~ Ly+-—-’1h Lx]j (7.14)
j=1 A
or
n,
/ v 2 2 2 '
Tyy = Bo. jil (P 77‘(_\_.114}(‘+ Loy . (7.15)

where Lx and Ly are the distances (lever arms) along the x and y

axes between a particular column and the center of resistance of the core.

7.1.7 Lateral Deflections

An equivalent column inclination, Ad/h, constant for a

specified number of columns may be obtained from Egqs. (7.6) and (7.7).

For.F = Fd,
. a i
Ad BOC»/ jil Pj
= = - - (7.16)
. L P
j=1

This equation would be considerably simplified if‘expressed only in terms

of B, GC and n, the total number of columns in the structure. Assuming that
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P. is constant for all the columns gives:

J
A Bo .
]g— = -—-—-C . (7'17)
/n
Generally, the column axial loads differ greatly in a structure. As .

demonstrated in Appendix D, the formulation (7.17) is always unconservative

with respect to the "exact" expression (7.16): It is also demonstrated

in the Appendix that

4 . c '. ©(7.18)

gives a.safe estimate when n is reasonably large. For structures of

one and two storeys, Eq. (7.16) is recommended.

A set of horizontal forces is obtained from the structural
configuration shown in Fig. 5.1(a) where the constant slope i- definéd
by either oﬁe of the equations above. These forces can be added
to the wind forces and(used to calculate the lateral deflections of a
structure. Applications of Egs. (7.16) and (7.18) are given in the

next chapter.

7.2 Effects of Wall Qut—of-Plumbs

The results summarized in Table 6.11 show that the perpéndi-
‘cular and parallel wall out-of-plumb populations can be described by
a pormal,distribution and statistical characteristics common to botﬁ.
Conservatively, the mean, Ko/h, is taken as 0.00028'Rad. and the |
standard"deviation,_cw, as -0.0028 Rad.

Since the core depends entirely on itself for stability (the

frame is assumed pinned at each floor level and the core cantilevered
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from the foundation), only moments, torques,and extra lateral
deflections induced in the core by the wall out-of-plumbs must be

calculated.

The deviations measured on the walls are affected in some
ways by the presence of variations in wall thickness. The problem

is treated in Appendix E.

7.2.1 Moment in Core

The expression used to describe a standardized normal
variable (A-44) can alsa be used to describe the wall out-of-plumbs:
A A
d _ 0 .
T = 5 B0 , | - (7.19)
where Ad/h is the design wall out-of-plumb and B is the safety index
introduced in section’7.1. The moment due tQ‘outrof—plumbs at the

base of the one-storey wall shown in Fig. 7.3(a) is: “ —

M = PA ’ (7.20)

~

where P 1is the total factored load carried by the wall and AO is
the actual averaged out-of-plumb of the wall. Similarly, the
moment in either the'x or y direction at the base of the one-storey
core section of Fig. 7.3(b) is:

n

M = ¥ (PA
i=1

0y (7.21)

where Pj is the factored axial load carriea by one of the n individual

wall segments and-AOj is the actual perpendicular or parallel out-of-

plumb of the wall, depending on the direction considered.
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Figure 7.3 Moments in one-storey walls
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Equations (7.20) and (7.21) together with (7.19) may be /

'
/

adapted for design by thestransformation of section 7.1.1.

‘M, = ' (Ph)j + Bo v (Ph5§ - (7.22)

j=1 \ j=1

= |3
S
o

The terms in the above expression have been defined previously in

I

ﬁhis chapter. .
Equation (7.22) wouid be simplified if the mean were
neglected. The actual mean could be zero, as in the case of column
out-of-plumbs, due to the similarities between these two variables.
It is possible that the measured mean is different from zero by'reason
of the relative small sﬁhplé éize'(379); The question, at this
point, is to find the percentage of the total moment that is
coﬁtribﬁted by the mean in practical sitpations.
Assuming constant a#ial loads, Eq. (7.22) becomes
M, = 0.00028 n Ph + 3.5 x 0.0028 /n Ph. The ratio of the first tern

to the total expression for Md givés

0.00028 v n
0.00028 v n + 0.0098

which is the percentage contribution of the mean to the total moment
in terms of n. For n =1, the mean accounts for less than 3 percent of
the total but for n = 5 and 20, the contributions are 6 and 11 percent

respectiVely.

Assuming, for the reasons listed above, that the mean could

- be negligible, Eq. (7.22) wéﬁld become:

M, = B0 /z (Ph) 2 (7.23)
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and Ow is taken asﬂ0.0028. The validity of Eq. (7.23) will be discussed

in the next chapter.

The ' sign equation for the moments due to’initiél wall
devintions in a multi-storey core is obtained in a manner similarxpo
Eq. (7.13) for coluﬁn out-of-plumbs. Using the notation adopted in

Fig. 7.2, the moment is calculated as:

1S m i
M = ): (7.24)
i k=1+1 " . \
where Mi,the moment at 1evél i, is thelalgebraie summation of the

individual storey-moments above level i. When the contribution .of

the mean is accounted for, the corresponding design equation becomes:

=

. - n n
AO m k /// m k . ,
M., = =2 I [ I (Ph).]: + B0 £ [ L (PR)Z]l, (7.25)
di k=itl =1 L J'k

When the contribution of the mean is neglected, this expression is

redﬁced to:

! m
M = v r w® : : (7.26)

a1 k=it O K
. ah o _
where MdL is given by Eq. (7.23) for each level k above level i.

ihe variable n in Eq. (7.23) is then replaced by 0 the number of

walls at storey k.

7.2.2 Torque in Core

The cantilevered wall shown in Fig; 7.3(a) is“stabilized
against the infplane,out—of—plumb.by a moment at the base. However,

o ~
due to the relatively small thickness of the wall, the stability against

» -
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an out-of-plumb in tge orthogonal direction must be ensured by some
means other than the wall itself.

‘ As an example, the support required to stabilize wall No. 2
‘in the y-direction, as shown in Fig. 7.3(b), is provided by the adjacent
walls, Nos. 3 and 4, spanning at right angles. Assuming conservatively
that the base of wall No. 2 is pinned in the y—d'(eétioﬁ and that the
supports of the adjacent walls are only effective at the top of the
wall, altotal horizontal force of Qalue PAy/h is induced to stabilize
wall‘Nb. 2. The out—of-blumb value for wall No. 2 in the y-direction

b
. /

is A .
Yy

This force, however, is not distributed equally to the
stabiiizing walls (Mos. 3, 4) since the wall to be stabilized (No. 2)
has variable out-of-plumbs at different sections. Wheﬂ several

walls are assembled orthogonally to .-form a core, the presence of

these unbalanced forces could result in the formation of a significant

torque in the core.

A set of unequal horizontgl forces on a wall can be visua-
lized as a correspoﬁding force applied eccentrica%ly with respect to
the center of the wall. The eccentricity of this force is a function

of the actual state of.plumbness of the wall and consequently

Yy

characterizes that wall. The eccentriciﬁy can be considered as a
variable with a particulaiﬁaistribhtion and can be evaluated from
the out-of-plumb measuremefits taken on the individual walls by the .

procedure described below. | .

As sho¥m in Fig. 7.4, a wall may be subdivided into as many
segments as there are measurements taken on that wall. The contri-

bution of the wall to the total torque can be approximated by:

<

"
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S AO
. T = Pe = L (P T l)k
k=1
where
‘ . AN
T = resulting torque N
P = total factored axial load on the wall
e = equivalent "eccentricity"
s = number of segments in a wall
Pk = axial load carried by segment k
AOk = measured out-of-plumb of segment k
Rk = distance from the center of segment k to the center
of the wall
h = height of the wall

Making the assumption that each segment carries an equal share of

the total load on the wall and solving for e, gives:
Fx
P
The ratio P#/P is equal to 1/s. Dividing both sides by the length,
L, of the wall gives:

.13 To g ' .
=55 G D k _ (7.27)

The measured out-of-plumb, Ao/h, of each segment k is multiplied by

the ratio Qk/L peftaining to that segme?t.\ The sum’of the s individual'
products is then multiplied by a constant, 1/s, to result in a
dimensionless equivalent "eccentricity", e/L, which characterizes

the wall. - . : . \
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These quantities are listed in Tables 7.1 and 7.2 for the
walls of buildings A and B respectively. The values are then plotted
separately for each building in Figs. 7.5 and 7.6 and combined in

Fig. 7.7. The characteristics of each distribution are listed in

r

Table 7.3. v

%

The distributions are approximately normal. They are
reasonably peaked and slightly skewed. The absolhte value of the
mean EYL, can be taken as 0.5 x 107" and the standard deviation,

g, as 4.0 x 107",
. e
The contribution of a wall to the total torque in a core

is then calculated as:

L | ‘ (7.28)

where e/L, since normally distributed, can be approximated by:

o |

e .
i- + Boe - ) ‘ ) (7.29)
The safety index B is 3.5.

The design torque in the core at any étdrey i is obtained

from a statistical formulation combining the two expressions above.

n, //ni
g (PL)., + RO I (PL)? (7.30)
i=1 J € =1 3

p_]
1}
ol

di

The torque at storey i depends only on the ni out-of-plumb walls at
that storey. By assuming an eventual mean of zero for a population

with a larger sample dimension,Eq. (7.30) would be reduced to:



e/L x 10"
Storey Wall No.*
No. 4
22 1.95 1.24 -0.81 -3.94
21 -0.09 -2.21 0.54 -2.49
20 0.18 3.54 -0.27 5.36
19 -2.30 ~4.,25 -4.61 4.85
18 -0.09 -3.54 3.80 0.85
17 . 6.20 - 9.92 -4.34 4.98
16 -4.68 3.32 1.09 9.22
15 2.44 ~-3.12 5.97 -1.36
14 -4.68 1.09 -2.44 -1.36
13 4.14 5.49 2.44 -0.81
12 5.49 -2.17 -0.54 -0.54
11 -2.58 -1.09 -2.17 0.54
10 -0.07 0.61 0.00 1.36
9 -0.67 -0.27 -~1.90 -1.36
‘8 1.15 0.14 0.27 -1.09
7 2.10x | -2.78 2.71 2.17
6 1.03 1.42 -3.98 -1.36
5 1.89 ~2.69 0.74 0.18
4 ~5.06 -2.48 3.04 8.68
3 -3.20 8.48 5.21 0.29
2 8.56 -1.53 1.57 -0.97
1 ~6.78 1.24 0.49 -3.86
~—— * Wall numbering given in Fig. 6.2
VARIABLE e/L FOR BUILDING A

TABLE 7.1

120
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e/L x 10"
Wall No.*
Storey
No. 1 4 5 7 9
34 -0.80 | 2.33 -3.92 | -5.08| 2.87 8.46 | 0.87 | -4.69
33 {-8.27 | 1.17 3.91 4.17 | -2.21 | -8.33| 1.11 [ 5.60
32 -7.49 | 6.06 0.91 | -3.65| 7.55| -1.30] 1.42] 1.04
31 4.46 | -3.65 -0.14 | -8.33 |14.58| -6.38] 2.72 ] 0.00
30 0.94 |-0.52 -4.69 4.40 | -6.35| 11.26 | -1.43|-0.91
29 0.65 | 8.43 0.78 | -2.87 | 2.08 0.13 | -1.53 | -1.69
28 -3.26 |-2.80 -5.05| -3.39 | 4.82| -2.47| 2.97|-2.87
27 -0.81 |-5.34 -0.33 | -3.78 | 1.30| -1.17|-2.35| 2.08
26 4.30 | 3.39 -2.34 | -1.82 | 1.04 3.00 | -4.45 | ~4.95
25 0.29 | 1.04 1.95 1.69 | -4.18 | -0.52 | 2.23|-2.08
24 5.37 |-1.69 ~4.53 | -11.46 | 3.26 | -8.07 [-1.87 | -1.82
23 0.39 {-1.86 3.52 | 12.24 | 2.87 0.65 | -3.14 | 2.34
22 -2.28 | 1.95 0.39 | -3.39 | 3.52 2.08 | 1.56| 0.78
21 4.23 1~3.26 1.20 1.04 | 6.51 | .-3.00|-5.11{ 0.78
20 {-2.12 |-8.04 -1 -0.39 ] -9.64 | 0.26 2.60 | 0.80|-2.87
19 -2.51 | 3.94 {-0.39 {-6.38 | -2.08|-1.04 | -9.64 | 0.93 | -4.17
18 3.78 |-3.99 |-1.79 | -6.35| -7.65|-1.95| -7.49 | 5.97{-1.63
17 -0.29 [-4.33 | -1.43 [ -0.91 3.91 | -0.91 1.69 | 5.34| 1.95
16 2.31 | 0.72 ] 0.52 |-3.13| -1.04{ 1.30 2.08 |-1.54 | 3.78
15 -4.07 |-1.07 {-1.17 | 5.08 2.08 |-1.17 | -2.08 | -5.38|-1.30
14 0.91 |-0.37 |-4.82 | -5.47 |-14.06 | 3.13 | -4.56 | 3.37 ! 1.04
13 -4.23 | 3.38 | 2.12 {-1.30 | -1.14 |-4.75 -8.30 | 2.18 | 5.86
12 1.16 |-1.57 |-3.01 | 0.65 1.79 |-1.89 | ~7.00 | 4.46 | 4.31
11 -6.19 {~2.28 | 1.79 | 1.63 | 1.79 (-0.10| -7.16 1] 3.01|-0.16
10 1.24 {-4.07 |-6.51 |-2.87 | -6.251-2.93 {-11.07 | 5.41 | -6.10
9 -1.99 }-1.95 |-5.86 | -2.93 | -8.14 |-1.20{ -8.14 |~-1.751{-5.21
8 1.18 | 0.55 |~-1.55|-7.32 (-11.39 |-5.83 | -7.98 {~-7.30 ! 1.47
7 -2.54 | 0.41 [-2.28 {-2.85 2.66 | 1.07 | -2.93 | 5.89{-1.14
6 | 2.48 | 1.22 |-4.49 | 0.00 4.88 { 0.00 1.63 | 3.93|-3.91
5 4.27 | 2,22 1-0.94 | -1.47 |~10.25 | 1.97 | -0.49 | 4.39 | 1.47
4 -3.00 {10.51 | 0.77 | 1.14 6.51 |-8.63 | -6.02 | -3.74 | 6.59
3 -0.52 | 2.50 |-4.50 {-6.50 | -2.28 |-1.30 | ~1.79 {-3.09 | 0.41
2 -0.75 | 2.31 {-1.30 {-1.14 3.74 {-0.81 2.60 [ -0.65 | -0.43
1 -1.68 [{-2.22 {-3.36 [-3.91 | -2.60 {~0.65 6.51 |-1.14 | 1.52
* Wall numbering

given in Fig. 6.3

TABLE 7.2 VARIABLE e/L FOR BUILDING B
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Building . Mean Stand. Dev. - Skewness Kurtosis
(x 10%) (x 10%)
A 88 0.47 3.49 0.65 3.21
B 291 -0.83 4.17 0.06 3.79
A+ B 379 -0.53 4.06 0.10 3.81
TABLE 7.3

STATISTICAL CHARACTERISTICS FOR e/L
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/"
— 2
T, = Bo E (PL) 2 (7.31)

di -5 1

—

The two equations'above are only applicable to a reinforced concrete

structure consiéting’of an orthogonal assembly of cast-in situ walls.

<

7.2.3 Lateral Deflections

It has bgen demonstrated in section 7.1.7.thatna étructure
deflects laterally as the result of the axial loads acting on the out-
of-plumb columns. In a similar mahner, the axial l;ads acting on the
ot —of-plumb walls fofming the core f9rce the structure to deflect
.an additional amount. As shown in Fig. 7.8(a), a vertical ;oad P
applied to an out—gf—plumb wall section induces an additional lateral .
deflection Ab. The moment at the base of the one-storey wall is
then the sum of the ﬁoment PAO defined in section 7.2.1 and a smaller
,.moment PAé.
An estimation of the component PAé of the total moment éan
be obtained from the equivalent model éhown‘}n Fig. 7.8(b). A
fictitious horizontal force PAO/h is applied at the top of the
peffectly vertical wall section. In a manner similar to the iterative o
procedure described in Chapter I1II, the structure is anaiyzed to
determine the converged moment’ P(Ao + Aé) and the corresponding
\deflec;ion Ab
The model shown in Fig. 7.8(b) can be usedNEO evaluate an
equivalent wall out-of-plumb value, Ad/h, for the general case of a
combination of n walls. The derivation is similar to that of seétion

7.1.7 for colur-. The fictitious force at the top of the wall

. section 1s:
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Initial position —

=4

= |nitial wall out-of-plumb

Growth in initial out-of-plumb

M=PAO +PA0’

a) Cantilevered out-of-plumb wall section !

P

v

- ]

PAg/h

b) Equivalent Model (First order values shown)

\ .
Fig. "3 Effect of wall out-of-plumbs on the lateral deflection of a core
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PA
I (7.32)

Eq. (7.32) combined with Eq. (7.19) becomes:

\

4, :
Fg = 5 P+ 80 P (7.33)

"For n walls,

: n PAO ' _
F = z ('—h—— . : (7.34)
j=1 ]
or
ZO n / n .
F = — ¥ P, + Ro L P< ) _ (7.35)
d h J=l J w j=l J .

’ An equivalent out—of-plumb, Ad/h, constant for a specified number of

walls may be obtained from Eqs. (7.34) and (7.35). For F = Fd’
/ : ,

— I p?
Ad A =1 3 .
—_— = _ﬂ + 80’ —-J—“__ (7.36)
h h w n
I P
j=1

According to Appendix D, this expression can be<writtenbas:

A A Bo. _
_BQ = 2+ M/W_ (7.37)
— .

Assuming that every wall is out—of-plumb in the same direction by the
amount Ad/h given in Eq. (7.37), a set of horizontal forces, at each

floor level can be calculated.

The total sway of a structure is obtained by a second order

analysis where the applied forces are those caused by the wind loads



\

together with the lateral forces due to column and wall out-of-plumbs.
A statistical combination is required to account for the fact that the
wglls and the columns may induce deflections in opposite directions.

