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ABSTRACT

An automatic design method based on an optimality criterion and

constraint gradients is presented for designing various two-dimensional

steel structures subjected to the multicomponent input of static,

dynamic, earthquake, and wind forces. The structural systems can be

trusses, unbraced and braced frameworks. The seismic input can be

one-dimensional and two-dimensional; one-dimension is horizontal, two

dimension is horizontal coupled with vertical. The dynamic forces may

be seismic eXCitations at the base, applied forces at the structural

nodes, and wind forces acting on the structural surfaces. The seismic

excitations include actual earthquake records, response spectra, and

seismic building design provisions. The code provisions include

Uniform Building Code, Chinese Seismic Design Code, and ATC-3-06.

The structural formulation is derived on the basis of the matrix

displacement method and the consistent mass method with consideration

of the second-order P-b forces. The constituent members of a system

are made of either built-up sections or AISC WF sections. The con

straints include stresses, displacements, story drifts, natural fre

quencies, maximum differences between relative stiffnesses, and lower

bound of cross sections. The objective function can be either minimum

weight or minimum cost. A sophisticated computer program, ODSEWS-2D

II iQptimum ~esign of 2-Dimensional ~teel ~tructures for ~tatic,

~arthquake, and ~ind Forces - Version II), was developed for both

analysis and design of structural systems.

Seventy-seven numerical examples are provided to illustrate the
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advantages of using the proposed design method, the assessment of the

ATC-3-06 parameters, the effect of soil-structure interaction of the

ATC-3-06 provisions, the effectiveness of various bracing systems in

designing aseismic structures, the effect of the P-A forces and the

vertical ground excitations on the optimum design, the stiffness

distribution of highrise buildings, the comparision of various seismic

code provisions, the comparison of minimum weight and minimum cost

design, and the influence of story drift constraint and displacement

constraint on optimum design. The notable observations are: 1) the

fundamental period calculated on the basis of mechanics is much

higher than the upper bound of the fundamental period, 1.2T , reca

ommended in ATC-3-06, 2) the stability coefficients are much less than

the upper bound, 0.1, required in the ATC-3-06 provisions, 3) ATC-3-06

equivalent lateral force method and the modal analysis method produce

similar optimal stiffness distributions for a structural system regard-

less the irregularity of the structural configuration, however, the

equivalent lateral force method requires a heavior design, 4) soil-

structure interaction within the ATC-3-06 provisions reduces the

design base shear, 5) the Uniform Building Code produces the lightest

weight among the three seismic structural design provisions, 6) the

K-braced system provides better seismic resistance than the single,

double, eccentric double, and eccentric-K bracing systems, 7) the

combined grouna motions of vertical and horizontal associated with the

P-A forces increases the optimal design weight, 8) the dynamic story

drift based on the root-mean-square superposition of modal drifts
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provides more conservative design than that based on the total dynamic

displacements.
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For

I. INTRODUCTION

A. OBJECTIVE

A considerable amount of research has been expended in the study

f . . b' ld . d . f' . 70, 71o se~sm1C U1 1ng co e provis10ns 0 var10US countr1es.

instance, extensive investigation of ATC-3-063 ,4 provisions has been

performed around the world since it was published. The studies in the

U.S. on ATC-3-06 have principally emphasized the logic of the provi

sions,29 comparatively analyzed the structural system of the various

d .. 46 . d h . 1 d' f . 1co es prOV~S1ons, reV1ewe t e convent10na eS1gns 0 typ1ca

d ' dh ... 72systems, an 1mprove t e tentat1ve prOV1S10ns. It has long been

practiced that conventional structural designs are based on repeated

analyses with assumed stiffnesses of the constituent members of a

given structure. If the preliminary stiffnesses are not correctly

ascertained, a poor design will be the result in spite of the number

of analysis cycles and the sophistication of the analysis computer

programs. Consequently, various response behaviors can be obtained

with different sets of given stiffnesses for a structural system.

Apparently, conventional design processes cannot guarantee an efficient

design. This is particularly true in the case of an aseismic design.

Therefore, if a design is to be reliable, it should be based on optimum

design procedures from which an economic and serviceable structure can

be obtained. The results of an optimum design should satisfy a set of

constraints, such as stresses, displacements, frequencies, buckling

loads, member sizes, and dynamic forces, as well as the story drifts.

Therefore, th~ redistribution of the stiffnesses in a system can be
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mathematically determined according to the constraint and loading

requirements. Furthermore, it is worth noting that with the use of an

optimum design computer program, the design process can be accelerated

and the time needed to produce the design can be reduced considerably.

The primary objectives of this study are to develop an optimiza

tion technique and an associated computer program for structural

design with various building codes including, UBC, Chinese-TJ-II-78,

ATC-3-06 Tentative Provisions, and others. Specifically, the studies

are 1) to derive a primary recursion formula that is based on opti

mality criteria, 2) to derive a secondary recursion formula that is

based on constraint gradients from which the local optimal design

resulting from the primary recursion formula can be reduced further,

3) to develop a mathematical model for minimum cost design, 4) to

study the parameters of ATC-3-06 provisions, 5) to compare the optimum

solutions of various seismic-resistant design code provisions, 6) to

study the effect of different bracing systems on the optimum design of

seismic structures, 7) to study the influence of different support

conditions on the stiffness distribution of structures, 8) to study

the effect of soil-structure interaction, 9) to compare the differences

between optimum solutions based on drift constraints and displacement

constraints, 10) to study the effect of multi-component ground motions

and the second order P-A effect on relative stiffness requirements and

overall stiffness distributions, and 11) to illustrate the design pro

cedures by using an optimum design computer program and to show the

benefit of using the optimum design computer program in engineering

practice and academic usage.
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A comprehensive review of

These two approaches are mostly used in the area of structural

B. LITERATURE REVIEW

The automatic design of structural systems for which optimization

techniques are used has developed rapidly in the past two decades

because of the availability of high speed digital computers and the

growing knowledge developed in optimization theory. Typically, two

distinct approaches to optimal structural design have been used in

recent research programs. The first is based on standard mathematical

. th d 5,12,14,35,40,48,49
programm~ng me 0 s.

these techniques was provided by Pope and Schmit. 45 The second is

based on optimality criteria. In the early 1970's, Gellatly, Berke,

Venkayya and others made extensive contributions to this area. 28 ,37,

60,62

optimization. 67The other approaches are optimal control theory and

special optimization techniques such as dynamic programming method. 21

Because of the complexity of the problem and insufficient knowl-

edge of the dynamic behavior of complex structures, most of the earlier

investigators restricted their designs to structures that were subjected

to static loadings and constraints. A few researchers confined their

designs for structures subjected to static equivalent seismic forces

for simple structures and shear bui1dings. 52 ,64 However, with the

growth in knowledge about the dynamic analysis of complex structures,

a considerable number of investigators have shown an interest in devel-

oping optimization algorithms for structures subjected to dynamic

1 d · d t' t 14,16,17,27,47,48,63,69 Kato et al. 35 andoa ~ngs an cons ra~n s.

Solnes and Holst52 applied structural optimization techniques to

buildings subjected to earthquake loads by using a sequential linear

3



programming technique. Cheng and Botkin14 ,15 used a feasible direc-

tion technique for the design of tall buildings and large frameworks

and included the effect of second-order p-~ forces in their design.

48Similar methods were also used by Ray et al., and Walker and

Pister. 66 Recently, Venkayya and Cheng63 and Cheng and

. 16 17
Sr~fuengfung , extended the use of an optimization algorithm based

on optimality criteria to structures subjected to multicomponent

ground motions. Balling, Pister, etc. 6 used an analysis technique

based on nonlinear step-by-step integration to design a four-story,

three-bay, moment-resisting, planar steel frame.

The method that is used in this study is based on the work of

Cheng et al. 18 The primary algorithm, which they use, is derived

based on an optimality criterion technique. The method is very attrac-

tive for designing structures with a large number of design variables.

To improve the previous work, a secondary recursion formula based on

constraint gradients has been introduced. It is believed that in some

cases the use of this formula coupling with the first recursion can

improve the optimal solution.

The work related to ATC-3-06 may be briefly cited in References.

56Tso and Dempsey compared the torsional provisions of various codes

with the torsional moment that had been obtained by using a response

spectrum technique. Sveinsson et al. 53 studied the provisions for

masonry structures. Zagajeski and Berter068 briefly compared ATC-3-06

and UBC provisions for reinforced concrete buildings. Comparative

studies of optimal solutions by Cheng and his associates. ESSC and

others also performed some comparative studies based on conventional

4



analysis and design.

C. SCOPE OF THE REPORT

A computer program designated as ODSEWS-2D-II (Optimum Qesign of

2-Dimensional Steel Structures for £tatic, ~arthquake, and Wind Forces

Version II) was developed for the purpose of analyzing and designing

two-dimensional structures. The formulation is based on the displace

ment method, and consistent mass method and includes second-order P-A

forces. The structural systems to which it can be applied are trusses,

and unbraced and braced frames. The seismic information can be one

dimensional or two-dimensionalj one-dimension is horizontal, two-dimen

sions is horizontal coupled with vertical. The dynamic forces may be

1) seismic excitations at the base, 2) dynamic forces applied at the

structural nodes, and 3) wind forces acting on the structural surfaces.

The seismic excitations include 1) the records of actual earthquakes,

2) response spectra of Newmark, Seed, and Housner, and those available

in the Chinese Seismic Building Code and ATC-3-06, 3) the Uniform

Building Code, 4) the Chinese Seismic Building Code, and 5) the ATC-3

06 provisions including the equivalent lateral forces with or without

soil-structure interaction and the modal analysis with or without soil

structure interaction. The constituent members of a system are made

of either built-up sections or hot-rolled wide flange sections. The

constraints considered are stresses, displacements, story drifts,

natural frequencies, maximum differences between relative stiffnesses,

and upper and lower bounds of cross sections. The objective is to

obtain the minimum weight or minimum cost of a structural system.

5



A brief discussion of the contents of each chapter of this report

is given below.

In Chapter II, the derivation of the recursion formulas, which

are based on optimality criteria and constraint gradients, is given,

and the determination of the Lagrange multiplier for multiple con

straints and loadings in the numerical procedures is also discussed

in detail.

In Chapter III, the mathematical modeling of the structural

costs, which include the basic charges for material, extra size,

painting, connections, and repair of lifetime damage is discussed.

In Chapter IV, the response spectra, which are generated in the

computer program, are introduced.

In Chapter V, the seismic design codes are briefly reviewed. The

provisions include 1) the ATC-3-06 equivalent lateral force method

with or without soil-structure interaction, 2) the ATC-3-06 modal

analysis method with or without soil-structure interaction, 3) the

Uniform Building Code, and 4) the Chinese Seismic Building Code equiv

alent lateral force method.

In Chapter VI, numerical design results and observations are

given.

In Chapter VII, the complete design procedure in which the ODSEWS

2D-II computer program is used is illustrated.