The total lateral load at a specific floor level is then:

’ _ 2 2 : )
H = Hwind+/Hc+Hw (7.38)

where HC and Hw are the lateral loads representing the effects of the
column and wall out-of-plumbs respectiﬁély.
Eq. (7.38) is not exact if the mean in expression (7.37)

is to be included. The exact expression can be easily derived but is

A

.

more complex. However, the difference in the results is not significant

<

‘and Eq. (7.38) can be adopted. 0
7.3 Summary

The various statistical characteristics that have Qeen
recommended for use in design in this chapter and in the previous

one have been summarized in Table 7.4.
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. Function Mean Standard Deviation
(Rad.) (Rad.)
\ b,
Column ‘ All Purposes i 0.0 = 0.0017
Out-of-Plumbs
ZO
Moment & i 0.00028 = 0.0028
Deflection
Wall - —]
~of- m e s .
Out-of-Plumbs | 7 e £ = 0.00005 = 0.0004

Safetyblndex

- TABLE 7.4

DESIGN VALUES




CHAPTER VIII

APPLICATIONS

/
Several equations serving different purposes have been pre-

sented in the previous chapter but no examples of applications have
. yet been presented. In this chapter the applicability of these

equations will be checked against the corresponding results obtained

from the measurements taken on buildings A and B. o

8.1 Column Out-—of-Plumbs

8.1.1 Force at Connection Point

A connectionigetweén one column and a beam must be designed to
resist the extra horizontal force due to the eventual out—of—plumb>of
the column. This:fprce was estimated as 0.6 pércent'of the factored
axial load in the columnf The force is increased to 0.84 percent of
the average axial load iﬁ the more common case of two column segments ’
connected at a floor leves, as showﬁ in Fig. 7.1.

Two cases must'bé considered in the tragsfer of these forces
in a braced structure:

1. The bent t§ be designed is stabilized by a stiffer structure

outside the plane of the bent. This could be the case, for

instance, for column stacks 1 to 6 in the structure shown

in Fig. 6.7 1 extra forces originating from“each column
stack aff .o - :ransmitted to the core by the floor
diaphragm- . mddivid al ~nections must be designed for

131
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horizoﬁtal shears equal to 0.6 or’0.84 percent of the column

axial loads, depending on the case (see section 7.1.1).

The floor diaphragms, in turn, must be designed to resist

the apﬁropriate horizontal sheafs given by Eq. (7.7).

2. The bent to be designed is braced in the plane of the bent.

The extra shears due to column out-of-plumbs are transferred

from bay to bay and the connections must be designed

accordingly.

An example showing the gradual increase in the horizontal
force, when transmitted to the bracing system, is given in‘F;g. 8.1.
The columns. in the upper and lower storeys éf the frame carry
individual axial loads of 170 and 340 kips respectively. According
to Eq. (7.7), the force in the girder a-b is 2.26 kips and originates
from the two left hand columns. The force in girder c—d is 3.2 kips
agd is produced by the axlal loads acting on four out-of-plumb columns;
the shears being transmitted from left to right. The force in girder
e-f is 3.92 kips and the bracing system finally resists a total force
of 4.52 kips. The gradual increase in shear is nonilinear and the

connections in the vicinity of the bracing structure have to resist

the larger shears.’ }"

8.1.2. Shear in the Plane of the floor

The horizontal shears in the planevof the floor, estimated
\by Eq. (7.7), are compared to the values calculated from the measured
column out-of-plumbs in buildings A and B. The actual forces in the
x and f directions, calculated for all the columns at each storey,

are listed in columns 3 and 4 of Tables 8.1 and 8.3. The corresponding
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: 170K 170K

] *r T B *
10

v ble ale Lo ¢

> - ~C 4.52K

t 17 = 7 = 1T %

. 2.26K 3.20K +.3.92K
10

S

340K 340K 340K

Fa=Bo. |5 p2 (7.7)
j=1 ! ,

=35

o, = 0.0017 Rad. S

Figure 8.1 Transfer of shear in beam-to-column connections
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1 2 4 5 6 7 8 9 10

Floor | Storey Storey Force Storey Shear in Core Moment {n Core Torque
No. }Height (Kips) Moment (Kips) (Fe.-K.) in Core
(Fr.) “I"KIE?“"ET?:IE‘ (Fr.-K.) x Axis y Axis x Axis y Axis (Ft.-K.)
27 20 0.04 - 0.16 10.74 0.04 - 0.16 0.00 0.00 10.74
26 12 0.36 - 1.36 85.20 0.40 - 1.52 0.80 - 3.20 95.94°
25 12 - 2.35 1.84 57.79 {- 1.95 0.32 5.60 ~21.44 153.73
24 12 - 3.40 2.92 -205.57 {- 5.35 3.24 ~-17.80 -17.60 - 51.84
23 12 4.50 0.16 -182.13 {- 0.85 3.40 ~-82.00 21.28 -233.97
22 12 7.19 - 8.85 497.56 |- 6.34 - 5.45 -92.20 62.08 263.58
21 12 - 6.88 6.77 104.97 |- 0.54 1.32 -16.12 - 3.32 368.55
20 12 - 5.13 - 5.99 -131.15 |- 5.67 - 4,67 -22.60 12.52 237.40
19 12 2.68 5.98 ~157.84 [- 2.99 1.31 -90.6% ~43.52 5.33
18 12 4.44 - 7.93 ~294.82 1.45 - 6.62 ~-126.52 -27.80 -215.27
17 12 - 3.72 - 0.10 154.05 - 2.27 - 6.72 | -109.12 |-107.24 -61.22
16 12 2.79 1.72 -123.43 0.52 - 5.00 | -136.36 |-187.88 -184.65
15 12 = 7.27 12.29 ~317.10 |- 6.75 7.29 | -130.12 |-247.88 ~-501.93
14 12 5.87 - 0.66 684.63 |< 0.88 6.63 | -211.12 ~-160.40 182.83
13 12 15.41 -18.61 647.17 14.53 | -11.99 | -221.68 ~80.84 830.05
12 12 -26.74 9.72 -672.88 |-12.21 - 2,26 -47.32 [-224.60 157.17
11 12 14.23 0.58 -534.81 2.02 - 1.68 | -193.84 ~-251.72 ~377.64
10 12 5.08 -25.66 512.65 7.10 | -27.34 | -169.60 -271.88 134.00
9 12 -16.33 37.07 =190.02 |~ 9.24 9.73 ~-84.40 ]-599.96 ~-55.01
8 12 4.80 - 9.66 145.26 |- 4. 44 0.07 | -195.28 -483.20 90.17
7 12 - 9.73 23.43 988.50 |-14.16 23.50 | -248.56 |-482.36 1078.75
6 12 15.80 1.47 -830.72 1.64 | 24.97 | -418.48 -200.36 248.03
5 12 5.46 - 8.98 95.87 7.10 15.99 | -398.80 99.28 343.89
4 12 14.30 -26.84 140.90 21.40 -10.85 313.60 291.16 484.79
3 12 3.02 - 2.31 ~398.58 24.42 ~-13.16 -56.80 160.96. 86.21
2 12 -45.97 24.17 730.38 |-21.55 11.01 236.24 3.04 816.59
1 20 - 3.03 ~15.38 -1486.87 |-24.58 | - 4,37 -22.36 135.16 -670.28

-513.96 - 47.76
)
TABLE 8.1 FORCES IN BUILDING A FROM ACTUAL

COLUMN OUT-OF-PLUMBS
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t 1 2 3 4 5 6 7
Q
Floor |Storey 1 Storey Shear Moment Torque
No Height [ / L p2 Force in Core in Core in Core
jm1 jl1 (Eq. 7.7) |(Eq. 7.11) (Eq. 7.13) | (Eq. 7.15)
(Fr.) (Kips) (Kips) (Kips) (Ft.~K.) (Ft.-K.)
27 20 215 1.28 1.28 0.0 79.6
26 12 g 691 4.31 4.12 25.6 259.6
25 12 1000 7.23 5.95 55.7 377.0
24 12 1265 9.59 7.52 90.5 477.3
23 12 1523 11.77 9.06 127.8 575.1
22 12 1776 13.92 10.56 167.8 670.7
21 12 2029 16.05 12.08 210.3 766.7
20 12 2280 18.16 13.57 255.4 861.4
19 12 2528 20.26 15.05 302.9 955.7
18 12 2777 22.35 16.52 352.6 1049.9
17 12 3024 24.43 17.99 404.6 1143.2
16 12 3271 26.50 19.47 458.5% 1236.7
15 12 3517 28.58 20.92 514.6 1329.7
14 . 12 3337 28.85 19.86 572.6 1393.2
13 12 3556 29.02 21.15 620.2 1439.7
12 12 3773 30.84 22.45 670.1 1527.6
11 12 4003 32.73 23.79 722.2 1615.5
10 12 4207 35.77 25.04 776.7 1703.4
9 12 4422 36.32 26.32 832.8 1786.3
8 12 4640 38.14 27.60 890.7 1878.4
7 12 4855 39.96 28.90 950.3 1965.9
6 12 5071 41.78 30.18 1011.5 2052.9
5 12 5287 43.60 31.46 1074 .4 2140.4
4 12 5502 45.41 32.74 1138.8 2227.5
k) 12 5718 47.21 34.02 1204.7 2315.0
2 12 59375 49.02 35.29 1272.0 2401.7
1 20 6149 50.84 36.59 1340.7 2489.2
v 1527.4

2

TABLE 82*& FORCES IN BUILDING A FROM STATISTICAL CALCULATIONS



136

1 2 3 4 5 6 7 8 9 10
Floor | Storey Storey Force Storey Shear in Core Moment in Core Torque
No. Height (Kips) Moment (Kips) (Ft.-K.) in Core
(Fr.) x Axis | y Axis (Fe.-K.) x Axis y Axis x Axis y Axis (Ft.-K.)
34 24 - 2.12 - 0.60 6.31 |- 2.12 - 0.60 0.00 0.00 6.31
33 12 0.21 0.96 64.58 |- 1.91 0.36 ~50.88 -14.40 70.89
32 12 1.48 1.25 -338.27 |- 0.43 1.61 -73.80 -10.08 ~-267.39
31 12 0.68 - 1.70 409.35 0.25 - 0.09 -78.96 9.24 141.96
30 12 - 5.93 0.06 -498.94 |- 5.68 - 0.03 -75.96 8.16 -356.98
29 12 '7.16 2.83 40.35 1.48 2.81 ~144.12 7.80 -316.63
28 12 ~ 0.60 2.93 125.64 0.88 5.74 -126.36 41.52 -191.00
27 12 -10.56 9.82 321.64 { - 9.68 15.56 ~115.80 110.40 130.65
26 12 2.01 - 7.48 -398.29 |- 7.67 8.08 -231.96 297.12 ~267.65
25 12 10.66 - 4.85 709.03 | 2.99 3.24 -324.00 394.08 441 .38
24 12 -15.50 11.14 -828.74 | -12.51 14.38 -288.12 432.96 -387.36
23 12 8.17 - 4.72 1528.07 | - 4.34 9.66 ~438.24 605.52 1140.71
22 12 0.94 -20.54 -726.16 | - 3.40 -10.87 =429.22 721.44 414.55
21 12 4.01 22.97 222.34 0.61 12.10 | -531.12 591.00 636.88
20 12 1.72 - 2.18 -1987.66 2.34 9.92 -521.80 736.20 -1350.77
19 12 ~ 9.99 -35.03 1016.84 | - 7.65 -25.11 ~495.72 855.24 -333.93
18 12 19.37 9.83 841.27 11.71 -15.29 -587.52 553.92 507.33
17 s, 12 - 3.16 30.03 -708.78 8.55 14.74 -447.00 370.44 -201.45
16 12 -17.88 - 6.47 -318.22}- 9.33 8.28 -344.40 547.32 -519.66
15 12 19.00 | -14.21 596.11 9.66 - 5.94 ~456.36 646.68 76.45
14 12 .15.85 4.70 ~530.72 25.51 ~ 1.24 -340.44 575.40: -454.28
13 12 -14.40 2.92 853.66 11.11 1.68 - 34.32 560.52 399.39
12 12 -29.54 =21.74 151.78 | -18.43 -20.06 99.00 580.68 551.17
11 12 13.11 28.85 -2289.57 | - 5.31 8.79 -122.16 339.96 -1738.40
10 12 5.16 -27.09 1920.94 | - 0.15 ~18.30 | -185.88 445.44 "182.54
9 12 - 6.33 11.38 -327.14 | - 6.48 - 6.91 -187.68 225.84 -144.60
8 12 7.12 35.16 -585.46 0.64 28.25 -265.44 142.92 ~730.05
7 12 -20.56 -36.81 36.68 | -19.93 ~ 8.56 -257.76 481.92 -693.37
6 12 45.88 -12.41 2901.36 25.95 -20.97 -496.92 379.20 2207.99
S 24 - 8.14 21.83 832.05 17.80 0.86 -185.52 127.56 1375.94
4 27 -31.81 15.34 444,57 | -14.00 16.20 241.68- 148.20 1820.50
3 16 -.3.12 4.27 2528.19 1 -17.12 20.46 | -136.32 585.60 ~707.69
2 15 17.49 6.17 994.50 0.36 26.63 -410.24 912.96 286.82
1 15 5.64 3.75 1748.31 6.00 -30.38 -404.84 1312.41 -1461.50

' -314.84 | 1768.11 .
TABLE 8.3 FORCES IN BUILDING B FROM ACTUAL COLUMN OUT-OF-PLUMBS




1 2 3 4 5 6 7
e - S !

Floor | Storey n{f‘__ Storey Shear Moment Torque

No. Height [/ T sz Force in Core in Core in Core

j;l 31 (Eq. 7.7) [(Eq. 7.11) (Eq. 7.13) | (Eq. 7.15)

(Ft.) (Kips) (Kips) (Kips) (Ft.-K.) (Fe.-K.)
34 24 398 2.37 2.37 0.0 160.6
33 12 689 4.73 4.10 56.9 279.7
32 12 998 7.22 5.94 75.2 407.2
31 12 1303 9.77 7.75 103.6 537.1
30 12 1628 12.41 9.69 139.2 671.5
29 12 1945 15.09 11.57 181.4 801.8
28 12 2263 17.75 13.46 228.4 932.8
27 12 2580 20.42 15.35 279.8 1063.8
26 12 2899 23.09 17.25 335.0 1195.4
25 12 3216 25.76 19.14 393.8 1326.4
24 12 3594 28.70 21.38 455.9 1481.6
23 12 3855 31.36 22.94 523.1 1589.7
22 12 4173 33.80 24.83 591.1 1720.7
21 12 - 4491 36.48 26.72 662.0 1852.2
20 12 4809 39.15 28.61 735.5 1984.0
19 12 5129 41.83 30.52 811.7 . 2115.0
18 12 5447 44,52 32.41 890.5 -+ 2246.0
17 12 5766 47.207 34.31 971.7 2377.7
16 12 6084 49.87 36.20 1055.4 2508.7
15 12 6404 52.56 38.10 1141.3 2640.3
14 12 6723 55.25 40.00 1229.4 2772.0
13 12 7040 57.92 41.89 1319.8 2903.0
12 12 7361 60.60 43.80 1412.3 3035.3
11 12 7679 63.29 45.69 1506.9 3166.3
10 12 7998 65.97 47.59 1603.6 3298.0
9 12 8316 68.65 49.48 1702.2 3429.0
8 12 8636 71.33 51.38 1802.8 3560.6
7 12 8955 74.02 53.28 1905.3 3692.3
6 12 9274 76.71 :55.18 2009.7 3824.0
5 24 9592 79.39 57.07 ©2116.0 3963.3
4 27 9911 82.07 58.97 2520.6 4095.4
3 16 10234 84.77 60.89 2981.4 4163.0
2 15 . 10567 87.53 62.87 "3136.5 4365.4
1 15 10952 90.55 65.16 3275.2 4516.2

3418.0

'
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TABLE S.GJ FORCES IN BUILDING B FROM STATISTICAL CALCULATIONS
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storey forces given by Eq. (7.7) are listed in column 4 of Tables 8.2
“and 8.4. The absolute values of the measured ana predicted forces
described above are compared in Figs. 8.2 and 8.3. The forces obtained
from the measurements are represented by the solid circles. The
direction of the forces 1s not relevant since the only purpose of these
figures is to compare the observed and predicted magnitudes. Equation
(7.7), with B = 3.5 and g, = 0.0017 Rad.,appears to be an upper Sound

on the predicted fg;ces in the floor diaphragms.

If more measurements were available from several similar
structures, the computed values shown by the solid circles would -
eventually fill the area corresponding to the predicted values with a
density corresponding to that of a normal distribuﬁion. Depending on
the probability chosen for design (B factor), a few points may be found
outside the limits. In the absence of measurements, such a situation

(54)

can be artificially created by a Monte Carlo simulation In this

method, applied.to the present case, out-of-plumbs of known distribution
and characteristics are randomly generated by a compufer for eVery'

column segment in a fictitious structure.

o

T

8.1.3 Moment in the Plane of tHe Floor

The adequacy of Eq. (7.9) in predicting moments in floor
diaphragms due to column out-of-plumbs can be checked as in the prévious
section. :The results obtained from Eq. (7.9) are compared in Figs.

8.4 and 8.5 witﬁ those taken from column 5 of Tables 8.1 and 8.3.
These figures and others'toﬂcome in this chapter have the character-

istics of Figs. 8.2 and 8.3.
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J

The moments shown are calculated, for cqnvenience, by consider-
ing évery column present in the structure at each storey. In this
particular case, n becomes n; and Eq. (7.9)° takes the form of Eq. (7.15)
derived to calculate the torqués in the cor;. These results are listed:a

in column 7 of Tables 8.2 and 8.4. The figures show that Eq. (7.9)

provides a good estimate of the moments in fhe floor diaphragms.
o ‘

8.1.4 Shear, Moment, and Torque in Core

Calculations and figures are provided in this section to
vet'ify the application of Egqs. (7.11), (7.13),~énd (7.15), all three
expressions giving estimates of forces to be resisted by’ the core.