In Chapter VIII, the work is reviewed, and the conclusions based

on the optimum design results are listed.
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II. OPTIMALITY ALGORITHM

A. MODIFICATION OF KUHN-TUCKER CONDITIONS

Let us assume the objective function is W(x's). This represents

either the structural weight or the structural cost, and the XIS are

the primary variables. In optimization, the objective is to minimize

the weight or costs of the structural system so that they satisfy the

behavior constraint requirements, y.(x's), such as allowable stresses,
J

allowable deflections, and lower pounds of natural frequency of any

particular mode. In the mathematical expressions, we will minimize

W(xl ,x2 '····,xm)

subject to

Yi(X1,x2 ;· ... ,xm) < b i , i = 1,2, ... ,n,

o
Yn+j(x1 ,x2,··· .,xm) < -xj ' j = 1,2, ... ,m.

in which b's are the behavior constraints, xO,s are the side

(2.1)

(2.2a)

(2.2b)

constraints for lower limits of the member sizes, and Yn+j(x1,xZ""xm)

is equal to -x ..
J

The necessary requirement for a local minimum is to satisfy the

Kuhn-Tucker condition

7

i = 1,2, ... ,m (2.3)



with

~.(y.(x1,x2"""x )-b.) = 0, i = 1,2, .. ,n,
1.1. m 1.

o
~ +.(y +.(x1,x2 ' .... ,x.)+x.) = 0, j = 1,2, .. ,m,
nJ nJ m J

~. > 0, i = 1,2, .. ,n,
1. -

(2.4a)

(2.4b)

(2.4c)

~ +. ~ 0,n J
j = 1,2, .. ,m. (2.4d)

By substituting Eq.(2.4b) into Eq.(2.3), one obtains

i = 1,2, ... ,m. (2.5)

Let us consider two sets of .design variables in: Eq. (2.2b) as J, a set

of {x.} satisfying inequality, and J , a set of {x.} satisfying
1. 0 1.

equality. Then, for x. in J, ~ +. is equal to zero in Eq. (2.5).
1. n 1.

Therefore, for such i, Eq. (2.5) becomes

(2.6)

For x. in J , Eq.(2.5) becomes
1. 0

(2.7)

"Equations (2.6) and (2.7) are the modified Kuhn-Tucker conditions.

From these two equations, one obtains

8



n a- l: A. a-(y.(x1,xZ'···'x »
j=1 J x. J m

~

= 1, for x. £ J, (Z.8)a ~

~(W(x1'xZ"" ,xm»
~

and
n a- l: A. a (y. (xl ,xz' ... sX »)

j=1 J x. J m
~

< 1, for x. £ J (Z.9)a 1- ~ 0
ax.(W(x1,xZ'··· sXm»)

~

If any behavior constraints Yt , is not active, then from Eq. (Z.2a),

and from Eq. (2.4a),

\ = o.

(2.10)

(2.11)

Let the number of active constraints be N, then ~he number of non-

active constraints can be given by n-N. In Eqs. (2.8) and (2.9), we

may pick up the potentially nonzero A. IS, which correspond to active
J

behavior constraints, and rearrange these A. 's in Eqs. (2.8) and
J

(2.9), which may now be expressed as

a).. -a-(y. (xl ,xz' ... ,x ))
J xi J m

and

N
- !
j=l

----a----------- = 1,
ax. (W(x1 ,x2 ' ... ,xm))

~

9

for X. £ J,
~

(2.12)



< 1, for x. £ J .
1. 0

(2.13)

We now consider all x. 's belong to set J. By multiplying x7 on both
1. 1.

sides of Eq. (2.12), and then taking the square root as follows:

ax. ~(y.(x1,x2' .. "x))J gX i J m

for x. £ J.
1.

(2.14)

According to Eq. (2.14), a recurrence relation on the basis of Kuhn-

Tucker conditions can be obtained,

v+l
x.

1.

N a 1/2

(

! A. a (y . (Xl' x 2 ' ••• ,X ))
= _j=_l_:_X_1._'_J m_

ax
i

(W(Xl ,x2,,·, ,xm))
(2.15 )

h i h 1 b If X Vi+1 v h h' hwere v s t e cyc e num er. converges to xi' t en xi' W 1.C

is a solution of Eq. (2.14), also satisfies Eq. (2.12).

B. OPTIMUM CRITERION BASED ON STATIC STIFFNESS

According to Clapeyron's theorem, the strain energy of a structure

is expressed by

10

(2.16)



in which {R} and {r} represent load and displacement vectors respec-

tively. The total strain energy, however, should have some limited

value

1.. {R}T{r} < given value, (2.17)
2

which is a measurement of structural stiffness. According to Eqs.

(2.6) and (2.7), one of the Kuhn-Tucker conditions may be expressed as

i = 1,2, ... ,m. (2.18)

The force-displacement relationship can be expressed in terms of

structural stiffness matrix, [K] , as

{R} = {Kl{ r} =
m
I [K]. {r}

i=l ~
(2.19)

in which [K]. is the element stiffness matrix in global coordinates.
~

In Eq. (2.18),

_a_( 1.. {R}T{r})
ax. 2

~

= ~ {R}T a{r}.
2 ax.

~

(2.20)

By differentiating Eq. (2.19) with respect to xi' one obtains

a[K]i
o = ( [K] Hr} + + [K] Hd ) + -ax.{r}1 ax. . .. m ax.

~ ~ ~

a[Kl .
= [K]a{a r } + a ~{r}.

x. x.
~ ~

11
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For a truss element, the design variable is the cross-sectional area,

therefore

E/t. -E/t.
~ ~

[K] . = A. = A. [K] .
~ ~ ~ ~

-E/t. E/t.
~ ~

(2.22)

in which [K]. = [K] ./A .. For a column element of bending deformation
~ ~ ~

combined with axial deformation, or a beam element with bending

deformation only, the design variable is the moment of inertia of the

cross section, r .. For simplicity, the ratio of the cross-sectional
~

area to the moment of inertia is assumed to be constant, n.. Thus
~

EA./t. 0 0 -EA./t. 0 0
~ ~ ~ ~

- 3 2
0

3 212E1./9.. 6E1./9.. -12E1./9.. 6E1./9..
~ ~ ~ ~ ~ ~ ~ ~

4E1. /9.. 0
2

2EI . / 'I. •-6E1. / 'L.
~ ~ ~ ~ ~ ~

[K] . =
1. EA. /9.. 0 0

~ 1.

3 2sym. 12E1. / t . -6E1. /9..
1. 1. 1. 1.

4E1./'L.
1. 1.

En./ t . 0 0 -En./t. a a
~ ~ 1. ~

12E/t~ 6E/9.: 0 -12E/9.~ 6E/9.:
~ ~ 1. 1.

4E/9.. 0 -6E/9.~ 2E/t.
1. 1. 1.

= 1.
1. En./9.. a a

1. 1.

sym. 12E/9.~ -6E/9.~
1. 1.

4E/9..
1.

= I. [K]. (2.23)
~ 1.

12



By combining Eqs. (2.22) and (2.23), one obtains

[K]. = x. [K]:
1. 1. 1.

from which

o[K]i
[K]. =~o~

1. X.
1.

By substituting Eq. (2.25) into Eq. (2.21), one finds that

o = [K] o{or} + l... [K] .{r}.
x. x. 1.

1. 1.

from which

(2.24)

(2.25)

(2.26)

1o{r}
~=

1.

[K]-l[K] .{r}.
x. 1.

1.

(2.27)

By combining Eqs. (2.19), (2.20) and (2.27), one obtains

_0_ (l {R}T{r})
ox. 2

1.

1 T= - -2 {r} [K].{r}.x. 1.
1.

. (2.28)

The symbolic form of objective function is

m
W= L

i=l
p .A.!. =

1. 1. 1.

m
L

i=l
P.ll.x.t.

1. 1. 1. 1.
(2.29)

in which t. is the length of an element, i, p. the unit weight of an
1. 1.

element, i, and lli the ratio of the cross-sectional area, Ai' to the

13



design variable, x., Then by substituting Eqs. (2.28) and (2.29)
1.

into Eq. (2.18), one obtains

p1..n1.'~1.' - ~ {r}T[K] .{r} = 02x. 1.
1.

from which

(2.30)

1 =
T).{r} [K]. {r}

1.

2p.ll. t .X ••
1. 1. 1. 1.

(2.31)

The strain energy stored in an element, i, is

therefore,

(2.32)

m
L u. =

i=l 1.

m 1 T
1: 2" {r} [K] .{r} =

i=1 1.

1 T
T{r} [K){r}, (2.33)

which may also be expressed as

m
1:

i=l
u. =

1.
(2.34)

From Eq. (2. 31) .

1 m
""'\ i: P.ll.x.t. =

1\ i=1 1. 1. 1. 1.

m 1 T
1: T{r} [K] .{r} = U

i=1 1.

14
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we have

W
A =11 (2.36)

By multiplying x~ on both sides of Eq. (2.31) and then taking the
~

square root, one obtains

11 T 1. 12(2 {r} [Kl i {r} j2 2
x. = CA) It (x.)
~ p.l1.ll.. ~

~ ~ ~

By substituting Eqs. (2.35) and (2.36) into the above equation,

yields

(2.37)

in which x. must satisfy at the optimum state. Let us now consider
~

the following recursion relationship at v and v+l cycles,

(v+l)
x.
~

(2.39)

lim (v) _ lim U(v) = U lim W(v) = W lim (v)
when ~'IO Xi - Xi' ~'IO ' ~'IO ' ~'IO u i

Eq. (2.39) converges to Eq. (2.38), which indicates that

= u., then
~

lim (v)_
~'IO Xi - Xi

satisfies both the recursion relationship and the necessary conditions

of optimality. By introducing x.=Aa. into Eq. (2.39) one obtains
1. ~

15



(Aa.) (v+l)
~

= ((~ )1 / 2 ( u:iA )1 / 2 a.)(v).
U a.ll.p . .e.. 1.

~ ~ 1. ~

(2.40)

in which a. is the relative design variable, and A the scaling factor
1.

whose value is equal to the maximum moment of inertia among all

members of a framework or the maximum cross-sectional area among all

members of a truss. If u. = u.A, and ~. = a.ll.p.~., Eq. (2.40)
~ 1. 1. 1. 1. 1. 1.

becomes

I

(Aa
i

)(V+1) = (( ~ )1/ 2 ( ;f )1 / 2 ai)(v).
1.

(2.41)

If one considers the P-a effect resulting from the axial force on a

member, Eq. (2.35) may be 'rewritten as

1 m
T L

i=1
Plll.X.!. =

1. ~ 1. 1.

mIT
L 2' ({r} [K] .{r}

i=l 1.

I T
P.{r} [K ] .{r})

1. g 1.
(2.42)

in which P. is equal to p.n ..e../2 which is half weight of the member
1. 1.1.1 '

differentiate with respect to the design variable, x., and [K ]. is
1 g 1.

the geometric stiffness matrix in global coordinates associated with

the P-a effect.

B~cause the structural weight is to be minimized however, suffi-

cient strain energy is required to bring the structure stay in the

feasible region. For this purpose, u~/'~ in Eq. (2.41) is necessary
1. 1.

to be selected as large as possible, that is, A should be selected as

small as possible. For programming convenience, the Lagrange multi-

plier in Eq. (2.41) associated with WIU may be replaced by

16



A • = minmin

2

) )

(2.43)

This means that A. is the minimum value chosen from all the membersmin

under each loading condition. ~. is the maximum ratio of the actual
J

stress to the allowable stress among all members at the loading

condition j, and ~ is the maximum value of all the ratios basedmax

on the constraints of stresses, displacements, and frequencies.

~j/~max is used as an approximate approach to adjust the original

scaling factor, A, which is based on the maximum ratio for all

constraints. Note that the stiffness constraint is now treated as

stress constraint. For NLC loading conditions, one should obtain NLC

A . . One may use either Eq. (2.36) or (2.43) to evaluate the Lagrange
mJ.n

multiplier.

C. OPTIMUM CRITERION BASED ON STATIC DISPLACEMENT CONSTRAINTS

For convenience of formulation and calculation, let us consider

f I d · It' If h .th d f f done 0 severa 1SP acemen constra1nts. t e J egree 0 ree om

is active, one may express this displacement as

in which XIS are primary design variables. One of the Kuhn-Tucker

conditions of Eqs. (2.3) and (2.4) is

17



aw au.
+ A ---1. =ax. ax. 0,

~ ~

i = 1,2, ... ,m. (2.45)

The term u. can be expresses as
J

Tu, = {Q.} {r}
J J

(2.46)

in which {r} is the actual displacement vector, and {Q,} the virtual
J

load vector in the following form

= [0 0 ... 0 1 0 ... 0 alT.
.th t
J column

In Eq. (2 . 45) ,

au j = {Q,}T a{r}
ax. J ax.

~ ~

(2.47)

(2.48)

If one uses the same process of derivation for the energy constraints

of Eq. (2.27), then

a{r} = __1 [K]-l[K] ,{r}.
ax, x. ~

~ ~

(2.49)

If we consider {Q,} of Eq. (2.47) as load vector that is virtually
J

applied to the structure, the force-displacement relationship can be

expressed as

= [K]{q.}.
J

18
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in which {q.} is the displacement resulting from virtual load vector
J

{Qj}' By substituting Eqs. (2.49) and (2.50) into Eq.(2.48), one then

obtains

au. 1 T
_J = - _{q.} [K] .{r}.ax. x. J J.J. 1.

If we introduce

{Q.} . = [K].{q.},
J g1. 1. J

(2.51)

(2.52)

then {Q.} . becomes the nodal forces of element i in global coordinates
J gJ.

due to the virtual load, {Q.}. From Eqs. (2.51) and (2.52),
J

au. 1 - T
~ = --{Q.} .{r}.
aXi xi J g1.

(2.53)

Remove those degrees of freedom that are not related to the element i

in {q.}, which is modified as {q.}. Then Eq. (2.52) becomes
J J

[K] . {q. }.
1. J

(2.54)

Let {r} . be the actual displacements at the nodes of element i in the
g1.

global coordinates; then Eq. (2.53) yields

au. 1 - T _
~= --{Q.} .{r} ..

xi xi J g1. g1.
(2.55)

By using the transformation matrix, [T], from the local coordinates to

19



the global coordinates, we have

(Q.} 0 = [T]{Q.} 0'

J g~ J e~

and

{r} 0 = [T] Cr} 0

g~ e~

in which the subscript ei represents the element i in local

(2.56)

(2.57)

coordinates. Substituting Eqs. (2.56) and (2.57) into Eq.(2.55),

yields

au.
-.l. =ax.

~

1 - T -{Q.} .{r} .,
Xi J e~ e~

(2.58)

Consider the objective function

m
W= 1:

i=l
p .11 oX o,e. 0 •

~ ~ ~ ~
(2.59)

Then substituting Eqs. (2.58) and (2.59) into Eq. (2.45) gives

or

11oP·,e.o
~ ~ ~

A - T -- --- {Q,} .{r} .
xi J e~ e~ (2.60)

11oP.,e..X.
~ ~ ~ ~

A =-----
T

{Qo} .{r} .
J e~ e~

(2.61)

2
By multiplying both sides by x. and then taking the square root,

~
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1 -T- 1. 1
T({Qj}ei{r}ei)

2
2

x. = (A) " (x.).
l. Tl.P.llo. l.1. 1. 1.

(2.62)

By using x.=Aa., and then considering the recursion relationship, we
l. l.

will have

(v+l)
(Aa.) =

l.

1 T 1. (v)-2 ({Q.} .{r} .A)2J el. el.

(A . ) "a.
ml.n 11 •a . p . llo • 1.

1. 1. l. 1

(2.63)

In the computer analysis, A. is obtained as follows:ml.n

•
( l;. 2 Px. ) 2 )A . = min ( u~ A )( Px Jm1.n

1. max
2

min~ _" i:i
P

~ t
i Jtp,P,j ) ) (2.64)=

{Q.} .{r}. max
J e1. e1.

in which l;.f is equal to 11. a . p . t . ,
l. 1.1.1.1

I •
U. 1S

1.

- T -equal to {Q.} .{r} .A, and~.
J e1. e1. J

is the ratio of the actual displacements (i.e., only those displace-

ments associated with the j active displacement constraints) to the

allowable displacement for each loading condition. ~ is the maxi-max

mum value of all the ratios for all the constraints and loading

conditions considered. Thus, A. is sorted out as the minimum valuem1.n

for all members under each active displacement due to .each loading

condition. For NLC loading conditions with total nJ active displace-

ments, we can have nJ Amin . ~j/~max is used to adjust the original

scaling factor, A, which is based on the maximum value of the ratios.
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By considering the P-~ effect on the stiffness, one may write

Eq. (2.63) as

(v+1)
(Aa. )

~

(2.65)

in which {Q .} . is the geometric force vector of the element i
gJ e~

occasioned by the displacement resulting from the load vector {Qj}'

and A. should be obtained in a similar manner as shown in Eq. (2.64)
m~n

with the inclusion of the P-~ effect.

D. OPTIMALITY CRITERION BASED ON THE CONSTRAINTS OF DYNAMIC ENERGY,

DISPLACEMENT AND NATURAL FREQUENCIES 18

1. Dynamic Stiffness Constraints. The derivation of the dynamic

constraints is similar to that of static stiffness, which is also

treated as the dynamic stress constraints. The recursion equation may

be expressed as

(Aa.)(v+1)
~

W 1/2 T= ((u-) (({r(x,t)} [KJi{r(x,t)}
I T

- P.{r(x,t)} [K ].{r(x,t)}
~ g ~

2 T 1/2- P {r(x,t)} [M ),{r(x,t)})A/2n.ct,p.L)
s~ ~~~~

(2.66)

in which p is the frequency obtained on the basis of Rayleigh quotient,
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[M ]. is the structural mass matrix of member i in global coordinates,
s 1.

and the variables, x and t, represent the design variable and time

respectively.

and

m
U = 1:

i=l

m 1 T
u. = I Ze{r(x,t)} [K] .{r(x,t)}

1. i=l 1.
I T

- P.{r(x,t)} [K ].{r(x,t)}1. g 1.

- p2{rex,t)}T[M ].{r(x,t)})
s 1.

(2.67)

w=
m
1:

i=l
w. =1.

m
1:

i=l
1l.x.p.1.1. 1. 1. 1. (2.68)

However, W/U may be replaced by A. as inm1.n

l; '.
A2 Px. 2 )

A = min (( ~ )(~)min u.1. max

w. Px.
) 2)= min (( .2. )(-2-

u. Pxmax1.
(2.69)

in which u. and w. are expressed in Eqs. (2.67) and (2.68) respective-
1 1.

1y, l;: is equal to w./A, u: is equal to u.A and the other terms1. 1 1 1

have already been explained in Eq. (2.43).

2. Dynamic Displacement Constraints. Similiar to the derivation

of the recursion for static displacement constraints, the recursion

expression for the dynamic case can be expressed as
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(Aa.) (v+1) =
~

1/2 . - T(0.. ) a.(({Q.} .{r(x,t)} .
m~n ~ J e~ e~

'- TP.{Q .} .{r(x,t)} .
~ gJ e~ e~

2.- T 1/2 (v)
- P {Q.} .{r(x,t)} .)A/ll.a.p.~.) )

] e~ e~ ~ ~ ~ ~
(2.70)

in which {-Q"} is the inertia force vector of the element i due to
j ei

displacement resulting from the load vector, {Q.}, and
J

(
,: 2 Px. )2)

A • = min (u~.' A ) ( -..:.L
m~n Px

~ max

= min - T '- T
((Tl.x.p.~./({Q.} .{r(x,t)} . - P.{Q .} .{r(x,t)} .

~ ~ ~ ~ J e~ e~ ~ gJ e~ ·e~

2=T l2- p {Q.} .{r(x,t)} .))( D ))
J e~ e~ ~max

(2.71)

in which Px. and Px are for the dynamic case, that are similarly
J max

defined in Eq. (2.64), ,~ is equal to Tl.a.p.~., and u: is equal to
~ ~ ~ ~ ~ ~

- T '- T 2= TA({Q.} .{r(x,t)} . - P.{Q .} .{r(x,t)} . - p {Q.} .{r(x,t)} .).
J e~ e~ ~ gJ e~ e~ J e~ e~

3. Dynamic Frequency Constraint. For the constraint on any natural

frequency, w., the recursion equation may be written as
J

(Aa.)(v+l) =
~

T 'T
a. (({~.} [K].{~.} - P.{~.} [K ].{~.}
~ ] ~ J ~ J gl J

2 T 1/2 (v)- w. {~ .} [M ]. {~ . } ) AI" .ex •p . g, • ) )
]] Sl] 1~~~

in which {~.} is the normal mode and
]

24
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( ': 2 P,c. 2)
Xmin = min (u~ A )( r )

1. max

= min
T

((ll,x,P.2../({~.} [K] ,{4>.}
1.1.1.1. J 1. J

, T
P,{4>,} [K ] ,{4>.}

1. J g1. J

2 T Px j 2
- III. {l/l.} [M ]. {l/l. }))(o--) )

J J S 1. J ~max

where P,c. is the ratio of the allowable frequency to the actual
J

frequency of the jth mode and P,c is the maximum value of all
max

(2.73)

the ratios for various constraints and loading conditions including

static and dynamic loadings, if any. It is apparent that the maximum

is searched for in each member i corresponding to the particular mode

being investigated. ,! is equal
1.

T 'T
A({l/lJ'} [K]1.,{l/lJ'} - P.{l/l,} [K].{l/l.}

1. J g1. J

equal to

4. Determination of Energy Density for Dynamic Design. As

discussed in Sections 0.1, 0.2, and 0.3, the strain energy, virtual

strain energy, and kinetic energy are included in the calculation of

energy density for each individual member i. However, in designing

high-rise buildings or buildings with a low value of the fundamental

natural frequency, the negative value of energy density may be

obtained for the members on the upper stories. According to the

numerical procedures, all members with negative values of energy

density should be redesigned as passive elements. The weight of a

structure would not be further reduced and sometimes could be

increased in the next cycle of iteration because of the enormous
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increment in structural flexibility; the excessive deflection would

cause a larger scaling factor. To prevent an incorrect redistribution

in the sizes of the members, the kinetic energy should be taken as zero

when the energy desity of the member is negative. Therefore, if the

energy density of the member i is negative, then Eqs. (2.66), (2.70),

and (2.72) can be rewritten as Eqs. (2.74), (2.75), and (2.76)

respectively.