The measured and prédicted shearsg resisted by the core apreach storey

of buildings A and B ére compared»invFigs.L8.6 and 8.7./‘Similarly,c
the moments Qfe'comggred in Figs. 8.8 fnd 8.9 and the torques in

Figs. 8.10 and‘8.ll. The plotted quantities are takgh from Table; 8.1
to 8.4 and Eheir réspective orig%ns are indicated oﬁ the figures:

i & .
In each case, the proposed equat%qq‘seems adequate.

T el

Y e
. #

. - . .

AT SRR .9

(o3

8.1.5 Lateral Deflections .

The presence of out=of-plumb columns in a structure forces
the structure tq~s§é§-laterally. All the columns participate in this
action. ‘In the case of bdildipg A, the lateral deflection curves
obtained fgém the measuremenfggin the xand y directions have béen
plotted in Fig. 8.12 agaihst the results given by the équations derived
in section 7.1.7. Curves l.and.2»show the results of Eqs. (7.16) and
(7.18) while curves 3 and.4 present -the actuaf deflections obiained
from the measuremenés. The value§”shoﬁﬁ in'abciésa have no uﬁits since’

o .

they onl§ serve the,pdrposé of indicating the relative deflectionms.

=
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It is seen that Eq. (7.18) gives a conservative estimate of
the more exact expression (7.16). The equilvalent slope Ad/h given by
Eq. (7.16) 1is 3.5 X Q.0017 x 19755/367682 = 0.00032 Rad., compared to
0.00037 Rad. given by Eq. (7.18) with n = 458. The storey forces used
iﬁQEhé determination of the sway of building A weté obtained by using
these values and the actual column axial loads in’the structure.

To demonstrate that Eqs. (7.16) and (7.18) are general, the
study must be extended to structures of different size. Three simple
structu%es denoted 3t E.1, E.2, and E.3 have been selected and are
shown in the insets to Figs. 8.13 to 8.1%. E.1 aﬁd E.2 are 5-storey,
buildings with-20 and 50 columns respectively, while E.3 is a 10-

storey building containing 50 columns,

—

A Monte Carlo simulation has been used to generate random .
out-of-plumbs for the columns of frame E.1. The population generated “f
was'normaily distributed and had a mean of zero ;nd a standard deviation
of 0.0017 Rad. Every column of the frame has been allocated one of
these values. A set of storey forges was obtdined and was:applied
to the shear-wall to calculate the lateral deflections. The'brocess
was repgated 50 times with different valﬁes and the results were plotted
in Fig.>8.l3. “Also plo:ﬁed is the curve resulting from Eq. (7.16),
where Aci'/}x = 3.5 x 0.0017 x 1173/4500 = 0.00155 Rad. (in this-case,
the same result is obtained from Eq. (7.18)). It is obsei 7ed that none
of the curves exceeds the limit giyen by Eq.“(7.16) or (7.18).

Similap computations wéféjgade.fof structures E.2 and E.3
and the results are presented in Figé. 8.14 and 8.15. Uniform slopes

in the order of 0.00l Rad. were calculated from both Egqs. (7.16) and

(7.18). The prescribed curves were again ﬁot exceeded. It can be
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concluded that Eq. (7.18) gives a good upper bound for estimating the .
lateral deflections induced by initial column out-of-plumbs for the,

types of structures studied.

8.2 Wall Out-of—Plumbs

The actual cores of buildings A and B are formed of eight
and nine walls per storney, respectively. However, only the four
exterior walls will betgonsidered in the following applications, using
the information given by the measurements. It will be assumed_shat the
four walls carry the total axial loads in the actual cores: The
moments, torques, and lateral deflections calculated in this manner
will be larger than in the actual cases where the same loads are carrieg
by more than four walls. These effects will be discussed in the nex
chapter.
The wall dimensions used in the computations are given in
Figs. 6.2 and 6.3. In bulld;ng A, the core dlmeosions are 87' : 29'
up to level 14 and are_reduced to 67' x 29' ih the upper section.
In building B, the dimensions arerassumed to be 66' x 38' for the
total height of the building. ”
The share of the total axial. load carried by the individual
walls 1is assumed proportional to the length of the walls. These
values are listed in Tables 8.5 and 8.7. The axial loads in'the upper

22 storeys of the 27-storey building A ‘are used in the calculations

since results were obtained foo only 22 storeys.

u
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8.2.1 Moment in CQfe

The moments in the cores of buildings A and B have been
calculated at each storey from the information given by the measure-
ments on the walls and have been listed in columns 6 and 7 of Tables
8.5 and 8.7. fhe moments prescribed by Eq. (7.25), which considers
the contribution of the mean, and Eq. (7.26), which neglects it, are
listed in columns 3 and 4 of Tables 8.6 and 8.8.

The measured and predicted moments described above are plotted
in Figs. 8.16 and 8.17 for direct comparison. Fig. 8.17 prers that
the apparent consefvativeness of the proposed equatioﬁs in Fig. 8.7
is due‘to the actual out-of-plumb arrangement in building A, This arrangement
resulted in the ca}culation ofléomparatively small moments in the core.
Moreover, the contribution of the ‘hean, which accounts for 15 and 25
bercent of the éontribution of the standard deviation at the S;se of

!
buildings A and B, is apparently a significant factor.

8.2.2 Torque_in Core
T T

.)_xzrf— .
Thefiégques at each core level, as predicted by Egqs. (7.30)

3

and (7.315, are listed in Tablgs 8.6 éﬁd 8.8 for buildings A and B.
Thevtorques calculated from tﬁe aqtual measurements are listed in
Tables 8.5~énd 8.7 and are plotted against the proposed design values
.in Figs. 8.18 and 8.19. Since all the measured values lie well within
the limits prescribed by Eq.‘(7.31) and since the contributibﬁ of,fhe
mean accounts for less than 6.percent of the_contributidn of the

standard deviation in both cases, Eq. (7.31l) seems appropriate for use

in design.
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1 2 3 1 4 5 6 ] 7 8
Storey | StuTey Axial Load Moment’ Torque
No. Height (Kips) . (Ft.-K.) (Ft.-K.)
(Ft.) | Total | Walls #1,2* | Walls #3,4* | x Axis y Axis
22 12 1382 484 207 0.00 0.00 7.49
21 12 2726 954 409 -167.12 12.93 -"17.01
20 12 ') 4140 | 1449 621 -181.90 71.14 45.28
19 12 5520 1932 828 -141.17 40.95 84.21
18 12 6894 2413 1034 -151.20 61.08 - 44.74
17 12 8274 2896 . 1241 170.16 174.15 315.08
16 12 9652 3378 1448 52.90 | -424.68 12.51
15 12 11022 3858 1653 288.87 | ~363.11 4.52
14 12 12406 4652 1551 52.33 | -287.06 -162.39
13 12 13782 5168 1723 - 20.38 151.32 441.12
12 12 15154 5683 1894 -307.48 7.22 158.22
, 11, 12 16406 6197 2006 - 11.47 | -296.46 -207.35
10 - 12 17898 6712 2237 - 3.82| -101.87. 40.36
9 12 19306 7240 2413 -359.24 | -341.45 - 82.02
8 12 20650 7744 2581 -246.09 | -115.22 80.77
7 12 | 22022 8258 2753 - 64,61 123.82 - 9.89
6 12 23398 8774 2925 652. 238.53 141.72
5 12 24766 9287 3096 288. 85.89 - 56.38
4 12- 26146 9805 3268 123.35 428.35 -532.11
3 12 27526 10322 3441 1127.65 73.94 529.04 |
2 12 28910 10841 3614 1438.38 148.85 669.33
1 20 30286 11357 - v 3786 1200.10 645.35 -584.38
: 1857.10 322.00
* Wall numbering given B

TABLE 8.5

FORCES IN CORE OF BUILDING A FROM ACTUAL

in Fig. 6.2.

WALL, OUT-OF~PLUMBS

N\

9
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B
N
1 T2 3 I 4 5 6 "
|Storey | Storey Moment - o Torque
No. Height © (Ft.=-K.) : ) © (Ft.-K.)
(ft.) , ' — —
Eq. (7.25)*| Eq. (7.26)*| Eq. (7.30)**| Eq. (7.31)%x.
. T
22 o 12 - 0.0 0.0 C69.1 . 65.3
21 12 Y 92.3 ‘ 87.5 136.3 - © 7128.7
20 . 12 207.9 193.5 . 207.0 195.5
19 | 12 - | 354.7 325.9 276.0 ©260.7
J.8 12 . 524.7 4779 344.7 - 325.6
17 12 716.9 647.3 413.7 390.7
16 12 . 930.0 5832.8 482.6 . 453.8
15 12 1162.6 1033.0 551.1 520.5
1y 12 1413.5 1246.7 851.2 806.2
.. 13 212 ' 1698.6 1489.8 945.6 895.7
o 12 12, | 1999.2 | 1743.6 1039.9- © 984.9
g 12 2314.2 2008.2 1133.4 1073.6
- 10 12 | ¥ 2643.0 2281.8 T 1228.1 1163.3.
J§§§§- 9 12 2988.5 2567.3 1 1324.8 1254 .8
- Tl 8 12 © 3361.9 2863.9 - | 1417.0 ©1342.1
. 7 12, |. 3736.9 3169.3 p 1511.0 ° 1431."
5. K 12 S 4126.3 " 3484.3 1605.5 | 1520: ‘
o 5 12 4530.0 3808.8 1699.3" 1609. .
4 12 | 4946.1 4142.1 . 1794.1 | 1699.3 ©
3 w12 5376.2 4484.6 - 1888.7 |- '1788.9 ¢ e
2 12 | 5819.9 4835.9 © 1983.,7 . 1878.9, | @M
1 & 20 . 6277.2 - 5196.0 ~2078.1 -| " 1968.3" g
- : 741%8.4 6165.2 i o B i
"% with B = 3.5, EO/’I’L= 2.8 x 107*, and 06 = 2.8 x 1073, .‘
X% with'8 = 3.5, /L = 0.5 x 107", and o %
. b 0
'9, » u’/‘-\\ %
- v i
TABLE 8.6  FORCES IN cOn& OF BUILDING A. -
 FROM STATISTICAL NALCULATIONS *

g

T . ) i’
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K S &

L's J . s . ,4 . N :@;..

L3 N b

g “_',_;1_‘ . T \‘\ :
P PR S R P
S .ﬁ,_Jr_.*L__-__- -_L.*_;___,-‘-__w S 1’- - _’
i Btorey | Storey ! Axial Load . Hnment/ i Torque |
‘| o | Heighe (Kips) (Fr.-K.) , (Ft.-K.,
3 ©(Fr.) }-~ - S b ey
: L, ! ¢ Total ’ Halla #£1; X AXis .y AXis |
v LR SN S ]
# S R N E R T & 56 0.00 7 0.0 ! - 0.0
R S I T P ¢ 73 628 o 353 - 385 - 4,93 | - 46.67
(32 7 12 3208 1027, T 577 42.79. 51 17| - 5.4z ‘
S U B I 3 £0" 1378 N 781 b a2 ;105,18 6.94
| v, 1z 5440 17300 Mt Y90 75.12 1 155.94 | - 16.27
S T P < 2089/, b! 97.38 1 186.10 |, 120.88
! 28 P2 - BL.47 1 354,80 1 -119.60
Poozr o0 e - 71.02 ¢ 520.91 -102.81
, ‘ To20 0t . 74.02 | . 500.73 109.83 1
) 1! -125.68 1 623.91 29.75 fosn
26 1z 292.17 | 637.38 | -232.69
23 o2 . -138.02 | B10.64 | . :2.7«:'
22 o - 20.77 ) 18.44 | 1.67
oo 2 0.60 © 1196.07 .+ 42,63
oo 220.76 | 1387.30 *| -390.23 | ‘
T L 352.49 [ 1669.10 | - .2.70
P a2 126176} 1369. 05,»‘ ~.53.10 :
17 . 364.48 | 2107.0 w-me 1.7
P I 518.30 | 2088.91 | 2
T S F I <202.68 | ’263
T R 207.65 | 2416. 1
13 ! R 41.70 ¢ 2927. 94 09 I
A N L ! ! 199.24 | 3291, zo [ 1002 g
A R » , -306.82 | 3322 ! -461.48 §
- 0 . ' ¥ 4 T sl -429.03 ] 505 bS826.77 1.
o | 961 5 1 -509.12 ! asqgi;ﬁ | ~489.17 |
R T e ~168.95 76252.96 125622 ! N
! , - 68.51 | 605] o3, -223 92 | e
i . 638.75 | 5979.25 . . 66.53 | vt
7 i 836.68 1 5674 1% ; ~97.2’1 e
) | =1496.94 gy 656072 7 1 754,35 | A
i J ; 4 ) . 5.70 711,89 At
! o e 42 B . ( -867.73 1 “HSL. 42, % _h_ﬂ.:)?
1 ST : . ' 228.49 | /37..&6}} -415.94 | -
, ~ H N 2 - hG -
. ’ ERE e . o “ 5 h
" gt »,,,nnmb@(inx given fn Fig. 6.3. - - .
e S A
. s o oy
@ ,4 . . ] . .{"(_/
- - . | | - A4
TABLE 8 7 FORCES IN CORE OF BUILDING B ¥ROM ACTUAL
WALL OUT-OF-PLUMBS - " B F N
- T . -

L . ~

‘
%
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1 2 3 A4 5 6
Storey Storey Moment ~Torque
No. | Height (Fe.-K.) - (Ft.-K.)
(€D Teq. (7.25)% | 4. (7.26)% | Eq. (7.30)%* |Eq. (7.31)%%
34 24 / 0.0° 0.0 14.6 13.7
33 12/ 40.2 38.1 91.7 . 86.3
32 12 134.4 - 1257 150.0 141.0,
31 12 252.3 232.8 201.4 189.3
30 12} 385.7 351.7 253.2 238.0
29 127 535.6 483.3 £305.3 287.0
28 12 701.5 627.2 357.1 335.7
27 12 882.4 782.3 409.1 384.6
26 12 1077.7 948.1 460.6 433.0
25 12 1286.5 1123.6 512.5 481.8
24 12 1508.6 1308.7 ¥ | _ 563.8 530.0 -
23 12 1743.1 1502.6 ¥ 615.6. 578.7 - -
22 12 1590.1 :1705.1 667 .59 627.5
21 S12 2249.2 . 1946..0 +719.4 676.2
20 12 2520.1 2135.0 770,%* ~324.1
19 12 2801.9 2361.2 823uf o o 22,8
18 | 12 ©8095.1 2594.9 saéﬁ? "#27.9
17. 12 .3403.3 | 2839.6 - .g883 2
16 12 3726.1 3094.5 998.2 £ 938.3
15 12 - 4062.8 335952 - 1056.9 - 993.5,
14 12 © 4412.946 %] 3633.0 l 4.1, '1047.37
13, 12 ,4775.*; "1 7 3914.9 72 o, 1102.3 ,
12 12 0.1, £4205.2 . 1231 3 | 1157,5
11 .| 12 | w575 4503.6 = 1.290.0 £212 5
1o - R 12 5936.9 . 4809.9 1348.5 1267.7
9 12 6348.0 | 512%.7 1412.3 - 1327 2w,
8 12 JB777,2 | 5450.1 1465.9 * 1378.0
7 12 "7310.8 %77139; 1524.6 14383.2
& 12 7656.0 ,6113.0 - 1583.2 . 1488.3
5 a2 8112.1 - \leasa ‘9% 1654.5 1555.3
4 27 . 9670.1° 7773.9 1683.7 oy 1582.8
3 16 JL;391.1; .| 9221.5 1903. Qygisiess. - 1788.9
) 15 - 121544 9801.6 " | . 1976.6 " . 1858.1 -
1 15 - | 12852.8 “& 10321.8%" ©2046.8 192401
| »'w.a“l 13567.5 ;; - 10851.6 . g
N I .
 with 8 = 3.5, A /h=2.8 x 107 “, and o, = 2.8 x. 1077,
** with 8 = 3.5, e/L = 0.5 x 107", and oe = 4.0 x 107*. -
' . N2
TABLE 8.8  FORCES IN CORE -OF BUILDING B

"FROM STATISTICAL' CALCULATIONS
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Figure 8.18 Torqué due to wall out-of-plumbs in the core of building A
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. ,r—Equation (7.30) ~ .
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L 0,=4.0X107%)
Il . (Col5, Table8.8)

o -
\_"’w -
~ &
- 4'«\,._.,-[}_,—[ » 5
T Lo S - ['4
. “

P ¥4 e : L"l 1 /‘—‘Equation“(7'.31)
» - Measurévalues = - ¥ | (Col. 6, Tab{e 8.8)
° ~ {Col. 8, Table 8.7) : - J l s
- [ ]

‘ A Y R ® - N " : : ) '

0 . S L]

= 0 5 __ ﬁ h. : 35 20
o f " TorqueX 10-2 (Ft-K) '

\
~

Figure 8.19 Torque due to wall out-of-plumbs in the core of building B
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'x‘f

'fj,S.Q.} Lateral Deflections

P

Y

‘Et 'j:ﬂ 4..Equation (7.37), .which gives an equivalent, wall out-of-
E};'plumb'fér use in ‘an overall stability analysis of a stfucture, has the
[LICAN . . M -

;ﬁ " same form and consequently the same chsracteristics as Eq. (7.18)

\ derived for_coiumn out-of-plumbs. The®efore, the results obtained

! in section 8.1.5 can be extended to the present case.

)\\\ As applied to the 22-storey building A, the equiva}gpt slope
& ' ®arg.0

of the-walls forming the core is Ad/h = 0.00028 + 3.5 x 0.0028/ V88 =

0.00156 Rad. and the slope calculated fér‘buildingli(where n = 136)

4 is 0.00133 Rad. !



CHAPTER IX

COMPARATIVE STUDY

Design equations have been derived and their epplicability
has been confirmed in the previous two;chap;efs, but the significance
of the effeets_in terms of the overall structural design has not been
Jdaeterminea. The importance of the out-of-plumb effept%fﬁh design
can bevevaluated in terms of corresponding wind effectsx |
| The study in this chapter is limited in scope but gives
intefesting results when applied tb core-braced structures. Where
appropriate, the design recommendations given in section 5.4 are
compared with the results of the techqiques‘developed in thiS“report.
A qertain‘;onsistency is achieved by usieglthelfpecified loads in the
ealeuletions.',ﬁo attempt_is made to inelude the wind effects on the
:eoldgn axial loads,which would have resuleed in ?ncfeased‘axial loads,
en theiééewgre‘s?de and reduced axial loeds on the windwafd side? e

with no net difference in the total gravity load.