(Aa.) (v+l)
~

(Aa.) (v+1)
~

(Aa.) (v+1)
~

= ((~)1/2 (({r(x,t)}T[K] .{r(x,t)}
U ~

'}T } 1/2 )(v)- P.{r(x,t) [K ].{dx,t) )A/2n.a.p.9..) a.
~ g~ ~~~~ ~

= (( uW )1/2 (({Q.}T.{r(x,t)} .
J e~ e~

I _ T 1/2
- P.{Q .} .{r(x,t)} .)A/n.a.p.9..) a.

~ gJ e~ e~ ~ ~ ~ ~ ~

I T 1/2
- P.{~.} [K ].{~.})A/n.a.p.9..) a.
~J g~J ~~~~ ~

(2.74)

(2.75)

(2.76)

in which the total energy, U, should not include the kinetic energy

term.

E. RECURSION RELATION BASED ON MULTIPLE ACTIVE CONSTRAINTS

In any design, it is possible to have more than one active
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constraint when the restraints on displacements, stresses, and

frequencies are imposed simultaneously. Therefore, it is necessary

to find the Lagrange multipliers corresponding to the active

constraints of current design variables. However, because of the

difficulty in making a numerical calculation, the minimum value of A

for all active constraints of member i is adopted in the recursion

relation, which is given as

(a.)(V+l)
~

(2.77)

in which A
J

is the minimum value of A deter~ined from all active

constraints for an individual member i and expressed as min(A .. ). The
1J,

maximum value of u .. is also obtained from all active constraints ~f
~J

member i. Thus max(u .. A
J

) is the upper bound of the member size
1J

requirement for all active constraints for all loading conditions.

Note that the static displacements are combined with dynamic displace-

ments from which the stresses are calculated.

F. CALCULATION OF CONSTRAINT GRADIENTS

The recursion relation based on strain energy criterion in

conjunction with the scaling procedure presented in the previous

sections is sufficient for designing optimum structures with various

constraints. The design, however, can be further improved by using

an iterative algorithm based on constraint gradients for which the

algorithm is of the following form
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(v+l)
a.

1
= a~V) + s(~a.)

1 1
(2.78)

in which v and v+l refer to the cycle of iteration, a. is the relative
1

design variable of member i, and s is the step size determining the

rate of approach to the algorithm. The value ~a. is determined by the
1

influence of the design variable of member i on the active constraints.

The procedures for determining ~a., which is based on the active
1

displacement constraint and active stress constraint, are presented

below.

1. Determination of Aa. Based on Displacement Constraints. Let
1

us consider a structure has been optimized to a local minimum. If we

increase a member size and reanalyze it, two possibilities can be

found in the behavior of the structure: a) the displacements in active

degrees of freedom are increased, and b) the displacements in active

degrees of freedom are decreased. The former is called negative

influence because the structure is less stiff when the member size

is increased, and the latter is called positive influence. If the

procedure is repeated by changing member size one by one, one can

discover which member can be reduced in size. However, this informa-

tion does not provide the magnitude of change. An overshooting

problem could occur in the optimal process if the magnitude of change

in the member size is not suitably chosen. To overcome this problem,

the following procedures are derived.

Let us reduce size of all the members in a structure by a certain
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percentage. This change will reduce the structural stiffness, and

consequently, the active displacement, r., is increased beyond the
J

constrained surface by Ar .. In order to bring it back to the cons
J

trained surface, one can increase the size of members which have

positive influence. The magnitude of the increment of member size,

~x., is determined on the basis of the assumptions that the change in
~

displacement is directly proportional to the change of member size,

and the change of member size is inversely proportional to the member

length because an increase in size of a member with a larger length

causes a larger increase in weight. Thus, the increment in member

size, Ax., can be expressed as follows:
~

dr ..
~x. =Q~

1. x. •
1.

(2.79)

in which dr .. is the change of displacement in the active degree of
J1.

freedom j due to the unit change in the size of member i, and Q is

a constant proportionality, which is determined by evaluating the

average influence on the change of the displacement in the active

degree of freedom occasioned by the unit change in the size of members

those have positive influence. In order to determine Q, let us

assume that dr .. is directly proportional to the member size, x., and
J1. 1.

the change in r. due to ~x. is ~r .. , then
J 1. J1.

~r.. dr ..
---J2; = ---J2;
Ax. x.

1. 1.

from which
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dr ..
ar .. ::: --12: ax.

JJ. x. J.
J.

By introducing x.=Aa. into the above equation, one has
J. J.

(2.81)

(2.82)

Thus, the total change in r
j

due to the change in member size, ~xi'

is

m m dr.,
Ar, = ! lir.. = I --:!.:.. lia.

J i=l JJ. i=l ~i ~
(2.83)

in which m is the number of members that have postive influence on r,.
J

By substituting Eq. (2.79) into Eq. (2.83), one has

m 1 2
b.r. = Q ! ~(dr .. )

J i=la i i JJ.

in which Q=QjA. From Eq.(2.84), one finds that

lir.
Q = J'--__

Substitution of Eq. (2.85) into Eq. (2.79) gives

(2.84)

(2.85)

b.r.
li~. = -=J:.-__

~ m 1 2

1: --r-(dr 'k)
k=l a k k J

(
dr ..

! ~:l. ).

~

30
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Aa. is assumed to be zero if the value computed from Eq. (2.85) is
~

negative.

It is possible that more than one displacement exceeds the limit.

Under these circumstances then, it is necessary to determine the

change in each element size separately for each constraint. The

largest value of Aa. shall be used for the actual change in the size of
l.

tne i th element.

2. Determination of ba. Based on Stress Constraints. The
1.

determination of Aa. based on stress constraints is similar to that
1.

discussed in Sec. F.1. If "j It is the member at which the stress

constraint is active, and do .. is the change in a. occasioned by a unit
]1. J

change in the size of element i, then the required change in the size

of i th element is determined by the following expression:

(2.87)

in which do .. is calculated on the basis of dr .. , and the constant of
J1. J1.

proportionality is

~a .Q

1
:: .;::.J _

m 1 2
! ~(dO'k)

k=l (Xk k J

(2.88)

m
in which bo. = Lbo .. , which is determined from the summation of

J i=1 J ~

the differential stress (the difference between the actual stress and

the allowable stress) associated with the active stress constraint of
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member j, occasioned by the size changes of member i. The required

change in relative design variable for Eq. (2.78) is then given as

aa. =
~

Ao.___~J__ (

m 1 2
1: --v:- (do. k)

k=1 ak k J

do ..
i.~~ ).
~

(2.89)

3. Numerical Procedures for Calculating the Constraint Gradients.

The detailed numerical procedures for calculating the constraint

gradients are given below.

Step 1. Determine the most active constraint based on the design

variables that satisfies the optimum criterion. At this step, the

system stiffness matrix, [K], and the displacement vector, {r}, are

stored as well.

Step 2. Calculate the stiffness matrices, [K]. and [K']., of each
~ ~

individual element i. Here, [K]. is the element stiffness matrix in
~

the global coordinate corresponds to the design variable x. determined
1

in Step 1, and [K']. is the element stiffness matrix in the global
~

coordinate and corresponds to the design variable with the unit change

x.+l.
~

Step 3. Calculate {dr}. according to Eq. (2.78).
~

If the

displacement constraint is the most active constraint, then proceed to

Step 5.

Step 4.

Step 5.

Calculate {do}. by using the result of Step 3.
1

Reduce the design variable x. of each element i by a
1

reduction factor~. (Assume that ~ is 10-20%). Then check the reduced

32.



design variable, x. = (l-~)x., with the size constraint. If x. is less
~ ~ ~

I

than the lower bound of member size, xmin ' then assume that xi is

equal to x ..
m~n

Step 6. Analyze the structure by using the reduced design

variable to obtain the new displacement vector {r}. If the

displacement constraint is the most active constraint, which is

determined in Step 1, then proceed to Step 8.

Step 7. Calculate the new stress vector, {a}, by using the

displacement vector, {r}.

Step 8. Compute ~r. or ~o. by using the result of either Step 6
J J

or 7: a) if the displacement constraint control, then ~r.=lr. I-r.
J J Ja

in which r. is the displacement of {r} in the active constraint direc
J

tion j, and r. is the allowable displacement, and if b) the stress
Ja

constraint is the most active constraint, then ~a. is determined
J

according to 6a.=la. I-a. in which a. is the active stress
J J Ja J

of member j in {a}, and a. is the allowable value of the stress.
Ja

Step 9. Calculate the required change in the size of each e1e-

ment i, a. by using either Eq. (2.86) or (2.89). If a displacement
~

constraint is active, Eq. (2.86) is used. For the value of dr .. in
J~

Eq. (2.86) , when r. < o and dr .. > 0 or when r. > 0 and dr .. < 0, then
J JJ. J J1

let dr .. be equal to zero. If the stress constraint is active, then
J~

Eq. (2.89) is used. For the value

a. < 0 and da .. > 0 or d. > ° and
J J~ J

zero.

of da .. in Eq. (2.88), when
J~

da .. < 0, then let da .. be equal to
J~ J~

Step 10. Redistribute the member sizes according to Eq. (2.78).
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III. OBJECTIVE COST FUNCTION

The recursion formulas for the design of a minimum weight

structure that are based on energy and constraint gradients have been

discussed in Chapter II. In this chapter, the discussion will be

centered on the objective function for the design of a structure that
.

has a minimum cost. The objective function of such a .minimum cost

design includes the costs of the structural members, painting,

connections, and damage. These are discussed individually in the

following sections.

A. STRUCTURAL ME~tBER COSTS

The discussion of steel costs may be divided into two parts: one

the basic charge, which is estimated on the basis of the weight of

the purchased steel members, and the other the extra size charge,

which is appraised on the basis of the shapes of the members. 65

An evaluation of the basic charge can be easily calculated in

accordance with the following equation:

m
= C I p.A.t.

s i=1 1. 1. 1.
(3.1)

in which GTB is the total basic charge of the structural members ($),

C the unit price of steel ($/lb), m the total number of members of
s

the structure, p. the mass density of a steel member, i (lb/in3), A.
1. 1.

the cross sectional area of a member, i (in2) , and ~. the length of a
1.

member, i (in.). The design variable of the girders and columns, as
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mentioned in Chapter II, is the moment of inertia, I. By replacing

A. in Eq. (3.1) with A.I.fI. for the girders and columns and assuming
~ ~ ~ ~

that the mass density of all the members is the same, Eq. (3.1) may

be changed to the following form:

m A. m A. mbCTB = CsP ( 1:g2 I..e. . + rC --!. I.i. + 1: A.i. )
i=l Ii ~ ~ i=l Ii ~ ~ i=l 1 ~.

m m
~= CsP ( 1:& n.I.i. + 1:

c
n.I..e.. + A. .e.. ) (3.2)

i=l ~ ~ ~ i=l ~ ~ ~ i=l 1 1

in which n. is equal to A.fI., m is the total number of girders,
1 1 1 g

mc the total number of columns, and m
b

the total number of bracings.

An appraisal of the extra size charge is based on the shape of

the steel members. According to the industrial practice, a higher

extra cost per pound for smaller shapes than that for larger ones as

indicated in Figure 1 which may be represented by

C = 0.00916 A-O. 21
ex (3.3)

in which C is quoted in dollars per pound. The extra size chargeex

of each individual member, (CEX)i' is then obtained as

(3.4)

By assuming that the extra size charges of bracings have a similar

model as that of the members with wide flange sections, one can

obtain the total extra size charge of the system with the following
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formula:

m
Ao. 79CEX = 0.00916 ~ 2. •

i=1
Pi i l.

m 0.79 I~·79
m 0.79 r?·79=0.00916 P ( t g

Tl i
t. + t

C
Tl i

2..
i=1 J. 1.

i=1 l. J.

+ ~ A~·79 t. ) . (3.5)
i=1 J. 1.

B. PAINTING COSTS

The amount of painting is measured according to the surface area

of the members. For simplicity, the cross section of a bracing

member is assumed to be square. Thus, the surface area of each

individual bracing member, i, is 4/A.2. .• For wide flange sections,
1. J.

the surface area is (4b+2d)t for which band d are the flange width

and the depth of the section respectively. In order to model the

cost of painting the wide flange sections, the relationship between

the flange width and the design variable, I, and the relationship

between the depth of the section and I must be developed.

Unfortunately, there is no direct relationship that can be used for

this development. For the selected economic sections from AISC

Manual, the relationship developed between radius of the gyration,

r x ' and depth, d, is

r x
N 0.52 dO. 92 (for beams) (3.6)

in which the appropriate moment of inertia is between 180 in4 and 2500

37



· 4 d~n , an

r - 0.39 dl.
04

x- (for columns). (3.7)

where the appropriate moment of inertia is between 200 in
4

and 1500

in4 . Because I = Ar2 , Eqs. (3.6) and (3.7) becomex

and

d = ( I )1/1.84
0.2704 A

d = ( I )1/2.08
0.1521 A

(for beams)

(for columns)

(3.8)

(3.9)

The development of the relationship between flange width and

moment of inertia is based on the assumption that the web thickness,

t
w

' and the flange thickness, t f , can be expressed as t w =.t f for

most compact sections. By using this relationship and the cross-

sectional depth, the approximate equations for moment of inertia and

cross-sectional area can be established from which the flange width

can be roughly expressed by

b =

2.35 (I/Z )
x

(3.10)

in which Z is the plastic modulus of the section that is expressed
x

as Z =0.953 /AI. The mean value computation of Z for the selected
x x

sections results in
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I
Z ... 2.25 -d .x-

By substituting Eq. (3.11) into (3.10), one obtains

2.35 d/2.25
b =

2.09 - 0.812 (2.25 I/d)4/ I 3

(3.11)

(3.12)

By using Eqs. (3.8), (3.9), and (3.12), the surface area of wide

flange sections is obtained with the following formula:

-0.54328 8 5043
(4b.+2d.)£. = n. ( . 2 17391 + 4.0712 ) 2..

~ ~ ~ ~ 2.09 - 1.212 n
i

' Ii ~

(for beams) (3.13)

and

(4b .+2d. ) £. = n~O. 4808. ( 10.3312 + 4.946 ) t.
~ ~ ~ ~ 2.09 - 0.5565 n~·9231 I. ~

~ ~

(for columns). (3.14)

Let us suppose that the unit price of painting is Cpt' then total

painting cost of the structure, C , is
P

m
g

Cp = Cpt ( L
i=1

-0.54328
n.
~

8.5043
( + 4.0712 ) £.

2.09 - 1.212 n~·17391 I. ~
1 ~

+
mc -0.4808
1: TI i

i=1

10.3312
( 1 9231 + 4.946 ) 2..

2.09 - 0.5565 n.· I. 1
1 1

mb 0.5
+ 4 1: A.

i=l 1

£. ).
1
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C. CONNECTION COSTS

The discussion of connection costs is primarily concerned with

welded plate beam-column connections, which include the costs of

steel plate and welding. Figure 2 shows a typical model of a steel

plate, which is to be welded to the top and bottom flanges of beams

at each beam-column connection. The connections are required to be

able to develop the full moment capacity of beams. That is, the
I

plastic moment of the connection, M , must be larger than the plastic
p ,

moment of the beam, M. For simplicity, M is taken to be equal to
p p

M. The plastic moment of the connections is given as
p

M = 0 d A'
p y

(3.16)

in which 0 is the yielding stress of the plate (psi), A' the cross
y

sectional area of the plate (in2) , and d the depth of the beam (in.).

By rearranging Eq. (3.16) and assuming that the plates are AS14 steel

and the beams are A36 steel, it can be said that the cross-sectional

area of the plate is

M
l

M
A' = --E.-. = --E..- =

0' d 0' d
Y Y

zx
0.36 d

Equation (3.16) can be also rearranged as follows:

M
O -~Y - A'd .
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Butt Weld
J

r.'
uw

-c:2c:::-:" Fillet- Weld
--.....

II
It
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(a) Plate on the Top Flange of Beam

Butt Weld
I

Fillet
Weld

I- t;'" -+ t~-l

(b) Plate on the Bottom Flange of Beam

Figure 2. Typical Model of Plates at Beam-Column Connections
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Then, from the stress-strain relation,

a = E& .
Y Y

(3.19)

Let 6' be the deformation of the plate at the unwelded part, then the

strain becomes

6 '
& =~.

Y uw

From Eqs. (3.18) through (3.20)

M ,
6' - -.-E.- g,- A'dE uw

Thus, the rotation, e, at the connection is found to be

(3.20)

(3.21)

e = 6' 2
d

= (3.22)

Let us suppose that k' is the initial stiffness of the connection,

which is defined as the ratio of the plastic moment to the rotation

of the connection, then

M'
k' = ----E... =

e
(3.23)

The unwelded length of the plate, t is then given asuw'
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t =uw (3.24)

By substituting Eq. (3.17) into Eq. (3.24), we will then get

t =uw

0.36Z Ed
x·

2k'
(3.25 )

If the modulus of elasticity, E, is 30 x 106 psi, then

54 x 105 Z dt = ~--:x~

uw k'

The welding length of the plate is necessarily designed to

(3.26)

develop a plastic moment of the section. Because the plate is A514

steel, the luxury of an E110 electrode with a 3/8 in. fillet weld is

assumed, and a strength of 8900 lb/in. is obtained. Suppose that the
,

total length of the fillet weld is t , then the moment capacity
w

developed by the weld is 8900! d in.-lbs which must be larger than
w

the plastic moment of the beam, i.e.,

89002. d > M .w - p

Thus, the minimum welding length is given as.

(3.27)

2. =w

a Z
y x =

8900 d

z
x

4.04 d ·

43

(3.28 )



If the length of the butt weld in Figure 2 is neglected, and the four

primary legs of the fillet weld on the top plate are equal in length,

then ttw would be equal to t w/4. The bottom plate in Figure 2 is

welded only along the outside edges of the bottom flange, thus t bw

is equal to t /2. The lengths of the plates are then found to bew
I I

t + tt for the top plate and t + t bw for the bottom plate.uw w . uw

Because there are two beam-column connections on each beam, combining

the previous equations with Eq. (3.11) yields the cost of the steel

plates for each beam as

(Cpc)i = 2 Cpl pAl ( 2 t uw + ttw + t bw

=0.72 C
p1

pz; ( 108~~000 + 0.6 (3.29 )

3 .
in which Cpl is the unit price, $/in , of the steel plate. By

substituting Eqs. (3.19) and (3.11) into Eq. (3.29), one obtains

= 0.8796 C
pl

pn~·087 I~ ( 108~~000 + 0.73301 n~·087 ).
1.

(3.30)

In order to determine the cost of the welding, the total amount

of metal contained in the weld should be estimated. First it is

assumed that the cross section of the top plate is square, that the

root gap between the ends of the plates and the column is 3/16 in.

wide, and that the plates have been beveled to 45°. Then the metal

volume in the butt weld for the top plate is AI
( JA7/2 + 3/16) in3 .

If the width of bottom plate is assumed to be 10 in., then the volume
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of the metal in the butt weld is A'(A'/20 + 3/16) in3 .

The metal volume of a 3/8 in. fillet weld for a beam is 0.3403tw

in3 . This is 10% over the specification to provide an additional

factor of safety.

The total volume of metal used for the welding of each beam is

then found by summing up the metal volume of the butt weld and of
.

fillet weld as follows:

= A. ( 0.75 + 0.1 A. +~ ) + 0.3403 (t ) ..
~ ~ ~ w ~

(3.31)

By substituting Eqs. (3.11), (3.17), and (3.28) into Eq. (3.31) and

assuming that the unit price of welding is C , then the welding
w

cost of each individual beam, i, is

= C p ( 0.8919 n~·087 I. + 3.881 x 10- 3 n:- 174 I~
w ~.l. .1. ~

(3.32)

Then by adding the steel plate cost obtained with Eq. (3.30) and the

welding cost obtained with Eq.(3.32) for all the beams, one obtains

the connection cost, which is given as

c =can

m
L

g
((C ). + (C ) .).

i=l pc ~ we 1
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D. DAMAGE COSTS

Several factors influence the appraisal of damage costs. Some

of these are magnitude of seismic excitations, site condition,

properties of construction materials, and others. The difficulty in

damage modeling is that two seismic excitations of equal magnitude

will yield totally different damage results. The absence of data,

which could be used to develop models of damage costs, causes further

difficulties in modeling. Consequently, the development of damage

models in this study is limited to the costs of repairing non-

structural damage. This type of damage can be simply modeled by

using a function of story drift, which according to most investigators

25 65is the best indicator for damage. '

Let the damage ratio, ~, be the ratio of nonstructural damage

repair cost per story to the construction cost of the damaged items

on that story. The damaged items indicated here are partitions and

glasses. The relationship between the damage ratio and the story

drift, a, can therefore be obtained on the basis of the previous

research data and is given by

~ = 8.52 a. (3.34)

If the construction costs of the damaged items on i th story is

(Cnc)i' then the repair costs on that story will be

= 8.52(C ).a.nc ~ ~

46
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The story drift is a function of ground acceleration and member

properties; however, as soon as the size of members is determined,

the story drift may be simply expressed as a function of ground

acceleration such that

A. = c.a
1 1

(3.36)

where the subscript i represents i th story. According to Eq. (3.36),

*if the structure is designed on the basis of ground acceleration, a ,

and the resulting story drift on i th story is A~, then c. is given as
1 1

* *c, = A./a
1 1

By substituting Eq. (3.36) into Eq. (3.35) one obtains

(C ). =8.52(C ) ,c.a.
r 1 nc 1 1

(3.37)

(3.38)

Equation (3.38) represents the relationship between damage repair

costs and ground acceleration.