9.1 Horizontal Forces at Connection Point

Wind pressureshof 35.0 psf in the upper sections of

buildings A and B and 22.0 psf at %égund-level ﬁefe obtained from.

v

the simple procedure prescribed by the National Building Code of
(60)

-
LAY

Canada " Of these pressures, a proportion 8/13 is applied directly

to the windward side of the building and a proportion 5/13 acts as a

o



167

suction on the leeward sidé. The basic wind pressure with a return
period of 30 years 1s 8.5 psf for these buildings.
The shears caused by wind and transmitted to the core were

\

calculated at specific beam-to-calumn conhections in both bﬁ!ldings.

o

The values pnﬁhehtad in’ column 4 of Tavle 9.1 were obtainig {rom the
windward prgégateb given above applied to the partlceiar Eoeiectlon
tributary areas (see Figs. 6.2 and 6.3). The horizontal forces created
in theee conrections by the out-of-plumbs of the columne are presented
in the same table. A sample calculation using Eq. (7.5) is given
below the table. The out-of-plumb to wind shear ratios given in
column 6 indieyte that, in a tall braced building, the out-of-plumb
shears generally govern in the design of the eonnections,while in the
(top storeys tbey still accoent for an-important fraction of the wizd
shears. | | |

The out-of-plumb shears become even more critical in a frame

. » ) ‘ ‘
of the type shown in Fig. 8.1 where the forcos are transferred to a

v

,g\k
‘9 L ) L"‘ ‘ . -
bracing system in the plane of the frame. Tbe;ahears du X0 column
,{;‘“ :.,,, 5, } A

out-of=- plumbs are 1ncreased from bent to bent® égg;&g the transfer but
the #find forces remain constant. It is understood that other signi- -

ficant forces, -such as the P-A forces descrlbed in Chapter 1V, are

also present.

The model shown in Fig. 9.1(a) was used as an example in
Ref. 23 to estimate the out-of-plumk forces in girder—to&(plUﬁncffb
. . ; _ 3 )
connections. All columns are assumed to be erected with initial out-of-

plumbs of 0;0%% Rad.(36)’(see section+5.4.2). The constant forces

x /of value -1.02 kips created at each connection are added algebraically
when transferfed to the bracﬁng sygtem N
: o g . ‘ 7’ %J
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wFigure 9.1- Distribution of horizontal shear in a braced bent
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The same frame has been used in the example of Fig. 8.1 for
an eventua] comparison - The horizontal shnars from Figs. 8.1 and 9.1(a)
are plotted in Fig. 9. 1(b) as a function of the number of columns (2 per
connection). The figure shows that the shears predicted by a constant
column out-of~plumb of 0.002 are unconservative for a small number of
columnS'hut become excessively large as the numher of columns involved

.increases. An arbitrary wind shear, falculated.for a pressure of 21.54

»

psf and a span perpendicular to the plane of the frame of 30 ft.,
has been plotted on the graph to point out that the wind shear 1s

independent of the number 9f columns in the bent. The relative

importance of the wind shear with Zespect to the out-of-plumb shear is

. given by the gravity-to~wind load ratio at thes 'tion under study.
" ";J ) o JU; ‘1_“ ‘ % . Lo . ‘ ~ v' ) . ‘ oo
N L 3 . L

9.2 Shear, and Moment in the Plane of the Floor N o '
v. "E:‘ . o N 8 , : ;. B . / ‘
The pﬁgiion of the floor delimited by column iines No. 8 to 15

E W
in Fig 6 2 must be designed for" shears and moments in the plane of the

o

floor. Assumipg a , wing

;,,""'
to.the core at.a speci

rce in. the xvdirection, the shear transmitted

“«

L 1oor'level b&.the portion7of the floor .

equaloto the sum of the. lateral forces
. “}\f‘ . . ) . ‘f
concentrated at connections No "9, 14 and lﬁ ch shear equal to: 17. 6s

&

kips is calculated at floor level 1 for aow1nd/pressure of 22 psf: and

a-of 800 ft This‘v&i;e is compared in Table 9. 2 with -
3 )

the,s :-. ated ‘at the same store from the 16 out—of—plumbv

described above, is roughl

Je

R
colpmns oh‘ _ ’}8,to 15. The out—of plumb shear is about twicéﬂas
i , .

large ‘as the‘wind shear at that level. The‘valnesvobtained at floor

level-23 show that the wind controls in the upper storeysl

-~
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.\,;‘
LY -+ ' )
; ‘ [ \‘
1 3 4 " 5
A Floor Wind Out~of~Plumb Qut-of-Plumb Effect -
ST ,Level Effect , Effect Wind Effect '
Y J‘&J -
(¢{ Shear ¢ 17.6 k. 36,0 k.t 0| .0
In Floor 23*%% 21.0 k 7.4 k A .35
Moment . 222 ft.-k. 2206 fr.-k.tt 9.9.
In Floor 23%* 265 ft.-k. 452 ftr-k. 1.71
L% Design wind pressure .= 22.0 psf
ok Des;gn wind pressure 35. O psf*»’ . -
T OF. ,3 5 x 70017 E p2 égq 7 7) o - g
. d L J s ’ .
’.«‘ o J l . 7 . ] 3 i
3 . 8 \Q“ i ... * '
Yo - o /16 ¢ ’ e A 5
Mg = 3.5 % .0017 UL (PP (Ll 4+ L;)_]j (Eq.” 7.9)
’ : . =1 ) ' .
L T 9
- C.J B . : / VJ %
7 i f> TABLE 9.2 COMPARISON OF OUT—OF PLUMB AND MIND ' .
N . ».J' ‘ -
- EFFECTS INVFLOOR SYSTEMS f ) o
"' ’\

Lo o ' ) ‘ ,{
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The moments calculated '‘at the same floor sections, uhder the
same conditions, are listed in the second half of the table. The out-
of-plumb moments obtained from Eq. (7.9) far exceed the wind moments at

-

every storey of building A.

9.3 Shear, Moment, and Torque in Core

The simplified method of Ref. 60 was used to calculate the
moments and shears caused by a basic wind pressure of 8.5 psf at each

storey of buildings A and B. The results are presented in Tables,9.3

~

to 9.5. fg;/;abulated values have been calculated for a wind applied
perpendicular to the short face of the buildings. The wind loads (wind-
ward\and leeward compohents combined) and resu}ting shears and moments
in the orthogonal direction can be obtaiﬁed by factoring the tabulated.
values by the approptiate buildiné length-tofwidth ratio given be;ow

tﬁe tables. .

A comparison of the shears given in.column~4 of Tabples 9.3

and 9.5 with those given in column 5 of Tables 8.2 and 8.4 reveals
N k}

that the column out~of-plumbs create shears in the cores of buildings

4 .
A and B which do not exceed 4.5 and 3.3 percent of the wind sﬁgars

(depending on the direction of the wind).
The out-of-plumb moments given in column 6 of ‘Table 8.2

are compared in Fig. 9.2 with the corresponding wind moments for

buil’ing A. Although still small, the fraction of moment due to
,l
column: out-of-plumbs is relatively larger in the upper section of the

- structure than at the base. This - part due to the gravity;tg-
: . Y

wind load ratio but 1s largely a reiicction of the fact that wind

¢

-



1 2 ~ 3 4 5
Storey Storey Wind Load Shear Moment
No. Helight (Short Span)
(Ft.) (kips) (Kips) (Ft.-K.)
27 20 35.¢ 35.0 0.0
26 12 56.0 91.0 . 700
25 12 42.0 133.0 1792
24 12 42.0 175.0 3388
23 12 42.0 217.0 5488
22 12 39.4 256.4 8092
21 12 39.4 295.8 . [ 1116°
20 12 39.4 335.2 147
19 12 39.4 374.6 187 .
18 12 39.4 414.0 2325
17 12 39.4 453.4 2820
16 12 39.4 492.8 33645
15 12 36.8 529.6 39558
14 12 36.8 566.4 45914
13 12 36.8 603.2 52710
12 . 12 ~36.8 640.0 59949
11 12 36.8 676.8 67629
10 12 34.1 710.9 75750
9 12 34.1 745.0 84281
8 12 34.1 779.1 93221
7 12 31.5 810.6 102570
6 12 31.5 842.1 112298
5 12 28.9 871.0 122403
4 12 28.9 899.9 132855
3 12 5.3 926.2 143654
2 12 26.3 952.5 154768
1 20 35.0 ¢ 987.5 166198
. , 185948
. * 1 \
Wind ressure,q(sa) = 8.5 psf. N
Building-dimensions: Long span,147' Ratio = 1.485
' ' Short span, 99'
TABLE 9.3 SHEAR AND MOMENT DUE TO WIND IN

CORE OF (27-STOREY) BUILDING A

173
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\
1 2 3 , 4 5
Storey Storey Wind Load Shear " Moment
No. Height (Short Span)
(Ft.) . (kips) ~ (kips) (Ft.-K.)
22 12 19.7 19.7 0.0
21 12 - 39.4 '59.1 236
20. 12 g 39.4 98.5 946
19 12 39.4 137.9 2128 -
18 12 39.4 177.3 3782
17 = 39.4 | 216.7 . 5910
16 12 39.4 256.1 8510
15 12 36.8 292.9 11584 ~
14 12 36.8 329.7 15098
13 12 4 36.8 366.5 19055
12 12 36.8 403.3 23453
11 12 36.8 440.1 28292
10 12 34.1 474.2 33574
9 12 I 34.1 508.3 39264
8 12 34.1 542.4 45364
7 12 i 31.5 573.9 51872
6 12 31.5 605.4 58759
5 12 28.9 634.3 66024
4 12 28.9 663.2 73636
3 12 26.3 689.5 \ 81594 °
2 12 26.3 715.8 90184
1 20 - |7 35.0 750.8 98773
113789

Wind pressure, q C%B) = 8.5 psf

Building Dimensions:

- Long span, 147" Ratio = 1.485
- Short span, 99' h

.
TABLE 9.4  SHEAR AND MOMENT DUE TO WIND IN CORE

OF (ZZ—STOREY)BUILDING-A
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1 2 3 Sl 4 5
Storey Storey Wind Load Shear Moment
No. | Height (Short Span) ;
. (Ft.) (kips) (kips) (Ft.-K.)
34 7, 24 54.4 54.4 0.5
33 12 81.6 136.0 1306
32 12 54.4 190.4 2938 .
31 12 48.4 238.8 - 5222 %
30 ‘ 12 48.4 287.2 8088
29 . 12 48.4 335.6 11534
28 12 48.4 384.0 15562 ,
27 12 48.4 432.4 20170 -
26 12 48.4 480.8 25358
25 12 48.4 529.2 31128
24 12 48.4 577.6 37478
23 12 48.4 626.0 44410
22 12 48.4 674.4 51922
21 12 48.4 722.8 60014
20 12 48.4 771.2 68688
19 . 12 45.3 816.5 77942
.18 12 45.3 861.8 87740
17 12 ¢ 45.3 907.1 98082
16 12 45.3 952.4 108967 -
15 12 45.3 ' 997.7 120396
14 12 - 45.3 1043.0 132368
13 12 45.3 1088.3 144884
12 12 42.3 1130.6 157944
, 11 12 . 42.3 1172.9 171511
10 12 42.3 1215.2 185586
9 12 L b2.3 1257.5 200168
8 12 42.3 1299.8 215258
7 512 39.3 1339.1 230856
6 : 12 39.3 1378.4 246925
5 24 59.0 1437.4 263466
4 27 77.1 1514.5 297964
3 16 59.6 1574.1 338855
2 15 39.1 1613.2 364041
1 15 . 37.8 1651.0 388239
413004

Wind pressure, q(j%) = 8.5 psf.

Building Dimensions : Long Span, 152° Ratio = 1.333
Short Spam, 114'

TABLE 9.5 SHEAR AND MOMENT DUE TO WIND IN-'

CORE OF BUILDING B -
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Out-of-Plumb x 100
Wind
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" moments due to wind in building A

Fugure 9.2 Comparision of moments caused by column out-of-plumbs and
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moments are added algebraically "from storey to storey while o;t—of—
plumb moments are cdmbined statistically according to Eq. (7113).

‘“A similar comparison ig p?esented in Fig. 9.3 for the méments
caused by the wall out-of-plumbs of building A. The figu:e.indicates
that the out—of—plﬁmb moments can be\proportionally quite large in

’

the upper storeys of a tall building. Fortunately, these results a?e
not significant. A core is designed for the.forces a; its base and
in general for the fd%cé; at one or gwo other locations along thé‘
core. Therefore, the forces preseél in the upper section of the core
are resisted by a stiffer and stronger core than required. ‘

The actualvbuild{ngs, A and B,lhad cores formed of eight and
nine orthogonal walls respéctively. The moments,‘t;fques, and lateral
deflections calculated for only four walls are consequently larger
‘than in the real case. Assuming that the actual eigﬁt walls of building
A carry an e€qual share of the total Vertical load, it can be shown
that the moments predicted by Eq. (7.26) are reduced by 55 percent.
Thus, in the case of the wind acting on the short face of the building
as shown in Fig. 9.3, the moment is reduced fromv39 to about.lQ
. - percent at the top of the building and from-6.5 to about 3.5 percent

»atvthé base.

The results presented in Fig. 9.4 show that the moments in
the core due té column and wall out-of-plumbs are negligible in the
case of’building B. A reduction of 55 percent also exists when the
calculations are based on the actual nine walls.

There are no recommehdations,relafed“to wind in fhe Canadian

(60)

National Building Code which allow a calibratidn of the torques

e
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Wind acting on 1ong face N

Roof
20 .
15 1~
Storey d
10 I~
The compared values are given
in column 3, table 8.6 and column 5,
table 9.4. -
5 -
/
0 10 20 30 40
Out-of-Plumb /
- 2UtolTUMD w100 /(%)

\

~—_and —

Figure 9.3 Comparison of moments caused by wall out-of-plumbs and moments

due to wind in building A
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@ Column out-of:plumbs @ Wall out-of-plumbs
The compared values are given in . The compared.values are given in
column 6, table 8.4 and column 5, column 3, table 8.8 and column 5,
~ table 9.5. table 9.5.
Roof F )
30+
Wind acting on long face
25
20
. Short face
Storey
15 -
Long face —» Short face
10 -
S+ ,
»
7/
0 1 | L ‘ | J
0 1 2 3 4 5
Out-of-Plumb '
_— 100 - %
Wind (%)

Figure 9.4 Comparision of moment; caused by column and wall out~of-plurﬁbs
and moments due to wind in building B
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given in column 7 of Tables 8.2 and 8.4 and in colunns 5 and 6 of

Tables 8.6 and 8.8. However, the simple static :nalysis described

in the commentery on the effects of earthquakes %n Supplement No. 4

to the National Building Code of Canada can be used to calibrate the

out-of-plumb torques. The total lateral forces for an earthquake .

occurring in a seismic zone 2 are calculated as 1032 kips and 1560

ktp?,respectively,for buildinge A and B. The estimated total welghts

of both buildings are annroximately 61450 ann 100000 kips. The

‘calculated lateral forces acting through the design eccentricity

recommended by the code(6o) produce torsional moments in the order

of 7585 Q?f 28236 ft.-k.,respectively,ét the basebof the buildings. -
| The code recommends a design eccentrlcity equal to 1.5

times tne distance between the calculated center of mass and the center

~of resistance of the structure, plus an accidental eccentricity equal

to 0.05 times the plan dimension in the direction of the computed

eccentricity. By reason of its symmetry, building A has an accidental

eccentricity equal to 7.35 ft. The calculated gcdentricity for building

B 1s 7.0 ft. and the accidental eccentricity‘is;equal to 7.6 ft.

The totques created by the out-of-plumbs in these buildings
account for 33 and 38 percent of the accidental torque in the case of
the columns end 27 and 17 percent, respectively,in tne case of the
walls. When the calculated eccentricity ie also accounted fo; in
building B, the proportions are reduced to 16 percent for the columns
and 7 percent for the walls. The propértions related to the walls
in both buildings are further reduced by a factor of 2.5 of the
calculations based on.the\actual number of walls forming the cores.

The out-of-plumbs could therefore induce torsional effects that are

not necessarily negligible.
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9.4 Lateral Deflections

v

It has been shown in sections 5.1 and 5.4 that the most
common technique in an overall stability analysis’ for dnitial out-of- *

plumbs consists in assuming that columns and walls all lean in“thé .
\\,

same direction, as in Fig. 5.1(a). The standards described iﬁ seotion

'
-

5.4,which refer to that model, were agplied to building A and;g gw ed
o ’

'\
\‘.

with the results of Eq. (7.16) and (7. 18) in Eig: 9 5~\ it was shown

S
in section 8.1.5 that curves 1 and 2 in Fig. QvQ were upper\?ohnds
A_~\ .
on the actual lateral deflections for thia\structure In fact, the

-

actual deflection curves. obtained from.the measured column out-of-
plumbs in the x and y direttions were shown in Fig. 8.12 to be well
within these limits. By superimposing Fig. 8.12 on Fig. 9.5, the |
conservative nature of the various code recommendations is evident.
The West German expression (No. 5)(A7), which 1s a function
of the building height, gives the closest estimate. The lateral‘ “
deflections given by curves 4 and 6 are about 13 times larger than the
limit given by Eq. (7.18) at the\top of the building. Cutve No. 6,
suggested by the Swedish Concrete Regulations (B7—1968)(46), has been
obtained for 6 coltmns with a slbpe of 0.007 éad. and 10 columns with
a slope of 0.0035 Rad., resulting in a slope of 0.0048 Rad. at each
storey. ’ | | ‘
By extending the study, it can be ascertained whether some
of these recommendations still have the\same relationship when applied
to structures of different heights. Figs; 9.6 and 9.7 present curves

obtained for a 10-storey building (E.3) and a 5-storey Building (E.1)

respectively. It is observed that the different code requirements are
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@ ag/h=0002 [ CSA-S16.1)
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25 |
20 |-

Floor.Level
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10 | @ A4/h=0.005 ... [ECCS] (Section5.4.1)

®, a4/ = 1/55 /n (in feet)

[DIN 1045, reinf. conc.] (Section 5.4.4)

s Ri/4 ‘ ® Ay/h=0.007 and 0.0035

[B7-1968] (Section 5.4.6)
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[precast reinf. conc.] (Séction 5.4.6)
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e

. , Figure 9.5 Comparison of lateral deflections derived from different code
" specifications for building A
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(Eq. 7.18)
... (Section 5.4.2)

{Section 5.4.1)

(Section 5.4.4) -

0 ] 2 3

4 5 ) 7

Lateral Deflection

Figure 9.6 Comparison of lateral deflections
specifications for building E.3

derived from different code
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Figu’re 9.7 Cbmparison of lateral deflections derived from different code
* specifications for building E.1
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more approgriate to low structures in the sense that the disparities
‘ 7 )
between their predictions and the results of Eq. (7.18) are significantly

(47)

in general estimates the

(41)

deflections reasonably well while the European recommendation J ostill

reduced. The West Gérmaﬁ recommendat ion

remains excessively conservative. Any comparison between the different
code recomﬁendations, howevef, mustjbe carefully interpreted for the
- reasons given in séction 5.1.

For the buildings under sgudy, the deflections preéicted by
Eqs. (7.18) and (7.37) account fof a small. percentage of the deflections
due to wind, as shown in Table 9.6. The column out-of-plumbs have
. @pparently no significant effect on the overall stability of the
.structures. 'The sway induced by the wall out-of-plumbs atcounts for .
less than 5 percent of the sway due to wind when the actual number of
walls is used in the calculations. Although tﬂe-lateral deflectioﬁs
are small fof these buildings of 20 ‘storeys and over,‘it cannot immedi-
ately be concluded that the overall stability of other buildings is not
affected by out?of—plumbs. The éraviey—&a:!}nd load ratio ofHa building,
the type of building, and the number of columns and/or wéllé'ﬁ;eéént

Q

in the Building are all significant factors to be taken into account.
An example is given in Fig. 9.8 where a one-storey braced

structure 1is anaiyzed for tr ‘ferent combinations of columns éhd

walls. ‘Eqs. (7.16) and (7.:6; are used to calculate the horizont. .

R forces‘du; to ouc—of—blumbs " - th. given axial loads. The forces vc

and Hw obtained for column and ...l out-of—plumbs,respectively,a:e

combined- according to Eq. (7.38). Since the defle;tions are directly'

related to the applied lateral loads in this case, the ratids given in

Fig. 9.8 are a measure of the"sway’induced by out-of-plumbs to the sway
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>

OQut-of-Plumb x 100

Building No. of Columns Ad/h*
n (x 10* Rad.) Wind
i %)
A 458 3.67 1.0
B 880 2.73 1.0
* Aay/h = 3.5 x .0017/ *¥/7n (Eq. 7.18)
Wall Out-of-Plumbs: ‘
Building No. of Walls Ag/h** l Qut-of~Plumb x 100
n (x 10° Rad.) Wind
)N
' A
(4 walls/storey) .
88 1.56 6.0
A (8 Qﬁlls/storey) ,
176 1.20 4.6
(4 walls/storey)
136 1.33 3.5
B (8 walls/storey) - ’
306 1.00 2.6
*% A,/h = 0.00028 + 3.5 x .0028/%% 7 (Eq. 7.37)

TABLE 9.6 LATERAL DEFLECTIONS CAUSED BY OUT-OF-PLUMBS

AS A PERCENTAGE OF DEFLECTIONS DUE TO WIND
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1 Column:
P Ay v 802
He = =80} 3.5X0.0017 T =0.48k
h: ‘ 80
1 Wall: 1
PA, 2
Hy = =80 | 0.00028 + 3.5X0.0028 =0.8k
h ~ 80

JHZ+H2
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v HZ + HZ,

—— =0.035
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Figure 9.8 Example—proportion of sway
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caused by the lateral loads. The 5.2 percent out-of-plumb sway obtained
for the one-column, one-wall structure is reduced to 3.5 percent for:

the four-column, two-wall structure carrying the same total l%gd.



CHAPTER X

DISCUSSION

The previous chapters have been devoted to the presentation
and discussion of aspects of structural stability/gelated to PjA and
out-of-plumb effects. The general discussion presenfed in gﬁié chapter
should establish a logical link between these different sections and

emphasize‘the major characteristics of the study.

N

2

10.1 P-A Effects

The P-A effects were briefly discussed in the first sections

of the thesis with emphasis placed on the creation and transfer of
additional horizomtal forces in struct&res; Practical’fechniqueslfor
including second order effects in analysis‘were presented; It was
demonstrated that when an approximate second order analysis is
performed, the horizontal forces in the structure aré not distributed

in a proper manner. Generaiiy, the errors in these forces\d0~n9;
affectthe design of structural members but do .affect the design éf
connections and floor diaphragms.when the second order effects are
important. Such a situation may occur in a pin-connected frame which
relies on a separate lateral support system for stability. The transfer
of horizontal forces in this'&ype of structure is more critical than

in other types of structures.-\

As a general rule, the corréct horizontal force distribution

should be evaluated at specific storeys in any type of structure when

_ _ | 189
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the storey shears éiven in Fig. 3.3 are significant compared to the
applied wind forces. A rédist;ibution of the forces based on the free-
body diagram method described in section 4.3 1is then recommended,
since thé concept of the free-body diégram is familiar to most designers.
When the:sway forces are not significant, the horizontal forces given
by a first order analysis can be used in the design of the connections

and floor systems.

10.2 Out-of-Plumb Effects

The study of the effects of out-of-plumbs on fhe stability
of structures was primarily based on cbre—braced buildings in which a
pin-connected éteel frame 1s supported by a cen&%él‘reinforced concre;e
core. Although the transfer of the horizontal forces is more critical

. _ . N

in this type of structure, the results obtained on core-braced buildings
can be extrapolated to other types of structures including moment |
resisting frames. Thgtsway of a continuous structﬁre creates extra
moments in the members and the additional forces pro&uced are reduced
to a minimum. - The out-of-plumb effects in moment resisting frames are

N2

Statistical methods are essential to describe the nature of:

not investigated as such in this thesis.

el

the out-of-plumb forces. A certain probability of occurrence can then
be associated with the selected factor of safet(\yf> A safety index of 3.5,

corresponding to a probability of failure of 4.6 x 10™*, has been

~

adopted,baéed on discussions presented in section 7.1_and in Appendices
B and C. The adequacy of the seletted safety index and the applicability

of the equations derived in Chapter VII have been confirmed in Chapter

&

VIII.
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The out-of-plumb measurements taken as a part of this research project
and presented in Chapter VI compare quite well with the publishéd
measurements listed in section 6.1. The statistical populations obtained

-are normally distributed, resulting in greatly simplified calculations.

' ' ]

Tbe'calculated means are generally small enoughﬂio be neglected when
the sample dimensions are sufficiently large to present a realistic
estimate of the distribution characteristics. Unfortunately, the
sfandafd deviations obtained in this thesis are specific#to the
building measured. 'They'are apparently typical for sfeelycolumns and
cast-in situ reinforced concrete walls,as observed by comeéring
~ the results of the threetdifferent buildings A,‘B, and C.i The standard
deviation for the reinfofced concrete walls 1s almost double
that measured fof the steel columns, as shown in Table 7.4.
Data from othér'structures are required to estimate the
éffects on the standard deviation of variables like:
= the strucﬁural material,
% - the Lype of structure,
- the erection and plumbing techniques,
~ the skill and experience of the constructsr.
The population mean may also ?g large in sqme cases and the
possibility of systematic variations due ‘to erec;ion.techniques or
errors caused by the use of a faulty instrument, for instance, should

be evaluated. While the mean of the column population is almost

zero, the corresponding "t~ Zor the walls is not negligible.
10.2.1 Connection anc “lc. gn in Braced Buildings
It was demonstr-tz actions 9.1 and 9.2 that the action

of column out-of-plumbs in &« - ~zzed suilding cenerally controls
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the design of beam-to-column connections and of floor diaphragms for
horizontal shears and moments. The forces and ﬁomenﬁs given by Eqgs.
(7.7) and (7.9) should be computed for the loading cases of Ref. 38,
ﬁsing the appropriate load combination factors. In tall buildings with
uniformly varying gravity loads, the shears and moments can bé
calculated at specific lévels and the remaining values obtained by
interpolatioq.

The model shown in Fig. 5.1(b) was incorrect for the assess-
.ment of forces in the plane of the floors. With a suitable ﬁniform
slope equal to BOC, as given by Eq. (7.2), the model would produce
an upper £ound on the forces, which would be equivalent to totally
negiecting‘thé random nature of column out-of-plumbs (See Appendix C).
The application showq in Fig. 9.1(b) provides a graphical representa-
tion of the problem. The straight line is the result of the algebraic
sgmmation of the individual column forces'suggested‘by the model of
Fig. 5.1(b). The curve, obtained from a‘statistical summation,
represents more éxéctly the actual forces in the structure. In this
‘particglar example, since Ad/h = 0.002 is lower than BOC = 0.006,
the actual forces are underesﬁimated by the simple model for
frames having fewer than ld columns. Béyond this limif, a significant
reduction gakes place.

Each beam-to-column connection in a moment resisting frame
can be conservatively designed for an extra horizontal force equal to
0.85 percent of the largest axiél 1053 in the two columns above ané

below the floor (see Eq. 7.5). This assumes that no significant

+transfer of force exists in the structure and that a minimum bracing

force is required to stabilize the columns. A slight reduction of
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this value might be expected in future from an appropriate study on
the effects of ¢olumn out-of-plumbs in continuous frames.
The basic equation used in Russia for the calculation of

! |
out-of-plumb horizontal forces follows the pattern observed in the

(50)

present study Eq. (5.4) should be compared to Eq. (7.18), consider-

ing that El is equal to three times the standard deviation obtained
from measurements taken on concrete structures. The design value
El ='0.012, defined as the total change in‘SIOpe between two columns
(at their intersection), 1is twice as large as BOC = 0.006 for one

column in this thesis and has been described as.too large in Ref. 48.
. The need fo; a variable safety index, which has been

observed in the study presented in Fig. 5.4, is most likely to compen-
sate for the neglect of the variable axilal loads PJ combined as in

Eq. (7.16) or (7.7). 1It has been shown in Appendix D that an expression
of the form of Eq. (7.18) underestimates the "exact" force given by

Eq. (7.16) for a small number of columns. The Russians observed

this trend in their study and compensated by imposing a larger factor

of safety.

The Swedish Building Regulations(Sl) described in section
5.4.6aalso présent the results of a comprehensive statistical approach.
The regulations afe, in some réspects, in good agreement with -the
findings of this thesis. However, the force inaconnection, given'by
Eq.‘(5.6), ié equal to about 3.5 percent of the average axial load

in the load bearing elements; which 1is large when compared to the 0.84

percent found in this study.
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10.2.2 Core Design

Shears and moments in a coreg grom both column and wall out-
of-plumbs can be neglected, according to the calculations presen;ed in
Cﬂapter IX. Howéﬁer, as shown in section 9.3, the torques account
for -a significant‘percenCage of ﬁhe minimum torsional.moments prescribed.
by the Canadian National Building Code(60). The empirical minimum
eccentricity prescribed by tAe code has been intended to account for
_possible additional torsion arising from various sources listed in
Suppleﬁent No. 4 to the Canadian‘Ngtional Building Code. It ;s not
mentioned, however, that the minimum eccentricity 1s also in;endgd to
account %or the possibility of a torque caused by out—of-plumbs but
‘there is no apparent reason why it should not. -‘

In view of the significance of the out—df—plumb torques it
might be more reasonable to include the torsional moments givén by
Eqs. (7.15) and (7.31) speéifiéally. In a three-dimensional analysis
of a structure under earthquake loading, the out-of-plumb torques |
woulé be added to the prescribed calculated and accidental torsional
moments. In an analysis for wind loads, the out—of—plumﬁ torques
wo;ld be considered alone since, in this’casé, there is no proviéion
for a minimum eccentricity of Yoad application. In mixed const;uction
(core-braced building), the torques would be evaluated at specific
'storeys for the factored axiai loads and combined according to the
expression /rfgf:—fz— to account for théir random nature.

It is common bradtice, however, to neglect the three-dimensional
effects in most buildings, based on a recognition of the fact that the’

torques are comparatively small ind that a structure is generally much

- gstiffer and stronger in torsion than necessary.
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10.2.3 Overall Stability

When the overall stability of a structure uﬁder combined
lateral and gravity loads is to be assessed, the extra léteral deflec~
tions caused By céiumn and wall out—of—élumbs can be disregarded.

The deflections caused by the out—of—plumbs account for a very small
percentage of‘the deflections due to wind, as demonstrated in section
9.4 (Table 9.6). i

The uniform slopes given by Egs. (7.18).-2nd (7237)>are
suitable for the assessment of the overall stability of a structure
when the loading case considered is associated with the vertical loads
acting alone, The bresence of initial iméerfections in a structure

-glves rise to an initial sway of the structure. Lateral forces are
computed and applied to the structﬁrg to ptroduce additional deflections
and corresponding P-A shears and forces. The concept has been developed
in Ref. 23 and has been adapted for the Canadian Standards 816 1(36)

for a constant slope of 0. 002 A discussion of the standard is given

in section 5.4.2. )

In a core-braced building or . an equivaient composite
structure, the forces obtained from Eqs._(7.18) and (7.37) should be
coﬁbined together according to the expression /rﬁg_17§§ to account for
theirhréndom nature. As berore, the forces can be evaluated at
specific floors and the intermediate values obtained by interpolation.
The factored axial lrads from\the gravity load case are used in the 4
equations(36). | |
The fictitious horizontal load principle discussed in secrion

3.2 and applied to a cantilevered member in .gection 7.2.3 can be uséd

to justify the application of Eq. (7.18) to moment resisting frames,

]
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The extra moments created in the structure in this manner resist the
sway induced by column out-of-plumbs.

Taking for granted that Eqs. (7.16) and (7.18) provide an
upper bound on the lateral deflections, the different code recommenda-
tions described in section 5.4 were shown to be consérvative in Figs.

9.5 to 9.7. The study demonstrated that a fixed slope, such as 0.002

»

or 0.005,15 not an ippropriate.mAdeIMfor general'applicationf The

West German expression given by equation No. 5.1in Fig. 95 provided a
close estimate in every case. The variable hg suggested by the Germaps'
is in some ﬁays equivalent to the variable n in Eq. (7.18). |
The prescription of the&Swedish Building Code for reinforced

concrete(51>,

Eq. (5.8), conforms in principle to the views of the
present s;udy. However, tﬁe expression éssumes that 20 percent of the
maximum inclination obtained from field measurements is a systematic
variation and 80 percent is random. The maximum.inclination of 0.015
usedSIEjghe equation seems slightly high, as demonstrated in Fig. 9.5.
) R ‘
‘The reduglion factor y, which accounts for the tolgranceArequirements
and the degree of control,‘has no real significance, in view of the
discussion presented in section 5.3.

The entire provision for out-of-plumbs summarized in Fig.
5.5 is, in general, acceptable."fhe mosE curious statement is that

the three types of forces given by Eqs. (5.6) to (5.8) cannot be

combined.

10.3 Coricluding Remarks s .

. The stability of a structure cannot be properly ensured

unless all the major destabilizing forces in the structure are properly

»
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resisted. For’this reasog,.P—A as well as out-of-plumb forceé should
bé given consideration in desigﬁ.

The statistical method presented herein for steel, frames and
cast-in situ feinforced concrete walls can also be applied to cast-in
situ or precast concrete frames,as iong as the characteristICS'of
the respective member out-of-plumb populations are known or_estimated;
A similar typevof approach caane adopted for the evaluation of forces
. in the bracing\members which provide lateral suépért to the compression

flange of initially. crooked beamé and girdﬂFs. An assémbly of bfacing

Q
members and beams in a horizontal plane can be treated as an assembly’
’ Y

of beams and out-of-plumb columns in the vertical. The required

statistical characteristics would be obtained from a survey of beam
|

\

deviations in buildings under construction.

) d
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CHAPTER XI

SUMMARY AND CONCLUSIONS

a

11.1 Summary o :

Different forces which are likely to affect the strength and
stability of buildings and their components were investigated in this
thesis. The forces were classified in three categoriés: the first

order forces, the P-A forces, and the forces due to-initial out—of-

plumbs.

‘The P;A forces were discussed briefly and apbfoximate methods
for their determination were presénted, ’ o

Tﬁe“thesis esseﬁtially concentrated on the investigation
of out-c lumb effects and the development of suitable design f

Procedures. Statistical methods provided an appropriate means of
defining the problems of stability and strength related to structural -
out—of—plumBs. .
Measurements were made on steel columns and concrete walls

in two tall core-~braced buildings dnd one large industrial building under

construction to determine actual characteristics of out-of-plumbs for

use in the statistical calculations.

—~—

Equations were derived for the design of connections, floor
diaphragms, and vertiCal bracing systems affected by the out-of—plumb

forces and methods were suggested for the evaluation of the building

sway movements.

. . , ‘ v
Comparisons with corresponding first order effects have

demonstrated that while‘some'out—ofiplﬁmb effects are negligible,

198
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o
others may be very significant. Moreover, when coSpared to the results

based on present standards, the effects were generally found to be either

under-or overestimated.
The investigation resulted ultimately .in the creation of
more rational clauses for design standards which are related to the

stability of structyres and individual members. The proposed clauses

are listed in the follbwing section.
»
2

11.2 Conclusions

Th; investigation is concluded by presenting the results of
thiigesearch,in the form of proposed clauses for design sténdards.i‘The
actual sections of the Canadian Standard S16.1 "Steel Structures for
Buildings ~ Limit States Design"(36) which relaté to the overall stability
of sfructures<and of individual meﬁ%grs are rewritten in view of the
present findings. Some recommendations which relate to concrete strdcbures
are presented separately for consideration for the appropriate concrete

0
standards.