In its lifetime, a structure may be subjected to earthquake exci-

tations of different magnitudes. To estimate the nonstructural damage

repair costs in the lifetime of the structure, the repair costs for

all expected earthquake damage must be evaluated. The number of

seismic shocks may be reasonably estimat~d by using no to designate

earthquake frequency. This term is defined as
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n
o

dN = ...!. AN e -M/B
dM B 0

(3.39)

in which N is the annual number of shallow earthquakes having

magnitudes equal to or greater than M, in area A, M the Richter

magnitude~ A the amount of area, B the distribution parameter that

describes seismic severity, and N the annual number of seismic
o

shocks per unit area. The value of n then represents the number of
o

shocks having magnitudes between M and M+dM in area A.

To develop a similar formula in terms of ground acceleration, an

idealized relation between area, ground acceleration and magnitude

shown in Figure 333 ,34 is used. According to this figure, the

area over which a certain range of ground acceleration will exist for

a given magnitude earthquake can be obtained. For an example, let us

assume that the parameters Nand B are known, then if we substitute
o

each individual covered area listed in Table I, which is estabilished

on the basis of Figure 3, into Eq. (3.39), we can estimate the annual

number of seismic shocks within the specified range of ground

acceleration for a given seismic intensity. Because the influenced

area in Figure 3 decreases when the ground acceleration increases

for any given magnitude. If we assume that the influenced area is

linearly decreased, then it is clear that the average number of

shocks for any given magnitude within the specified range of ground

acceleration could be obtained by dividing by a factor of 2. The

results of an estimation of the number of shocks are given in Table

II for southern California, where N was 1.7/mile2 and B was 0.48.
o
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To estimate the number of shocks for any given ground acceleration,

the mean values in Table II were obtained by dividing the total

number of shocks by the increment of ground acceleration of each

specified range of acceleration, 0.05. These mean values are plotted

in Figure 4. A least square curve fitted function is obtained by

using .

n =2.9335
o

-14.6118a
e (3.40)

in which a is the ground acceleration normalized by gravity accelera-

tion, g, and n da represents the annual number of shocks having a
o

normalized ground acceleration between a and a+da. As indicated in

Figure 4, the number of shocks is dropped off at-a ground accelera-

tion 0.45g. Equation (3.40) may be modified to the following general

form as

n
o

= r e -\ta (3.41)

Let us suppose that the lifetime of the structure is Nt years,

then the number of shocks with ground accelerations between a and

a+da in the lifetime will be Ntnoda. Then by using Eqs. (3.38) and

(3.41), we can determine that the damage repair costs on i th story

is

(3.42)
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in which a is the maximum expected normalized ground acceleration
max

in the lifetime of the structure, and

(3.43)

The total nonstructural damage repair costs is then levied by

summing up the damage repair costs of all floor levels. If the

construction cost of the nonstructural items is the the same for

every story, and the ratio of the nonstructural construction costs

to the construction costs of the structure is x, then the construc-

tion costs of the nonstructural items per story is

XCcl=--
ns

(3.44)

in which the construction cost of the structure, Ccl ' is the

summation of the steel costs, connection costs, and painting costs of

the structural members. By substituting Eq. (3.44) into Eq. (3.42),

one obtains the total nonstructural damage repair cost in the life-

time of the structure with the following formula:

n
CD = 8.52 Nn X Ccl 0 f ( t S

c.
.. i=l 1.
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IV. VARIOUS RESPONSE SPECTRA

It is well known that the spectral analysis has been widely

accepted in structral dynamic practice for aseismic design in recent

years. The main advantage of the spectral analysis is that the time

dependency can be avoided from the solution of motion equation. Based

on the Duhamel's integration, the spectral displacement, Sd' which is

the maximum displacement related to the ground, is defined as

= 1 ft -~w(t-1:)Sd I - 0 a C't:) e s inwd (t - 1:) d1: I
IN

d
g max

(4.1)

in which a (T) is the ground acceleration, w the natural frequency,
g

wd the frequency including damping, and ~ the damping ratio. In

practice, the damping effect is permissible to be neglected in the INd ,

thus Eq. (4.1) can be rewritten as

S = I l. (t a (1:) e -~W(t-T) sinw(t-T) dT I
d IN)O g max

(4.2)

The spectral pseudo-velocity, S , and spectral acceleration, S , are
v a

given as

S = w Sdv

and

S 2
Sd= wa

(4.3)

(4.4)

Several earthquake response spectra are available in practical
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engineering and research fields as will be discussed in this chapter.

For automatic search of spectral accelerations in the computer program,

most spectra were generated as polynomial functions in terms of natural

period based on the least-square curve fitting technique. For those

spectra plotted on a logarithmic tripartite charts, the spectral

accelerations can be obtained on the basis of the relationships of Eqs.

(4.3) and (4.4). This interpolating technique was used in Newmark's

spectra as given in the Section A of this chapter.

A. NEWMARK'S SPECTRA

On a logarithmic tripartite chart, the relationships between

coordinates of displacement, velocity, and acceleration are given in

Eqs. (4.3) and (4.4j. As shown in Figure 5, when the frequency f 2 f 1 ,

or the period T ~ T
1

, the spectral curve is perpendicular to the

displacement-axis, which means it corresponds to a constant displace-

ment value, d1 . Therefore, the spectral acceleration can be obtained

by using Eq. (4.4), that is, when T ~ T
1

= ( 1!.)2 d
T l' (4.5)

When f
1

< f 2 f
2

, that is, T
1

> T > T
2

, the spectral curve is corres

ponding to a constant velocity, v1, therefore, Sa can be obtained by

using

S - I.' V = ( 21T ) va- w 1 T 1·
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spectral curve corresponds to a constant acceleration, a 1 or a2 ,

therefore

or

Sa = a2'

for T
2

> T > T
3

for T < T
4

.

(4.7)

(4.8)

When T3 > T ~ T4 , that is, f 3 < f ~ f 4 , one may generate a curve-fitted

polynomial function or use linearized relationship of natural logarithm

to interpolate the spectral acceleration. For the latter method, any

spectral acceleration, S , corresponds to a natural frequency, f, ina

the range is given as

1n(Sa)-1n(a2)

In(f)-ln(f4 ) =
1n(a2)-ln(a1)

In(f4 )-ln(f3)
(4.9)

from which, one obtains

(4. 10)

1. Inelastic Design Spectrum with 5% Critical Damping and a

Ductility Factor of 3. The elastic response spectrum is reasonable

to be used to design structures subjected to earthquake excitations

with moderate intensity. However, for severe earthquakes, it is not

economical to design the structures for elastic behavior. In order

to design structures for e1asto-p1astic behavior, the elastic response
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41spectrum has been extended by Newmark and Hall to include the

inelastic range. In general, the inelastic acceleration spectra have

similar appearance to the elastic response spectra, but the curves are

moved downward by an amount related to the ductility factor, ~, which

is defined as the ratio of the maximum permissible displacement, r m,

to the yield displacement, r .
y

The elastic response spectrum shown in Figure 5 is constructed

on the basis of the maximum ground acceleration of 0.16 g, the damping

ratio (~) of 0.05, and 84.1 percentile. A percentile of 84.1 means

the spectrum amplication factors, those are used to construct the

elastic design spectrum, is obtained on the basis of cumulative

probability of 84.1%. That is, 84.1 percent of the actual spectral

values corresponding to the specified damping ratio can be expected to

fall at or below the smoothed maximum ground motion values mutiplied

by these particular spectrum amplification factors. A ductility

factor of 3 is introduced into the elastic design spectrum to construct

inelastic acceleration spectrum. According to Newmark's procedure, the

maximum spectral displacement approaches the maximum ground displace-

ment in the low frequency region. Because the force in the inelastic

range does not increase, the spectral acceleration is reduced by

dividing ordinate values of the regions D and V by~. In very high

frequency region AS' the maximum spectral acceleration approaches the

maximum ground acceleration, therefore AS was not reduced. For region

between these two extremes, the energy is preserved. 41Recent research

indicated that a reduction factor of 1//2~-1, which was derived on the

basis of an equivalence of energy between the elasto-plastic system
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and an elastic system having the same frequency, provides better

agreement with the actual earthquake response spectra. By dividing

ordinate values of region A1 by /2P-1, the inelastic spectral accelera-

tion is located. For region A
2

, the inelastic acceleration spectrum

is simply obtained by connecting points b ' . and c together. Following

I I ' Ithis procedure, the inelastic acceleration spectrum, D V A1A2A3 , is

constructed.

Although the inelastic acceleration spectrum is different from

the elastic response spectrum, the mathematical relationships between

the coordinates of displacement, velocity, and acceleration are not

changed, which means Eqs. (4.5) through (4.10) can be used to generate

spectral acceleration for both elastic and inelastic· spectra in a

computer program.

With a computer program, the inelastic spectral accelerations

in Figure 5 correspond to the natural period of mode i, T., can be
1.

founded by using the following equations:

(8 ). = 0.16 g,a 1.
for T. < 0.03 sec,

1.
(4.11)

(8 ). = (0.142857 + 0.5714286 T.) g,
a 1. 1.

for 0.03 sec < T. < 0.1 sec,
1.

(4. 12)

(8 ). = 0.2 g,a 1.
for 0.1 sec < T. < 0.5 sec,

1.
(4. 13)

(5 ).a 1.
= 6.15 (2~ ) g,

g i

for 0.5 sec < T. < 4.0 sec,
1. -
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(S ).
a ~

= 3.92.1.. ( ~1T ) 2 g.
g i

for 4.0 sec < T. < 10.0 sec,
~

(4.15 )

and when T. > 10.0 sec, Eq. (4.15) is used by assuming T. is equal to
~ ~

10.0 sec.

2. Inelastic Design Spectrum with 10% Critical Damping and a

Ductility Factor of 4. The design spectrum of Figure 6 was

constructed on the basis of an elastic design spectrum that is

normalized to 1.0 g. By introducing a damping ratio of 10% and a

ductility factor of 4. the design spectrum was generated by using

curve fitting polynomial function for the period between 0.1 and 0.22

sec. in a computer program. The spectral accelerations can be found

by using the following equations:

(S ). = 1.0 g,a ~
for T. < 0.1 sec,

~
(4.16)

(S ). = (1.333333 - 3.333333 T.) g,a ~ ~

for 0.1 sec < T. < 0.22 sec,
~ - (4.17)

(S ). = 0.6 g, for 0.22 sec < T. < 0.4 sec, (4.18 )a ~ ~ -

(S ). = 14.76 (..l!... ) g,a ~ gT.
~

for 0.4 sec < T. < 3.5 sec, (4. 19)
~ -

and
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(5 ).
a ~

= 8.22..1. ( i'lr )2 g,
g i

for T. > 3.5 sec.
1.

(4.20)

3. 50 Percentile and 90 Percentile Design Spectra with 5%

Critical Damping for Alluvium. 77 Figures 7, 8, 9, and 10 show the

design spectra for the horizontal and vertical directions of 50
.

percentile and 90 percentile respectively. All spectra are

normalized to 1.0 g. - These spectra are developed with regard to the

soil effect. The soil type considered in these spectra is alluvium.

To find the normalized spectra accelerations, one can use the

following equations that correspond to different frequency regions:

a ad (.Y..)2 2 w.
(5 ).