The section numbering adopted below corresponds to that of

the Canadian Standard but the nomenclature used is that of this thesis.

12.2.1 Proposed Clauses for CSA-S16.1
’ ""Steel Structures for Buildings"

8.6 Stability Effects

8. .1 The analyses referred to in Clauses 8.4 and 8.5 shall
include the sway effects produced by the vertical loadé acting on’
the structure in its displaced configuration, unless the

structure is designed in ;ccordapcé with the provisions of

Clause 8.6.3.
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t

For certain types of structures where the vertical loa..
are small, where the structure is relativély stiff and where
the 1ater51 load resisting elements are well distributed, the
sway effects may not have a significant influence on the design

of the sf:ucture (See clause 9.3.2(b)).

8.6.2 For structures in which the sway effects have been
included in the analysis to determine the design momenFs and
forces (see Appendix J),Vthe effective léngfh facfors for
members shall be based on the sideéﬁay preﬁented coﬁ;ition

(See clause‘9.3.2(;)).

(a) Where a loéding combination produces significant relative
lateral displacements of thé column ends, the sway
effects shall include the efféct of the vertical loads
actiﬁg on the displaced structure but need not include the
sway effects produced by initial ;olumn out-of-plumbs.

(b) However, in a steel~fréme the sway effects shall not be less
than those produced by the vertical loéds écting on the
structure assumed displaced an amount equal to 0.006/2'§q;,

'where n is the total number of columns in the structure
(see sectidn J-3 of Appendix J).

(c, in mixed construction, composed of steel columns and cast-
in situ reinforced concrete walls arfanged’orthogonally, the

‘sw;y effects shallvnot be less than those produced by the

verticai loads acting on |

(i) the columns assumed out-of-plumb by the amount given in

.7 clause 8.6.2(b) and
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(ii) the walls assumed out-of-plumb by an amount equal to
0.0003 + 0.01/%'%n, where n is the total number of one-
storey walls in the structure.

The storey forces obtained in this manner shall be combinea

according to /rﬁz—qfiqiland applied to the structure as in

Appendix J. In this expression Hé/aﬂd Hw are the forces

n

obtained from the column and wall out-of-plumbs respectively.

8.6.3 For structures in which the sway effects have not been -
included in the analysis, the use of éffective‘length factors
~greater than 1.0 (sidesway permitted case) for the Jegign

of columns, provides an approximate method of accounting for
the sway effects in moment resisting frames (see clause 9.3.3).
This provision shall not be used for structures analyzed in

.
accordance with Clause 8.5.

19. Stability of Structures and Individual Members

19.1 General

19.1.1 1In the design of a steel structure, care shall be taken

I ' :
adequate to resist . the

to ensure that the structural system is
forces caused by the factored loads and to ensure that a complete
structural system is provided to transfer the factored loads to

. a . . .

the foundations, particularly when there is a dependence on

walls, floors, and roofs acting as shear resisting elements or

diaphragms. (See also Clause 8.6).

19.1.2 Design drawings shall indicate all load resisting elements
essential to the integrity of the completed structure and shall

show -détails necessary to ensure the effectiveness of the load

'
\»
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resisting system. Design drawings shall also indicate the

requirements for roofs and floors used as diaphraéﬁs.

19.1.3 Erection drawings shall.indicate all load resisting
elements essential to the integrity of the completed structure.
Permanent and temporary load resisting elementsAessential to
the integrity of the partially completed structure shall be

clearly specified on the erection drawings.

19.1.4 Where the portion of the structure under consideration
does not provide adequate resistance to applied lateral forces

and other destabilizing forces, provision shall be made for

transferring the forces to adjacent lateral load-resisting elements.

(a) . Beam~to-column connections and floor diaphragms shall be

designed to resist horizontal forces due to column out-of-

plumbs given by ' : N
/ .
Fd, = 0.006 'Z Pj
j=1

.

where n = number of participating columns above and below

floor level. - ‘

P, = factored axial loads in the individual columns.
(b) 1Individual sections of floor diaphragms shall also be

designed for in-plane moments given by

/3 |
M, = 0.006 £ [P2(L2 + L))
d =1 » b's ¥y 3

where n and P are defined as in clause 19.1.4(a) and Lx

and L are lever arms, taken in two orthogonal directions,

~

from the column to- the point at which the moment is calculated. -

g
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19.1.5 The structure shall be analysed to ensure that adequate
resistance.to torsional deformations has been provided. As a
m?nimum,the bracing system in a structure shall be capable of
resisting a torsional moment , Té, at each storey, given by the
expression of Clause 19.1.4(b), with the summation applied to
the total number of columns in the storey. The torsional moment
is calculated with respect to the center of resistance of the
structure and shall account for the effects of the gravity loads
acting on the out-of-plumbs of the columns. .
(a) A steel structure shall be désigned for the above torsional
moment.
(b) Mixed construction, composed of steel columns and, cast-in situ
, —relinforced coﬁcrete walls arranged orthogonally shall be

able to resist a torsional moment at a specific storey given

by: |

(i) the expression‘defined in Clause 19.1.5(a) as applied\
to the columns aﬁd,

~(i1) the express:o- below as applied to the walls:

0.0015 v (PL)zj

3=1

o]
1]
ae ]

.Y

total number of walls fn the storey

_where n

P = factored axial load in each individual wall

L 1ength of the wall.

The torques obtained in (b) shall be combined according to

% T2 + T2 at each storey.
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19.2 Stability of Columns

v
3

19.2.1 Beam-to-column connections shall have adequate strength
to tfansfer the applied forces, the sway forces (see Appendix J),

plus the forces calculated as follows:

(a) In a simple braced frame, the forces described in Cla;ée
19.1.4(a).

(b) In a continudus frame, 0.85 percent of the largest factored
axial load in the fwo columns above and below the flbof at
a specifié connection.

These forces shall be computed for the loading cases of Clause

7.2.4.using the appropriate load combination factors.

APPENDIX J - Guide To Calculation Of Stability Effects

J.1 _This-guide proyides ;ne approach to the calcula;ion.of the

additional bending momen;s and forces generated by the vertical

loads acting thr§ugh the deflectea shape of the structure.

By this approach, the above,momeﬁts and forces are incorporated

"i{nto the results of the analysis of the structure. However, due

to the apprdximate nature‘ofvthe method, the hdri;ontal forces

to be used in the desi;;\;f floor diéphragms énd béam—to—columm

connections are inexact but can be easily corrected when required.
Alternatively, a seco;d order analysis, which formulates

equilibrium on the deformed structure, may be used to include the

stability effects.

J.2 Combined Loading Case

1

Step 1_- Apply the factored load combination to the structure

(Clause 7.2.2).
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Step

Step

Step

Step
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2 - Compute the lateral deflections at each floor level
-(Ai) by first order elastic analysis.
3 - Compute the artificial storey shears Vi due to the sway

forces.

Ny

v - 1 - .
Vi (A A)

i+l i

4 - Compute the artificial lateral loads Hi.

Hf = v - v
5 - Repeat Steap 1 appiying the \artificial lateral loads Hi
in addition Eo the factored load combination.
6 —:ﬁepeat_Steps 2 through 5 until satisfactory convergence
is achieved. Lack of convergence within 5 cycles may
indicate an excessively flexible structure. In no

case shall the building sway exceed tHe recommended maximum

values for deflections given in Appendix I.

Q

Convergence can be achieved in one cycle by using the expression

given below instead of the equation given in step 3 in the

calculation of the artificial storey shears.

1 s .
! =
Vi 1 _ 1
ZPi(Ai+l - Ai) ZVi
hi
where ZVi = total first order shear at storey 1i; the other

terms are defined in Figure 11.1.
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|+1 ‘-—-
. Ai+1 TP'+1
g it 1 > P Hi L
P
\ h;
Ve A
A
hi 4
Viog
A _
|_1V i-1

where: -

V', = Artificial shear at storey i due to sway forces,
e ZP; =Sum of the column axial loads at storey i,
. A
h; = Height of storey i, and

A, 1.4; = Displacements of levels i + 1 and i respectlvely\

Figure 11.1 Sway forces due to vertical loads
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J.3 Vertical Loads Only

Since vertical loads do not normally produce significant
sway deflections of the structure, the initial sway forces are
computed on the basis of the sway displacements in each storey
produced by initial column out:of—plumBs.

0.006 hi
i 2.2/

net sway displacement at storey 1 (equivalent to

]

where, Ai

Bipr = B
hi = height of storey 1
n = total number of columns in the building.

r

Using these'déflections, the calculations are started at step 3 of

the procedure described in J.2.

J.4 Horizontal Force Distribution

~The procedure describéd in section J.2 produces horizontal
forces slightly in error. The correct forces should be e§aluated
at specific storeys when the artificial ;torey shears, Vi, a;e
significant compared to the applied>latera1 loads at these storeys.
The individual column shears are calculated from equilibrium of
each column with the moments, axial loads, and lateral deflections
obtained from the second order analysis. The correctly distri-
buted hqrizéntal forces are then determined by equilibrium,of
these shears and.applied forces at flobr levels. ' In all other
cases, the horizontal forces given by a first order analysis

should be used.
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12.2.2 Proposed Clauses for Concrete Buildings

(a)

(b)

A structure composed exclusively of load bearingcast-in situ
concrete walls should be designed for an extra éway produced
by the vertical loads acting on the wails assumed out-of-
plumb an amount equal to 0.0003 + OTOl/z‘QTT;Where n is

the total number of one—stg;ey walls in the structure:

A structure composed of load bearing cast-in situconcrete/

walls arranged orthogonally should be able to resist a.

torsional moment at a specific storey given by:

n
T = 0.0015 Y/ 3§ (pPL)?.
w |

i=1
where, n = total.number of walls in the storey
P = factored axial load in each individual wall
L =

length of the wall
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APPENDIX A

PROBABILISTIC .AND STATISTICAL CONCEPTS

The following append}x presents a summary of the probabi-
listic and statistical concepts introduced in the report. Although
there arelmany excellent texts available to fulfill this pﬁrpose, it
is thought that a condensed summary of the essehtial concepts will

greatly facilitate comﬁrehension of the material. For more detailed

discussion with illustrations from civil engineering practice, Refs.

54 and 55 are recommended.

A-1 Probability

If an experiment is conducted N times, and a particular
attribute A-occurs n times, then the limit of n/N as N becomes large
is defined as the probability of the event A, denoted Pr(A).

However, a more general definition is needed to cover the
case in which an estimate of the outcome of an event is principally
intuitive. In this case: '"The probability Pr(A) "is a measure of
the degree of belief held iﬁ a specified proposition A". This inter-
pretation of probability is a broader concept and includes the first

X

definition.

o215
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A-2 Probability Rules

1. If Pr(A) and Pr(X) represent respectively the probabilities

of the event A occurring gnd not occurring, then

Pr(A) = 1 - Pr(A) : (A-1)
2. If A and B are two independent events, then the probability

that both A and B will happen, known as the "joint probability"

denoted by "and", 1s the product of the respective individual

probabilities - that is,

Pr(A and B) = Pr(AB) = Pr(A) Pr(B) ' (A-2)
3. If A and B are two mutually exclusive evéntg - that is Pr(AB) =
0 - then the probability denoted by "or" that one of these

two events will take place is given by the sum of their

individual probabilities:

Pr(A or B) = Pr(A+B) = Pr(A) + Pr(B) (A-3)
4. The probability of an event A is a number greater than or equal

to zero but less than or equal to unity. The probability

of a certain (absolute) event B is unity.

(A-4)

A
[

0 < Pr(a)

(A-5)

1]
[

Pr(B)

A-3 Random Variables

A random variable is a function defined on a sample space.

For example, in the toss of two dice, the sample space consists of the
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36 possible pairs of outcomes. The sum or the average or even the’
square of the summed value for each pair of tosses is a random
variable, because it is a function defined for every point in the
sample spacc.

A sample space involving either a finite number or a count-—
able infinity of elements is said to be 'discrete'". A discrete
random variable is one that can take on only a countable number of
values. A second type of random variable is a '"continuous"
variable. A continuous random variable may take on any value in one

or more intervals and results from measured, rather than counted data.

A-4 Probability Function and Cumulative Distribution
/

A-4.]1 Discrete Random Variable
Y

In the two dice example, the probability of each value of

the random variable x representing the sum of the results of the two
tosses is obtained by adding thepfobabilities of appropri;te points
in the sample space. Becagse each of thé 36 points 1s equally likely
and their total probability must add to 1, each point has associated
with it a probability of 1/36. The "probability function", P(xi),
obtained is sketched in Fig. A-1(a).

The function F(xi) plotted in Fig. A-1(b) gives the p;;babi—
lity of obtaining a value smaller than or equailto so@evvalue X, of
the discrete random variable x and 1is know; as the "cumulative
distribution function" of that random variable. F(xi) can be obtained
kby summing the values of the probability function over those points in
the sample space for which the random variable takes on a value less

than or equal to x, - that is,

i



P(x;)| 1/36 | 2/36-| 3/36 | 4/36 | 5/36 | 6/36 | 5/36 | 4/36 | 3/36 | 2/36 | 1/36

0.2 B
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a) Probability function
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T
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b) Cumulative distribution function

) -

Figure A.1 Statistical distribution for sum of values in tossing two dice
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Pr(x < xi) = F(xi) = D) P(xi) Y (A-~6)
x <X,
__1 <
Clearly,
0 < F(xi) < 1 for all Xy (A-7)
> ' -
F(xi) > F(xj) for Xy 2 Xy » (A-8)

The complement-of the distribution function gives the probability

that the random variable exceeds a specified value - that is,
Pr(x > xi) = 1 - F(xi) (Ag9)
AlSYO s

IP(x) = 1 ' (A-10)

A-4.2 Continuous Random Variable

The case of a continuous random variable is treated in
a manner similar to the discreﬁe va;iable. Here, the distributions
are represented by smooth continuous curvés and the discrete summations
are replaced by integrations.

If F(xi) is the cumulative distribution of a continuous

random variable x, then

lim F(xi) = F(-») = 0
xi - — 00
(A-11)
“\lim F(xi) = F(o) = 1 ‘
x' -+ oo
i

P
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Fo; a discfete random variable the probébility function P(x ) was
defined as 'the probability associated with the value X Such a
direct definition is clearly no longer meaningful for a continuous
random variable. Instead, the definition of the cumulative distri-
bution function is used to define the "probability density function"

f(x) of a continuous variate x as follows:

Pr(x, <x <x, +A)
: X - L i) (a-12)

]
)—J
e
3

|

f(x)

A -0 A
X X

Probability for a continuous random variable, may thus be interpreted
in terms of relative area under the curve defined by the'prqbability
density function. As an example, different probabilities are

represented by the shaded areas on Fig. A-2 for a continuous random

variable x with probability density function f(x).

A-5 Expected Value or Mean

The best known measure of central tendency fg the "expected

value", more frequently called the "arithmetic mean', or sometimes

»,

"the mean". !

When the mathematical form of the distribution is known,

the expected value is defined as

E(x) = ff; x f(x) dx X = continuous random
variable
(A-13)
E(x) = = discrete random

Z xip(xi) Cox
i ' variable



f(x)

X2
f(x)

Figure A.2 Probability density function, f(x)
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The mean is more frequently estimated from the values of n observa-

tions. The "data mean", denoted by X or |, is calculated as

n
F'}
o
X = —— (A-14)
n
where Xy i=1, 2, ..., n, are the values for the n data points.

Other measures of central tendency, such as mode and median are

described in Refs. 54 and 55.

5—6 Moments of a Distribution R

In addition to the mean, other characteristics are frequently
used to describe the distribution spread, symmetry, and peakedness.
These characteristics may be summarized by the moments of the distri-
bution. For the purpose of simplicity only the exp;essions defining
the moments from data will be presented. |

A distribution is completely specified once all its moments
are known. However, many distributions can be adequately described by

the first four moments, and discussion will be limited to these

moments.

The first central moment is always zero
m, = 0 . " (A-15)

and is the difference between the mean and itself.

A-6.1 Variance and Standard Deviation

The second moment about the mean is a measure of dispersion.
-
It is known as the '"variance" Wy, var(x) or 0;.
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|
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N

o2 = i1 S (% x y2 (A-16)
X n i ';T _ i

Eq. (A-16) leads to what statisticians call a "biased estimate".

The corresponding unbiased formula is

2 n 2
PSR (151'xi)
2 = (A-17)

n(n-1)

H~3

Eq. (A-17) is generally used instead of (A-16) as an escihate of the

variance where only a small number of observations is available.

P

The square root of the variance 1s known as the "standard
deviation" and is denoted by the symbolox- A non-dimensional character-

istic called "coefficient of variation' is of special importance and

‘is defined as,

- (A~18)

%1 |

A-6.2 Skewness

The third moment about the mean is related to the asymmetry

or "skewness" of a distribution.

n - -
T3
E (x:t x)
o - i=l1 .
N 3 n
(A-19)
n ; n n n 3
I x I x? Z x I x
P P B ‘%
S L S 5 | =1 * _,li=1
n n n n

The third moment is generally_standgrdized in order to compare

the symmetry of two distributions where the scales of measurement Jiffer.
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. my
0.3 = ; (A-20)

A single peaked distribution with a3 < 0 is said to be skewed to the
left, that is, it has a left "tail" as shown in Fig. A-3(a). If

a3 > 0, the distribution is skewed to the right. For symmetric

distribution, a3 = 0.

A-6.3. Kurtosis .
The fourth moment about the mean is related to the peaked-
ness, - also called "kurtosis'" of the distribution,and is defined as

n

Z (x, - x)"
i=1 * . , ,
m4 - n
. (A-21)
n n no ‘n 2 n )
Loxt T T 2
NS I e 151 1 151 1
L= -4 S + 6 -
n [
z xi
_ 4 li=L \
n
The quantity
m.
_ & .
a, = o , (A-22)

is a relative measure of kurtosis. As shown in Fig. A-3(b); a, is 1.8
for a uniform distribugion, 3.0 for a perfectly normal distribution,

and 9.0 for an exponential distribution.
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f(x) L

(a) Distribution skewed to the left

f(x) —

' a4 = 9 (Exponential distribution) \
/— ‘ as = 3 (Normal distribution)

(14 =1.8
/— (Uniform distribution)

(b) Relative measure of kurtosis

Figure A.3 Moments of a distribution
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A-7 Covariance and Coefficient of Correlation

, The joint behavior of two random variables x and y is

usually summarized by the '"covariance", o -
b

O,y = E(y) - EGOE(y) - (A-23)

If x and y are independent,ox y = 0.