~ f 1, (4.21)= w. a, for- <a ~ d 2 a ~ 2'1r -
V

W.
(S ). = a (~ ) w. a, for f 1

<-~-< f 2 , (4.22)a ~ v a ~ 2'1r -

w.
(5 ). = a a, for f

2
< -2:. < f

3
, (4.23)a ~ a 2'1r -

In(a ) In(2'1rf4/w.)
(5 ).

a ~= exp ( In ( f / f) ) a,a ~ 4 3
w.

for £3 < -2:. < £4' (4.24)2'1r -

and
w.

(5 ). = a, for 2 > f 4 , (4.25)a ~ 2'1r

in which Wi is the circular frequency, and aa' av and ad are the
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amplification factors of the spectral acceleration, velocity, and

displacement respectively. The values of a , a , and ad are listeda v

in Table III. For horizontal ground motions, the acceleration, a,

velocity, v, and displacement, d, are 1.0 g, 48 in./sec, and 36 in.

respectively. For vertical ground motions, a, v, and dare

respectively given as 2/3 g, 29 in./sec, and 33 in.

B. HaUSNER'S AVERAGE RESPONSE SPECTRUM WITH 5% DAMPING

The average response spectra shown in Figure 11 were proposed by

Hausner in 1959. 31 The spectral shapes were obtained by averaging

the normalized response spectra for the eight strong motion records

obtained in four earthquakes (E1 Centro 1934, E1 Centro 1940, Olympia

1949 and Tehachapi 1952). The ordinates of Figure 11 should be

multiplied by factors representative of the spectrum .intensities to

bring them into agreement with the different recorded ground motions.

The scale factor of each different recorded ground motion is

presented in Table IV.

In a computer program, the spectral shape corresponding to 5%

damping is generated by using least-square, curve fitting polynomial

expressions:

3- 0.0108108 T.,
1.

for 0.3 sec < T. < 3.0 sec,
1. -

67
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TABLE III. THE AMPLIFICATION FACTORS OF NEWMARK'S

DESIGN SPECTRA FOR ALLUVIUM

Amplification Factor
Direction Percentile

c£ c£ c£da v

50 2.11 1.66 1.40
Horizontal

90 2.82 2.51 2.21

50 2.05 1.51 1.40
Vertical

90 3.04 2.37 2.18
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TABLE IV. THE SCALING FACTORS OF DIFFERENT EARTHQUAKE RECORDS

USED IN HOUSNER'S AVERAGE RESPONSE SPECTRA

Earthquake Factor

El Centro, 18 May 1940 2.7

El Centro, 30 December 1949 1.9

Olympia, 13 April 1949 1.9

Taft, 21 July 1952 1.6
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in which T. is the natural period of mode i, and (S ). is the
~ a ~

normalized spectral acceleration corresponding to period, T ..
~

C. THE AVERAGE ACCELERATION SPECTRA FOR DIFFERENT SITE CONDITIONS

The average acceleration spectra of Figure 12 were presented in

a study of Seed et al. for which 104 ground motion records obtained
.

from 23 earthquakes were studied and analyzed for different soil and

geological conditions.

To find the normalized spectral accelerations, one can generate

the following curve fitting polynomial functions in a computer

program.

1. Soil Type 1 (Rock). The following equations are used to

find the spectral acceleration in a computer program:

(S ).a ~

2= 1.0349855 + 17.000336 T. - 45.001083 T.,
~ ~

for T. < 0.3 sec,
~ - (4.28)

(S ). = 2.0243101 - 3.9684248 (T. - 0.3) + 3.6514969 (T. - 0.3)2
a ~ ~ ~

3 4- 1.525775 (T. - 0.3) + 0.2316342 (T. - 0.3) ,
~ ~

for 0.3 sec < T. < 3.0 sec, (4.29)
~ -

and when T. > 3.0 sec, Eq. (4.29) is used by assuming that T. is equal
~ ~

to 3.0 sec.

2. Soil Type 2 (Stiff Site Condition). The following equations

were generated to compute the spectral acceleration:
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2(5 ). =0.93516338 + 13.936761 T. - 26.141937 T.,a ~ ~ ~

for T. < 0.4 sec,
~ -

(S ). = 2.229723 - 3.6186724 (T. - 0.4)a ~ ~

+ 2.9960575 (T. - 0.4)2 - 1.1409359 (T. - 0.4)3
~ ~

4+ 0.16060048 (T. - 0.4) ,
~

for 0.4 sec < T. < 3.0 sec,
~ -

(4.30)

(4.31)

and when Ti > 3.0 sec, use the upper bound, 3.0 sec, in Eq. (4.31).

3. Soil Type 3 (Deep Cohesion1ess Soil). The generated equations

are:

(S ). = 0.964302 + 10.203987 T. - 15.784999 T~,a ~ ~ ~

for T. < 0.4 sec,
~ - (4.32)

(S ). = 2.4632187 - 4.2025547 (T. - 0.4) + 5.5536652 (T. - 0.4)2,a ~ ~ ~

for 0.4 sec < T. < 0.9 sec,
~ - (4.33)

(S ). = 1.736083 a ~

+ O. 15717566

1.3109751 (T. - 0.9) + 0.27382255 (T. - 0.9)2
~ 1

3 4(T. - 0.9) - 0.062189575 (T. - 0.9) ,
~ ~

for 0.9 sec < T. < 3.0 sec, (4.34)
1 -

and if T. > 3.0 sec, use the upper bound of 3.0 sec for period, T.,
~ 1

in Eq. (4.34).

4. Soil Type 4 (Soft to Medium Clay and Sand). The following
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equations are used to find spectral acceleration:

(S ).a ~

2= 0.95149982 + 4.9650021 T. - 2.2500134 T.,
~ ~

for T. < 0.3 sec,
~ - (4.35)

(S ). = 2.1899109 + 0.16158056a ~

+ 29.51915 (T. - 0.3)3 
~

2
(T. - 0.3) - 6.1221199 (T. - 0.3)

~ ~

4
40.011734 (T. - 0.3) ,

~

for 0.3 sec < T. < 0.7 sec,
~ - (4.36)

(S ). = 2.1389999 + 2.589987 (T. - 0.7) - 9.4999676 (T. - 0.7)2,
a ~ ~ ~

for 0.7 sec < T. < 1.0 sec,
~ -

(S ). = 2.0599957 + 0.0002992556 (T. - 1.0)a ~ ~

2- 4.0015287 (T. - 1.0) )
~

for 1.0 sec < T. < 1.2 sec,
~ -

(4.37)

(4.38)

(S ). = 1.9126568 - 2.5098505 (T. - 1.2) + 0.96162301 (T. - 1.2)2
a~ 1. 1.

+ 0.32339907 (T. - 1.2)3 - 0.20329118 (T. - 1.2)4,
~ ~

for 1.2 sec < T. < 3.0 sec,
1. -

and if T. > 3.0 sec, use the upper bound T. = 3.0 sec.
~ 1.

D. THE ATC-3-06 NORMALIZED RESPONSE SPECTRA

(4.39)

The normalized response spectra of Figure 13 are recommended

by ATC-3-06 for designing buildings. The spectral shapes are
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determined on the basis of those proposed by Seed et al. (Fig. 12).

By comparing spectral shapes of Seed's with those others (Newmark et

a1., Blume et a1., and Mohraz) and studied their use in building

regulations, the spectral curves in Figure 12 were simplified to a

family of three by combining the spectra for rock and stiff soil

conditions.

The recommended design spectra of Figure 13 is constructed on

the basis of 5% damping. To obtain the acceleration, one must

multiply the ordinates by the value of the effective peak ground

accelerations and a correction factor of 0.8 if the soil profile type

is S3'

For vertical motions, the spectral value may be determined by

multiplying the spectral acceleration of the horizontal motions by

0.67.

1. Soil Profile Type SI' The curve fitting polynomial functions

of the spectral curve are coded in. a computer program as follows:

1 + 10 T.,
1.

2.5,

for T. < 0.15 sec,
1.

for 0.15 < T. < 0.4 sec,
1.

(4.40)

(4.41)

(S ). = 2.4291344 - 3.9693136 (T. - 0.4) +a 1. 1.

- 1.4541187 (T. - 0.4)3 + 0.22523707
1.

3.4752331 (T.
1.

4
(T. - 0.4) ,

l.

for 0.4 < T. < 3.0 sec.
l. -

(4.42)

2. Soil Profile Type S2' The curve fitting polynomial functions
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are generated as follows:

(S ). = 1 + 10 T., for T. < 0.15 sec,a ~ ~ ~

(S ). = 2.5, for 0.15 < T. < 0.57 sec,a ~ ~ -

and

(4.43)

(4.44)

(S ). = 2.5844088 - 2.9449358 (T. - 0.5) + 1.8397913 (T. 0.5)2a ~ ~ ~

- 0.58476114 (T. - 0.5)3 + 0.073747039 (T. - 0.5)4,
~ ~

for 0.57 < T. < 3.0 sec.
~ - (4.45)

3. Soil Profile Type 83 and Effective Peak Ground Acceleration,

~a < 0.3. The following equations are used to find spectral accelera

tion in a computer program:

and

(S ). = 1 + 10 T.,a ~ ~

(S). = 2.5,a ~

for T. < 0.15 sec,
~

for 0.15 sec < T. < 0.7 sec,
~

(4.46)

(4.47)

(S ). = 0.8 (2.4989138 - 2.4919176 (T. - 0.9)a ~ ~

+ 1.8436747 (T. - 0.9)2 - 0.80172771 (T. - 0.9)3
~ ~

4+ 0.14353234 (T. - 0.9) ),
~

for 0.7 sec < T. < 3.0 sec.
1. -

(4.48)

4. Soil Profile Type S3 and Effective Peak Ground Acceleration,

~a > 0.3. The following equations are used in a computer program
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to find the spectral acceleration:

(S ). = 0.8 (1 + 7.5 T.),a ~ ~
for T. < 0.2 sec,

~
(4.49)

(S ). = 2.0,a ~
for 0.2 sec < T. < 0.9 sec,

~

(4.50)

(S ). = 0.8 (2.4989138 - 2.4919176 (T. - 0.9)a ~ ~

+ 1.8436747 (T. - 0.9)2 - 0.80172771 (T. - 0.9)3
~ 1

4+ 0.14353234 (T. - 0.9) ),
1

for 0.9 sec < T < 3.0 sec.
i

(4.51)

All spectral shapes presented in this section have the upper

bound of 3.0 sec for the corresponding natural period. It is assumed

that for any period longer than 3.0 sec the spectral acceleration

corresponding to a period of 3.0 sec can be used.

In the ATC-3-06, the simplified equations were derived by

considering more conservative criteria than the spectra discussed

above for larger and longer period buildings. It has been pointed

out in the ATC-3-06 commentary that there is an approximate 50

percent increment in the seismic forces at a period of 2.0 seconds

for a stiff soil condition beyond the value obtained directly from

the response spectrum .