’

The standardized measure of the linear relationship between two

variates is the "coefficient of correlation", p,

(A-24)

p lies between and iﬁcludes -1l and 1. 1If p :-O; the variates are said
" to be uncorrelated. The correlation coefficient only gives a measure
of the linear relationship between two variables.

O

A-8 First Order Probabilistic Approach . -

In a first ordef probabilistic approach, the first tﬁo
moments are used ;o characteriie~é random variable. The ;mean,
standard deviation, and correlation coefficient copcisely describe
Ehe best predictions,‘the;uncerfaingy, and the joinﬁ behavior of fhe

variables.
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A-9 Moment Algebra .

. Properties of Expectation

E(c) = ¢ : (A-25)

E(cx) = cx . . ) , (A-26)

- where ¢ is a deterministic constant.

LN

var (¢) = 0 ' : ‘ (A-27)

var (cx) = c? 0)2( . © (a-28)

Sum of Random &ériables

Let z = x + vy . (A-29)
then z = x + ;. ) (A-30)

o2 = o2 +0%+ 20 (A-31)
z x y X,y - ,

If x and y are uncorrelated

02 = g% + g2 . ‘ (A-32)
z x y .

Difference of Random Variables

o

Let 'z = x -y . s (A-33)

Then z = x -y . | (A-34)

o2 =+g% 4+ 0?2 - 20 (A-35)
z - X y X,y

. - .

If x and y are uncorrelated

02 = o2 4+ g2 * " (A-36)
z X y

D

If x and y are uncorrelated, whether z is the sum or the difference of

x and y, the varicaces 0; and 0; always add to give O;.

_ Product of Random Variables

Let z = xy _ . (A-37)

Then z = x y+ 0O (A-38)

]
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If x and y are uncorrelated

z = xy : (A-39)

02 = ;202 +;202 +0202 (A—ZOO)

"z y x Xy

which is simplified to

viio= 2 oyl viy? (A-41)
z X y X'y

A-10 Normal Distribution

The "normal (or Gaussian) distribution" is the most v .dely
used model in applied probability theory. 1Its probability density

‘function as shown in Fig. A-4(a) is,

2
f(x) = ;5_ exp[-(ngqu) ] (A~42)
e

P

- ®< x <o —~®< <o g>0

S

The mean, i, and the variance, 02, of the normal distribution are
estimated by Eqs. (A-14) and (A-16) respectively. The cumulative normal

distribution is

v"/ x . . ’ 2
F(x) = [ —1 exp [i‘%‘ﬁ—] dz (4-43)
- o _

Q
ﬁ
=

This expression giﬁes ﬁhe probability of a randomly éelected value
from:a'normaladistribugion. Most text-books provide a table of the
cumulatiye distribution funcgion'of a "standardized" nofmhl random
yariaf‘-, which is defined as,

 §

(A-44)
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04 a Normal distribution

03
f(x) 02
0.1
0
-4
X
10 b)  Half-normal distribution
02=0.5

f(x) 2 exp | %
X} = e . P
rag2 202

or o Log-normal distribution

i %

p=0 _

| 1 -1

f(x) = ——o= =~ exp [ (an—u)zj]
oxy 27 202

02=0.3

f(x) O..5

Figure A.4 Continuous statistical distributions
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and has a mean O and a standard deviation 1.

The cumulative probabilitieg of the standardized normalvdistribution
are given in Table A—l.A For a random variable following a normal
distributiont68.3 percent of the probabilities are within *lo

around the mean and 95.5 and 99.7 percent of thé probabilities are

within the uf20 and u*30 ranges respectively.

A-11 Central Limit Theorem

v

The "central limit theorem" is a justification of the wide
use of the normal distribution. This theorem states tha' under very
general conditions, as tﬁe number of variables in the sum becomes large,
the distribution of the sum of random variables will approach the ‘
normal éistribution.

Even if.the number of Qariables‘involved }s only moderately
‘arge, as long as no one variable dominates and as long as the variables

‘e not highly dependent, the distribution of their sum will be nearly

(55)

normal

A-12 - Half-Normal Distribution

The "half-normal distribution" 1s used to describe ndrmally
distributed variates in which only the absolute deviations z .. ' the
mean are known.

The probability density function is

.
£ = /X exp (- X , (A-45)
g 20
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where x > 0 and 0 > 0 is a scale parameter which does not equal the
standard deviation of the distribution. A plot of a half-normal

distribution is given 1in Fig. A-4(b).

A-13 Log-Normal Distribution

The "log~normal distribution” is the model for a random
: ]
variable having a logarithm which follows the normal distribution with

parameters U and 0. Thus the probability density function for x 1is

1 1 2
f(x) = ———exp [- =5 (4n x - W ] (A-46)
ox v 27 20°

where x > 0, -o <y < o, g >0

The log-normal distribution as shown in Fig. A-4(c) is skewed to the
vright, the degree of skewness increasing with increasiné values of o.
Note that u and ¢ are scale and shape parameters respectively and
not location and scale ﬁarameters as in the normal distribution.

By the central limit theorem, it can be shown that the
distribution of the produét of n\independent positivevzlriates approaches
a log-normal distribution. o

The cumulative values for y = &n x can be obtained from the

tabulation of ‘the standardized normal distribution and the corresponding

values of x are found by taking antilogs.



APPENDIX B

EFFECTS OF NON-DETERMINISTIC GRAVITY LOADS.

B-1 Deterministic Gravity Loads
!

The hqrizontal force created by the gravity loads acting on

the out—of-plumb of one column is,
A
s p_0 . -
F = P 5 (B-1)

where P is a deterministic axial load and AO/h is a normally distributed
out—of:plumb variable with a mean, Moo equal to zero and a standard

deviation, O.s equal to 0.0017 Rad. (see Fig. 6.7).

%o
2 ~> §(0,0.0017) ‘ (8-2)

For this case, the resulting design force is given by Eq. (7.3) in

section 7.1.1¢
F = B OC P ‘ (b=-3)

The safety index B has been selected as 3.5. The absolute
‘value of the force Fd then has a probability of not being exceeded

(given by Table A~1) of 0.99954, assuming that P is not a variable.

B-2 Non-Deterministic Gravity Loads

A random gravity load with a known distribution would produce
\ . .
the horizontal force given by Eq. (B-4) when acting on an out-of-plumb

column.

233



234

Ao
F o= Py \ (B-4)

The force in Eq. (B-4) has a distribution-with a mean uf and a variance

OE given by expressions (A—38) and (A-40) in Appendix A.

= + -_—
Mg Mo M+ 0. ‘ (B-5)
W 72 7 2 '
= + + -
Of /fhc op up o, g, op (B-6)
where, Moo = 0.0
Up = mean of gravity load population
g = covariance = 0.0
c,Pp :
c_ = 0.0017
C - .
Op = standard deviation of gravity load population
The covariance O is zero since obviously there is no correlation

b

between the axial load and the out-of-plumb of a column. Then,

_ g
uf 0.0

= 2 2 _
O = 0. PP + op (B-8)
The gravity load is the sum of dead and live loads. Since

(59)

tHe dead and live loads are not correlated , Egs. (A-30) and (A-32)

are used to define up and Op:

Hoo= oug . | (B-9)

+ 0 (B-10)

o
o N
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In these expressions, the subscripts d and & define the
dead and live load distribution characteristics respectively. It can
be assumed that the standard deviation of the dead load is not very

significant compared to the standard deviation of the live load in Eq.

(58,59)

(B-10) The dispersion iof the gravity load distribution will

be very close to the dispersion of the live load distribution. |
The sustained live load distributions for the instantaneous

load, the lifetime maximum load, and the loads for two intermediate

(61). Of these, only the instant-

time periods are given in Fig. B-1
aneous distribution is known from live load surveys(62). Various
theoretical models have been proposed to derive the lifetime maximum

(63’64). Using the live

live load distribution from load survey data
load model of Ref. 63 and the live load data of Ref. 62, the statistics
of lifetime maximum live load have been derived through simulation in

\

Ref. 64.

What is needed in the present case is the distribution of
the lifetime maximum live load intensities given by the dashed curve in
Fig. B-1 and not the arbitrary point-in-time loads obtained from the
iive load survéys. For all practical purpoéesg the lifetime maximum
live load distribution can be reasonably approximated by a normal
distributipn. A computer simulation.has shown that the product of two
normal variables is also very close to a normal. The design horizontal
force for the case of variabie gravity loads can then be defined by

/
Eq. (A-44): h

,Fd = M+ A Of (B-11)

The safety index A in this expression is not neceséarily\3.5 as for RB.

Since “f =0,
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Figure B.1 Probability distributions of live load intensities
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2 2
= + -
Fy A o, up 95 (B-12)
. Eq. (B-12), derived for a non—determinietic load, should be compared
to Eq. (B-3) to determine the value of the factor A that would make

the horizontal forces given by the two equations equal.

8 ' ‘
B~-3 Estimation of Dead and Live Load Parameters

The four parameters H;, Moo Od,and OZ must be estimated in

- Approximaeiens ;i' ) lére listed in Table B-1.
The lifetime maximum_deaa 1 o4 .gd.to have an average value equal
' :n; of van&ation of 0. 07(58’59).
This implies that the maximum'deadﬁload will be within *14 percent
of the design value in 95 percent of all structures.
For an office building floor designed for ™" psf, the expected
maximum live load (mot including pértitions) over a 30-year life would

(59). It has been indicated in Ref. 64

(60

be reduced to about 35 psf
that the Canadian\ﬂational Building Code formula ) for reduction of
floor load with tributary area,‘0.3 + 10//#K— , is fairly cousietent
with calculated maximum lifetime loads based on measurements. ‘Therefore,
~the ratio of expected 30-year 1oad to National Building Code design load
will be assumed to. be 0. 7 independent of tributary area. The results
" of load surveys(62).indicate that the coefficient of variation for maximum‘
floor loads is about 0.3 and is unchanged with increasing area.

For office and residential.buildings, the expected load-at a

given time is approximately equal to the 30-year load for an infinite

area. For office buildings, this corresponds to 0.7(0.3 + 10//:;) 50 psf =



Mean u Coeff. of Variatiop
—nean y
Specified L.o0ad ag/u
Dead Load 1.0 0.07
Live Load
- Maximum 30 years 0.7 0.3
~ At any time 0.21/(0.3 + 10/V/A) 0.3 +0.4/V/A

A is the Tributary Area in sq. ft.

L]

TABLE B-1

PROBABILISTIC ASSUMPTIONS FOR "~

GRAVITY LOADS

238
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[ 4
10.5 psf, a value confirmed by survey results(sg). On the other hand

the coefficient of variation of a load at any time increases with a

decrease in area. The equation given is based on Table 7 of Ref. 62.

life plus the largest extraofdinary event which occurs during the random
duration of this maximum sustained load. The approximations fit the

actual distributions in the upper fractiles of these loads.

Ho = 14.9 + 763/y Al psf (B-13)
O, = Y1I.3 ¥ 15000/Al psf o (B-14)

where Al is the "infiuence areg” which corresponds to four times the
more common "tributépy area", A, in the case of single-storey column
loads.

These results have Eﬁown that fer columns, the prescfibed

design‘loads as a function of area fo the Canadian ﬁhtional Building

'

Code(60> correspond approximately té tﬁe Q.9 fractile of the ﬁaximum
total- load. 'As shown in Fig. B~2, the NBC prescribéd load is‘SO psf
for office bui%dings and for A > 200 ft.2, fhis value is reduced by
a factor 0.3 + lO//j_. Lrﬁe prescribed‘live ioad P in a column ig
then estimated by Eq. (B-lS) for'é coiump tributary area lafger than

200 f£¢.2,

P = 'uz + IIJO' ° k (B—lS)

The value for the safety index ¥ which Corresponds to the 0.9 fragetile
is 1.3 and uz and cl.are given by Egs. (B-13) and (B~14) or are taken

from Table B-1,

!
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National Building Code of Canada’
ot B
40
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Example:

A = 200 f£.2, A = 800 fr.?

Prescrived load = 50 x 200 .= 10000 1bs.

(14.9 + 763/Y800) 200 = 8375 lbs.

I

t -
¢, = Y 11.3 + 15000/800 x 200 = 1096 1lbs.
P = 8375+ 1.3 x 1096 = 9800 1lbs. . ‘ N

-

+ « 2 percent difference.

Using the values of Table B~14
b o= 0.7 x 50 x 200 = 7000 lbs.

o, = 0.3 x 7000 = 2100 1bs.

P = 7000 + 1.3 x 2100 = 9730 1bs.

-
.

<T.. 2.8 percent difference.

¥y

L-4 Probability Calculations

The_distributiﬁns of the two random variables in Eq. (B-4)
are given in Fig.‘B—B(a,b) wifﬁ?their_corréspond}ng probabilit;es.
The dead load is not incldded in the loadvgistriﬁution"shown in (b)
in order to simplify the calculations. The results should not be
{nchanged 51gnificantly. The distribution represented by the continuous

o

curve in Fig. B~3(c) is the distribution of the variable horizqntal
‘s» e f_‘.

fékcﬁx PAO/h for a. deterministic axial load P. The shape of the

‘distribution is the same as in (a) but the gcale is different The

Jjggriancé 1nxch£s case 1s P? oc according to Eq. (A-ZGJK. The horizpntal

g

A



o
&
ro

(a) il

/ 99954 .

" Ag/h
-3.50, He=0 3.50,
(b)
f, ':\:f'
A
Po
g =z
{c) . 4 Po &9

i N
of2= p2 0c2 l"f=,o | -j-'soyc (ug+ 1'309)
Figu¥e B.3 Distributions 3
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shear distribution for a variable axial load P_ is represented by the

0

dotted curve on the same figure. The variance is now equal to

oé(uz + OE) and is always smaller than the variance in the case of

the deterministic load. 1In terms of standard deviations,

. 2 R ° "
o (uy + 1.3 0p) > oY ul o} . (B-16)

The wariance of the di - .on assuming P non-deterministic .Lé‘iﬁ
is reduced from the variance assumiiyy ¥ deferm%Pist{c. The probabilit;aaé$&-
is then greater under the dotted curve fhat the shear force will be
less than 3.50C(u2 + 1.302). By assuming P deterministic; the ébsolupe

value of the shear has a 99.954 percent chance of being less than

this limic.
PAO ) ‘
Pr [[—h—l < 3.50, (uy + 1.30))] = 0.99954 (B~17)
\ ) b
When th xial load is rendom, - ' \
| #
. B, - .
I = . o .
! ; Pr [PO h < 3.5 oc.(u2 + 1.302)] ? ) o

Dividing both sides of the inequality by the standard deviaticon of

- the population, gives

N
;,\'r"
be [Pvoéh . 3.5 (uz + 1.302)] -, ' k;g(bqls)
o (9] u+‘0 ) u+0 - i
"ML "HT9 » C

D>

As shown in section A-10 §f Appendix A, when'a normally distributed

" variable with a mean equal to zero is divided by the standard deviation
‘of the population, the variable is said ;b be standardized.- The |
expression on thé,left hand side of the inequality is then the
.standardizéd horizontai'shear for a non-deterministic ioad and can be

!

called Fst' The new aﬁféty index X for the force obtained in Eq. (B-12)
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is given by the expression on the right hand side. The factor A can be
evaluated from the values of Table B-1 or from‘Eqs. (B-13) and (B-14).

From Table B-1,

u2 = 0.7 P i
o2 = 0.3 My = 0.3 x0.7P = 0.21pP. .
N 3.5 (0.7 + 1.3 x 0.21) p

4.66

Y 0.77 +0.21% p
The probability of Fst being lower thap this value is obta;ned
from the table of the Standard Cumulative Normal Distribution (Table

A-1).

Pro[F < 4.66] = 0.9999984

Pr [IFstl < 4.66] = 0.9999968 ; ?
Using Egs. (B=13) and (B-14) with A = 200 ft.? and A, = 800 ft.?,
My = 8375 1bs. and 02 = 1096 1bs. " 4

o E e

A = 3:5(8375+ 1.3 x 1096) ._ 4. 06

V83752 + 10962

Pr [FSt < 4.06] = 0.999975

Pr [[pstl- < '4.06] = 0.999951

Due to the random nature of the gravity loads, the horizontal shear

.

given by Eq. (B-3) has a real probability which corresponds to

B = 4.2 when the loads prescribed by the Canadian National Building

Code are used in combination with B = 3.5 in Eq. (B—j);
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It is possible to calculate the value of Y in Eq. (B-15)

whic  Jould have held the probability at 0.99954 (8 = 3.5) in Eq. (B-3).

v uz + GE in Eq. (B-18). Then,

This occurs when (UQ + wog)

0.99954

Pr [FSt < 3.5] .

The quadratic equation obtained has a root equal to

J 7 o 3 -
u +02

v - (B-19)

The index Y will be close but never equa% to zero according to this
e;uation. An indeterminate result is ebtalzed:zhen the variation
oé‘is zero. The values in Table B-1 for the maximum live 1oad give
Y = O 15, while Eqs. (B-13) and (B-l4), for the example presented
previously, yield Y = 0.065. Thus, if a gravity load>given by the
mean shown in Fig. B-2 was used, the resulting horizontal shear

calculated by Eq. (B-3) would have a 99.95 percent chance of not

being exceeded.



APPENDIX C

DEGREE OF DEPENDENCE OF COLUMN OUT-OF-PLUMBS

It seems likely that a certain correlation exists between

the out-of-plumbs of the ¢olumns in a Structure. Whether it signi-

ficantly affects the results of the theory developed in Chapter VII

has yet to be verified.

» X and
Y> the variance of the new variable z is given by Eq. (A-31) in
Appendix A:
02 = o 4 g2 4 24 «(c-1)
z Y y X,y :

The vafianée o? is defined in section‘A-

'Ox y,in Section A-7. The horizontal force at a connection péint, as

b

given by Eq. (7.4) in the case of two out-of~plumb columns, 1is now a
g

normally distributed'variab e of the form:

© %

. ) 522 2_2
F o~ N(Plux + quy, Plcx + PZOy + 2P1P20x’y)
For ux f uy = d and Ox = .Uy = g, .

- i 2 2
F ~> N(O, O/Pl PR 420 PR )

where p = Ox y/czvis defined in section A-7 of Appendix A
. ;

as the coefficient of correlation, which is the standa;dized measure

of the joint behavior of two random variables, When p = 1.0, the

variates are positively perfectly correlated and when p = -1.0, they

1246
£

6.1 and the covariance
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are perfectly negativelf correlated. On a graph, these conditions
are represented by straight lines of slope +1 and -1 respectiveiy.

If p = 0.0, the variates are sald to be uncorrelated or perfectly
independent.
The horizontal force caused by n out-of-plumb columns,

assuming a certain degree of correlation between the coiumns, is then

give.. by: . ¥

: // no - n-1
F. = B0 r P +20 L PP 3
d ¢ yop 3 g1 3 3H1 (C 2)

The second term under the root sign is the summation of all
the possible independent combinations of pairs of adjacent columns.
An uppés bound is found when p = 1, i.e. when there exists a positive

linear dependence between the variables. Then,

N‘;, } : : - .’
F o ~>" N0, oY (P, + Pz{,,r‘-)-
F ”% N(0, © (Pl + Pz))
& The fesulting design horizontal force for the general case of
n columns is:

N n , ‘
F, = 8o L p (c-3)
d ¢ a1 3 T .

This is equivalent to the model shown in Fig. 5.1(b) with
all the columns out-of-plumb by BOC. The lower bounins obtaimed by

agssuming perfect independence between the variables {p = 0).

»

~ 2 -2
F ~> N(O, o/Pl+P2)
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F, = Bo vV Z p? o ’ (c-4)

d T C j =1 j
* This formulation is used in Chapter VII, sections 7.1.1 and 7.1.2.
Different combinations of out—of-plumb colemns taken in a
vertical line and in a storey are shown in Fig. c-1. eThe correla-
tions eorresponding to the different combinations, denoted as a, b,
c, and d, can be calculated and can be visualized graphically. An
estimatio%Dof the actual coefficient of correlation for each case can
be obtained from Eq. (A-24). 17The resuies obtained for building E are
list§#d in Table C-1 and the graphical representations, of the two
different correlations pertaining to group 'a' are given in Figs. C-2
and C-3. Fig. C-2 shows the correlation between columns adjaceh% in
vertical lines and Fig. C-3 shows the correlation between adjaeeet
columns at each storey. The yaluee plotted on each figure represent
a sample of the total number of observations. The out-of-plumbs in the
x and y directions are considered together.
The results shown in column‘2 of Table C-1 for groups a and -
b indicate a slight but non-significant depehdence between columns
in vertical lines. The scatter of the points shown in Fig. C-2 "
. S
" confirms these results. The coefficients of correldtion obtained i;
cases ¢ and d where the pairs are one and two ster:s apart are even.
closer to zero. This result was exéEc;ed. It indicates a decreased

dependence of the variabiee as the compared columns are taken farther .

-

apart. The usual practice of erecting tier columns does not seem to
induce a significant degree of correlation between the column out-of-
plumbs from one floor to another. The correlation that could have

existed initialiy.from floor to floor is apparently wiped out during
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Elevation Plan View

Combinations

. Lo .

be a— 1-2,34,56, etc... (adjacent columns)
b — 2-3,4-5,6-7,etc ... {(adjacent columns),
c— 1-3,46,79, etc... {(1stepapart)

d-—.14,58,9-12, etc ... (2 steps apart)

Figure C.1 Column combinations for the evaluation of the degree of
correlation between out-of-plumbs -



1 2 3
R
Combination Coefficient of Correlation, p
*
Type In A Vertical Line In A Storey

- Adjacent Columns 0.072 0.133
- Adjacent Columns 0.063 0.238
— One Step Apart -0.008 0.068
- Two Steps Apart 0.024 -0.022

Defined in Fig. B-1 -

TABLE C-1

COEFFICIENTS OF CORRELATION

FOR BUILDING B

250
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(AO/h)l +1 X 10+3 Rad.

b—
-
-

T S TN N S B 17|
-7 -6 -5 .-4 -3 -2 - 0 1 2

w
£~
.(h
o
~N

Coefficient of correlation = 0.072 (from data)

L

Figure C.2 Correlation between two out-of-plumb columns adjacent in a vertical line
in building B .
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(Ag /h)j 4 1 X 10*3 Rag,

Coefficient of correlation = 0.133 (from data) .

1
|

Figure C.3. Corralation between two out-of-plumb columns adjacent in a storgy
Lo in building B ' .
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the construction of the building by the effects described earlier
in seétion 5.3.

Coefficients of correlation of 0.133 and C.238 for adjacent
columns in .a storey were obtained for buildihg B. The plot corres—
ponding to p = 0.133 is given in Fig. C-3 and shows considerable
scatter. A positive cogfficient of correlation in this case indi.. as
that two adjacent columns in a storey leankin the same positive o
negative dire;Eion more often than predicted by the theory veloped
in Chapter VII based'én total‘independence. Since an uns;fe situation
could result, an evaluéfion of ths effect is mandatory;

Thg results bbtafhed for éombination types gJand d in‘column
3 of Table C-1 confirm earlier ;bservations that the ;grrelétion
decreases fapidly as the columns forming the pairs are taken farther
apart.” It-is béliéved thgt the correlation within a storey is in
greaﬁg. t tied in'tp‘fabrication errors. When girders for a specific
store§ éfé cut slighfly shorggr or ﬂonger, the adjustmént of these
girdersfbetween Ehe columﬁg in a begt might force the columns tonlean
in the ;ame girecfion in the plane of the bent.

In summary, a correlation does exist betwgen column-of-
plumbs. Although it‘is negligible from storey to stotey, i£ 1s signi-
‘ficant within a é;orey. For all practical purposes, p = 0.0 between
columns in vertical lihes, p = 0.2 between adjacent columns in a
storey, p = 0.1 for pairs one stép apart in a storey, and p = 0.0 .
for pairsvmore than one step apart. -

Considering the case of two adjacent columns at a same

storey Eq. (C-2) becbmes;

- WAE.YA 2
F, = B0, {Pl + B3+ 2(0.2) PP

d 2 2

o
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o~ .
Assuning equal axial load in the columns, Sy
Fd = v 2.4 Boc P

The lower bound given by Eq. (C-4) is

Fd = vy 2 Boc P ‘ .

Then, the correlatlon existing between two adJacent columns

increases the horizontal force prediéted by Eq. (C-4) by 10 percent.

© i

For the general case of n columns at_ the same storey,

o)

Eq. (C-2) yields:

n-1 n-2 . 0 O]
PP, i+
F, = B0, zp2+2[ozszpjl+01z RIW
¢ =t 3 a1 3= |
, _ -
Assuming that . _ ) | ,
n-1 - g P2 S
L PP = .
j+1 .
3=1 jj j=1 J
]
and .. ‘ M I . A
L p.p o~ g PZ o :

jljj+2 jlj

o

¥ n , R
' 2 = 2 . .
Fy BGC Y1.6 % PJ 1225 8o, Z p2 | |

=1 J-
_ j=1 ‘ 31 S

T

»
K

which constitutes an increase of 26 percent from the lower bound

A

given by Eq. (C~4). The calculations show that the 2& Eercent limit

is attained at 15 columns.

It remains to check whether this.effect is reduced or.
e o

. M

increased when columns from dif{?rent storeys are combined. By summing

separately within each storey, Eq. (C-2) becnmes:



y

) \\ |
My "4+41 ng-t 14171
Fy = o J/ jfl Pj + jfl p;’*z‘(o;z( .jEI Pijﬂ + jzzl Pij+l
) n -2 ‘ ni*1~2 ¢
+0.1 ( = Pij+2_+ jfl s j+2)1

. ) J'l .

“

where n, is the number of columms. at storey {.

i
This»equa;ﬁon can be simplified‘vithin each storeyfig before:
'//
; r ~ .
S R S 02 !
F.-.o= 5 /.6 2 P+ 1.6 ¢ P2
' . d Cc j . .
¥ j-l e j-l
P
' o n R
S . /4 141" o .
F, = 1.26 3c_/ T P2+ 1 ~p2 o
d c ) AT .
> . J‘l J-l } :
"“Eq. (C-4), applied to the same case, becomes ’ q‘f e ﬁ
” . i} } ‘f\ W . ,
P\B LR . " o 7 " . i o . ) \"‘E§_. .
- -.; //niﬂ 5 i+l 21 e : yooo :
F, = B 7 I P2+ 'L P2 ' -
-d c 3 . 3 P o
j-l N o o 47
s S A ’}J

= This shows that the increase of 26 pbrcent from the lower

'bound”remalns when columns from differe%& storeys are com’ ned.
- . f - \

Eq. (C-2), however, is not practical in'a design for the

horizontal out-of—plumb ferces. "% seems more«logical to use the

expression giving ;he lower bound with an. increased safety index

which would accou&t for the correlation effects and other factors

When a factor B of 3.5 1s" used in Eq (C-4),the real probability

of being exceeded is not 4.6 x 10~ “\Eut 5 x 10 correspondiug to a B

N ¥

™
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A% vaiue of 238. In other words, in five out of a thousand times, the
horizontal forces calcuiated fpr 8 = 3.5 would exceed the predicted

values
The applicationg:given later in Chapter VIII, where several

measugﬁg and predictﬁs quantities are directlv compared,. will justify
‘\\

the chnice of a dhfetw index equad to’ ‘3.5 under the above’ conditions
More important i gzct that the safety index' 8 is actually increased

-~
*frdﬁ 3. 5 to & 2,as sHdwn in Appendix B, because of the random nature

o ¥

v F n
. -y
c results in an average safety index of 3.5 with a
v . . .
corresponding probabilitv of 0. 99956‘
- .

of the gravit loads. The combination of the'effects observed in
%:g .

Appendices B a

Soos
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/ o AP#ENDIX D

LATERAL DEFLECTIONS DUE TO COLUMN OUT-OF-PLUMBS .
' - o .
!

!
Expression (7.163 r%prodﬁced’below as. (D-1) requires
excessive computational effor?s for structures with a large number of

@
egquation cap be simplifieq. , ._wf SN

~ columns. An investigation is/needed to determine whether this

( .
Fee .

S e S
2 ’ ',7'?' ‘, . S .
E P . . '«(v,,
. %31 B N

A ' = j . [» e "’f\g _— .\ v
td = 8g /] 1 " b {3}:‘&(" ‘ w\&‘ .t (D-1)

h c ni¥
Crp, . ‘ c
=y J¥ : ) o RS
R j_l O . '_ ‘* ‘{3".:{’ a .
L e T @R e L
When the column axial loads are assumed to ¥ constant, the’'variable.
. @y - . A , St D e
e Plﬁdisappears.and Eq. (D-1) is reduced to: B : &
- . o S . ! : . C
. SV o _ N & ¥y
. Bo . y
i M o ~
= h - i <« . (D"Z)
Yn ! C
. . Ly )

2 §'@ ‘ ; T . . \\g
- U W - : ) o (
" - : - D-3)

/

- -

where the variable x is a function df*the nUmbet of columns in a .
structure and the Variatiens in column axial loads. The influence of
these two factors on the variable x can be_evaluated.

" i /“’ ) v ‘

’ ‘ : ’
/ i . i *
. .

S | a\ s -

&

ny e

-



Equating (D-1) and (D-3) yields:

RN

n .
) Pj
}—‘ =1
R
: L p2
LR =1 J '
which in turn mes:
X in n
N £n F
where -
’ 'n
N R = .‘jzl
r p?
j=1 J

+ The minimum x vdlue is 2.0 and is

“ L

Eq.

2 .
& g - x = ‘ R,nn;
» . ] /Qn(““—/__z )

(D-4) are cgnstant:

£n

u .
Pl

Thelupper ;imit is not

structures.

£n n

L ' (D-4)

(D-5)

. At

obtained wnen.the'gxial loads in

RS

N

(D-6)

/o ©1/2 &n n

deﬁlned but is in the order of 2. 5 in practical

oAl

Larger values are obtained only in very unusual cases.

Eig. D-1 shows the column layouts of seven-different building .,

Cross-— sections

and 10~ storey buildings by assigning the relative axial

\

The sariable x is calculated -for typica 1, 2, 6,
1

ads, P, 2P,

4

and 4P to the cornef, exterior, and interfcr columns respectively .

Ehe cqlumn axial loads are increased uniformly from fl%&f to floor

o
4

For instance, if.éﬁe top-column
N\

the middle one ang.

of a 3-storey column stack carries 2P

the lower one carry-4P and 6P'respectively.



FlguriD 1 X values for dlfferent column layouts

b
Y -
- *\E‘Jk,“ D v 1 Storey 2 Storeys 6 Storeys 10 Storeys
n/R X n/R. X n/R X n/R X
4 8 24 40
8 16 48 80
568 2.1 360 2.16 Bo1 2.18 i 217
2P .
R 16 32 96 ... | 160
213 2.04 4 521 2.10 —8_5‘? 2.13 m 2.13
ap 1
o o 8 16 48 80
) .. 2.43 _2'.34 95 235 5aq 231 680 229
;“_—' ‘ N ) '~ “,
PO . B s
¢ o o 0 12 24 92 NE :
°c o o 0 313 18| 720" 221|Ggp 221|575 220
"y
: ': ? .._. (“\> v
o e 16 _32) 96 160 .
o e 36 *1°1 783 220|783 220|7g05 220
% '\5"\\ ) \
26 52 | 156 260
W 2.1 6.6 2..15 Tﬁ% 2.17-]m 2.16
A N
P
N .
. s
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In all cases, except in the very unusual case No. 4,'x
does not exceed 2.2. A similar pattern is observed in all arrangements!
The factor X increases slightly when passing from a one~storey to a
two—storey building; the value remains fairly constant as other
storeys aretadded and finally decreases when n becomesﬂlerge. This

behavior is explained by the fact that when n becomes large, the N

4 )

diffe{ence between the axial loads{becomes less significant and R tends
towards vn . At the limit, x is 2.0 as shown in Eq. (D—6). The
notable increase of the variable x in the 2- storey buildings of\Fig D-1
reflects the factor of 2 between the axial loads at each storey. The
number of columns is then’ too small to hide the effeet of the ax1al

A

load variations. - . h ﬁ? ‘
e ' :

- As applied to the actualnaxial loads in bhe 27—storey

: building A (Fig 6.2), x ln 18 62:= 2 10. The column layout of ;: u

3 in Fig. D-1.

building A‘is given in example N ; »
'In view of thesegﬁodk fétions, Eq. (D—3) with x'= 2.2

e S . : e S

is recommended for use in desigd However, th lexgct” EXpression

d(D 1) should be used’ in the’ case- of one or two-gtorey . structures for

a more accurate evaluation of Ad/h.



APPENDIX E
EFFECT OF WALL THICKNESS VARIATIONS

ON MEASUREMENTS OF OUT~OF-PLUMBS

Ly
1

The exact deviation from plumb at a’specifiCJsection of a

wall 1is obtained by using the average of two measurements, one taken
w . ».1 #9_

Y

on eitheﬁmside of the wall.. Measurements taken on one side only do

@énot account for the unaVoidabie thickness variatibns of the wall.

S kT . ¢ & » > Y o
R 9 : . L : A
However, it is:physically impossible to take. double measurements b

RPN . . B p . J G 33

~.

- each wail section
%2
‘ : EP ; b C e,
It 1s possible to determine to what extent the measurements
U : o ‘

cted by estimating the distributlon of the wall thickness

‘ & ‘7 9 .
tions and combining the resultlng variance wlth the variance of

the wall out~ of plumb population. The variance is defined_as the

L

squared value of the sgandard deviation

Thickness measurementS‘were taken wherever possible with a

measnring;tape on the core ofibﬂiiding B. - At least two measurements . -

& .
weréd taken per vertical section of the wall. !

) The variables that &st be distributed and used in the
caiculations are the deviations from the mean at each individual
section. The wall section sheown in Fig. E-1(a) isxthicker at thei
bottom and the measurement taken as shown resuits in an out-of-plumb,
,'-Qaiue smaller than,the actuai. In (b)-the recorded-deviagion is .
larger than‘it‘shoulﬂ bé while in (c) the actual out—of—plumb is

recqrded. Inbother ca%es, as. in (d), the thickness variation does

261 . | .
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4

m - —»'——14— Prescribed thickness

Out-of-plumb |
wall

) . (b) (c) -

Figure E.1 Wall thickness variations
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not affect the measurements. For a set of two measurements at the

seéction shown 1in Fig. E-1(e), the mean thickness is (t + t2)/2 and

the values to be distributed are ti = t; -~ mean and té = t, - mean.
The distribution obtained 1s'given in Fig. E-2 together

with the mean, the standard deviation, and other characteristics.

The distributicn is close to normal. The mean, of course, is zero and

the standard deviation is 0.16". The variaﬁ%% of the measured out-of-

plumbs is the sum of the variance of the actual- out-of-plumbs and the

variance of the deviations of the wall thickness from the mean at /f§§§
specific sections. ) a ' . | ; ’

var (AO)m = var (AO)act + var (dt)“
or Y

var (AO)act = wvar (Ao)m/i var (GET‘ (E—})

v
.

?The standard dev1ation of the measured out—of—plumbs for buildlng B is

4

. given in Table 6. ll and is approximately 0.0023. A reprgzentative value

in units of inches is obtained by multlplying the standard deviation by
the standard storey height in practical /structures, say 144" The ;-

variance is then (144" x 0.0023)2 = (0.33")2,and
. .
. L . o _ v )
var (AO)act (0.33) (O.;6) 0.08 in. .
‘ P , )

The actual standard deviation,shculd therefore be :
8 ‘ ‘ - L

o = /0.08. =" 0.29"

3

which constitute an in31gnificant reduction from O 33' Since the:

effect _s sligL -1y QP the conservatlve side when neglected,.a reduction

will not -2 appl:ied to the measured standard deviation’ in this report.
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