E. CHINESE DESIGN SPECTRA

The horizontal design spectra of Figure 14 are recommended by
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the Chinese Seismic Code Provisions22 for the design of industrial

and civic buildings. The spectral shapes were determined by simp1i-

fying the normalized acceleration spectra from the studies of the

Institute of Engineering Mechanics of China. These studies were

based on 68 ground motion records obtained in China and 115 ground

motion records obtained from other countries. The different soil

conditions were taken into consideration. The three different site

conditions accounted for in Figure 14 are defined as follows: a)

soil type 1 is rock or any stable rock-like condition, b) soil type

2 is all other types of soil that are not defined in soil types 1 and

3, and c) soil type 3 is saturated soft sand, soft to medium-stiff

clays, silt, silty soil, alluvial soil or any other kind of backfill

with a soft characteristic.

The maximum spectral acceleration for the horizontal motion,

(a )h' in Figure 14 was determined according to earthquake magni
max

tude and is given in Table V.

Figure 15 shows the design spectra, which were recommended by

She in 198251 for the vertical ground motions. He analyzed 203

earthquake recordes in the United States, 14 in Japan, and 40 in

China then recommended that the maximum design ground accelerations

of the various earthquake magnitudes for the vertical motions be

determined by multiplying the ground acceleration for horizontal

motions by a factor of 0.5.

The values of (a ) for different earthquake magnitudes aremax v

given in Table V.
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TABLE V. THE MAXIMUM SPECTRAL ACCELERATION OF VARIOUS EARTHQUAKE

MAGNITUDES USED IN CHINESE DESIGN SPECTRA FOR HORIZONTAL

AND VERTICAL MOTIONS

Magnitude 7 8 9

(amax)h 0.23 0.45 0.90

(amax)v 0.115 0.230 0.460
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F. CmiPARISON OF DUCTILITY EFFECT CONSIDERED IN VARIOUS CODE PROVI-

SIONS BASED ON THE CONCEPT OF SPECTRAL ANALYSIS

In the spectral analysis) the design base shear can be measured

via the spectral acceleration) S , obtained from elastic response
a

spectrum, that is,

V = Sa

Sa
M=- W

g
(4.52)

in which V, M) and Ware design base shear, mass of the system, and

weight of the system respectively. In Eq. (4.52)) S /g may bea

interpreted as design base shear coefficient in seismic design codes.

The design base shear for inelastic systems can be obtained by

modifying Eq. (4.52) as follows:

S
V =2 W

g
(4.53)

in which S is the spectral acceleration corresponding to the ina

elastic acceleration spectrum. The displacement of the inelastic

system, r, is then determined by multiplying displacement, r , which
e

is calculated on the basis of elastic analysis, by the ductility

factor, p, that is

r = p r
e

(4.54)

In recent seismic design codes, using either the equivalent
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lateral force method or the modal analysis method,the significance

of inelastic behavior is recognized. The more ductile structure, the

less design base shear is used. This reduction is mainly dependent

on the ductility of the structural system.

In the ATC-3-064 , the design base shear coefficient is reduced

by dividing the response modification factor, R, to account for the

inelastic behavior. The factor R is determined on the basis of the

energy dissipation capacity in the inelastic deformation, damping, and

observed the performance of various types of structural system in the

past.

To determine total displacements, ATC-3-06 uses the deflection

amplification factor, Cd' to partially offset the factor R so that

the reduced strength requirement does not carry with it an equal

reduced stiffness requirement. Essentially, Cd is the same as the

ductility factor.

Although UBc57 is based on the working stress level, the effect

of inelastic behavior is also considered in UBC for which the design

base shear is reduced by factor K for those types of structure having

high ductility and damping. The K factor is determined largely based

on the actual observed performance of buildings in past earthquakes,

an~ its value reflects the ductilities of different types of struc

ture. For stiffness requirement, UBC specifies that the displacements

calculated from the design seismic forces are required to be divided

by K factor for those structures haVing K smaller than 1.0. Thus,

11K is essentially similar to Cd of the ATC-3-06.
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Similar concept has been used in Chinese Seismic Design Code. 22

The factor C, which reflects the ductility of the structural system,

is used to account for inelastic behavior. The design base shear

coefficient is reduced by the C factor so that the strength require

ment is reduced. However, the stiffness requirement is not mentioned

in the code, so no discussion can be made in this part.

Although different design strength levels are based in different

codes, the importance of inelastic behavior has been considered in

all the codes, The R factor of the ATC-3-06, the K factor of the UBC,

and C factor of the Chinese Seismic Design Code are similar in their

meaning. The curves of elastic design spectra are moved downward by

these factors. Therefore, the design base shear coefficients are

reduced to account for the capacity of the structure to dissipate

energy in inelastic deformation. The Cd factor·of ATC-3-06 and

11K of the UBC are essentially similar to the ductility factor to

amplify the deformation to account for the inelastic behavior.
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V. LATERAL FORCES OF WIND AND SEISMIC EXCITATIONS

A. THE ATC-3-06 PROVISIONS4

1. Equivalent Lateral Force Method. The equivalent lateral

force method is for all buildings in Seismic Performance Category B

and for buildings classified as regular in Categories C and D as

prescribed in Sections 3.5.2 and 3.5.3 of the ATC-3-06. With this

analysis procedure, one can view the effect of earthquake excitations

as static lateral forces. The design base shear, V, is defined as

v = C W (5.1)
s

in which C is the seismic design coefficient, Wthe total gravity
s

load of the building including the structural weight and the weight

of partitions, permanent equipment, and the effective snow load. For

storage and warehouse structures, at least 25 percent of the live

load on the floor should be included as well.

The seismic coefficient, C , is the lower value computed from
s

the following formulas:

1.2A S
C v=s RT2/ 3

and
2.5A

C a=s R

or
2.0A

C a=s R

(5.2)

(5.3a)

(5.3b)
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for soil profile type 53 and A > 3, in which A and A is thea - a v

effective peak acceleration coefficient and effective peak velocity

coefficient respectively (both values are determined from Table VI.),

5 the site coefficient, which is a value that represents the effect

of site conditions on building response and is given in Table VII,

R the response modification factor with various values for different
.

structural systems to account for the ductility of the system, and T

the fundamental period of the building.

The fundamental period, T, may be taken as the approximate

fundamental period of the building, T , and is determined by eithera

of the following formulas.

a. For moment-resisting frame structures without rigid comp6-

nents to resist seismic forces,
..

T = C (h )3/4
a T n (5.4a)

in which CT is equal to 0.025 for concrete frames, CT is equal to

0.035 for steel frames, and h is the height of the highest level
n

above the base, feet.

b. For all other bUildings,

O.OSh
T = __........:n::;.

a
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TABLE VI. COEFFICIENTS A AND A OF THE ATC-3-064
a v

Map Area Number Coeff. A Coeff. Aa v

1 0.05 0.05

2 0.05 0.05

3 0.10 0.10

4 0.15 0.15

5 0.20 0.20

6 0.30 0.30

7 0.40 0.40

TABLE VII. SITE COEFFICIENT, S, OF THE ATC-3-064

Soil Profile Type

1

2

3
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in which L is the overall length of the building at the base in the

direction being considered, feet. Alternatively, the fundamental

period of the building, T, may be determined by using the estab-

lished methods of mechanics and assuming that the base of the build-

ing is fixed with 1.2T as the upper bound.a

The distribution of lateral forces on each floor level, F , isx

determined in accordance with the formula

F = C Vx vx

in which

(5. Sa)

C
vx

=
n
1:

5 w.h~
i=l ~ ~

(5.5b)

and w., ware weights at level i and x, h., h are the height of
~ x ~ x

levels i and x above the base, k is equal to 1 for T ~ 0.5 sec, k is

equal to 2 for T > 2.5 sec, and k is equal to 0.75 + T/2 for

0.5 sec < T < 2.5 sec.

At any level, the story shear, V , is related to the lateral
x

forces by equation of statics,

V =x

n
1:

s
F ..

i=l ~

88
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The overturning moment t M , at level x is determined by thex

following formula:

M = I(
x

F. ( h. - h )
~ ~ x (5.7)

in which I( is equal to 1.0 for the top ten stories t to 0.8 for the

20th story from the top and below t and is a value determined by linear

interpolation between 1.0 and 0.8 for stories between the 20th and

10th stories below the top. Except for inverted pendulum structures,

the foundation overturning design moment t M
f

, at the foundation-soil

interface may be determined by using Eq. (5.7) with K equal to 0.75

for all building heights.

The deflection at any level, 0 t should be determined accordingx

to the formula

o = CdO (5.8)x xe

in which Cd is the deflection amplification factor, and 0 thexe

building's elastic displacement t which is occasioned by the seismic

design forces t ,F. The base of the building should be considered as
x

fixed.

The story drift, ~t is the difference between deflection t 0 t at
x

the top and the bottom of the story under consideration and the

maximum story drift of the building is limited to the allowable drift

given in Table VIII.
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TABLE VIII. ALLOWABLE STORY DRIFT OF THE ATC-3-064

Seismic Harzard Exposure Group

*I II III

0.015 hsx 0.015 itsx 0.010 hsx

* If there is no brittle-type finishes in buildings

three stories or less in height, these limits may be

increased one-third.
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The P-A effects, which are also considered in ATC-3-06, define

the stability coefficient, 0, as follows:

P A
e = -::~_x~~

V h Cdx sx
(5.9)

in which A is the design story drift, V the seismic shear force atx

level x, which is determined from Eq. (5.6), h the story heightsx

below level x, and P the total unfactored vertical design load at
x

and above level x. The stability coefficient at any level can not

exceed 0.10. If it is greater than 0.10, then the design story drift

must be adjusted by a multiplying factor of 0.9/(1-8), which must be

equal to or greater than 1.0 to account for the P-A effect. The

effect of P-A forces on story shears should be adjusted on the same

rational analysis procedure.

If the effect of the soil-structure interaction is to be

considered, several modifications should be made to obtain the

design seismic forces.

The base shear determined from Eq. (5.1) may be reduced to

V = V - AV

in which the reduction, AV, is determined from

(5.10)

-AV = (C - C
s s

(5.11)
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In Eq. (5.11), C and C are the seismic design coefficients computed
s s

from either Eq. (5.2) or Eq. (5.3). However, C is computed by using
s

the effective period of flexible supported structure, T, and is

defined as

T = T 1 + k
K

Y

(5.12)

in which k is the effective stiffness of the building with a fixed

base and is defined as

(5.13)

h is the effective height of the building (For buildings with the

gravity load effectively concentrated at a single level, h should be

taken as the height to that level. Otherwise, h should be taken as

0.7 h.), K is the lateral stiffness of the foundation, which isn y

defined as the static horizontal force at the level of foundation

necessary to produce a unit deflection at that level, Ka is the

rocking stiffness of the foundation and is defined as the static

moment at the level of foundation necessary to produce a unit rota-

tion at that level, and g is the gravity acceleration. The effective

gravity load weight, W, in Eqs. (5.11) and (5.13) should be equal to

W for buildings with their gravity loads effectively concentrated at

a single level, otherwise 0.7W should be used.
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The effective damping factor, B, in Eq. (5.11) should be

determined as follows

...... -.
. B = B

o

0.05
+----

cT/T)
3

(5.14 )

in which B is the foundation damping factor taken from Figure 16.
o

The value of effective damping factor should in no case be less than

0.05.

The distribution of static lateral force should be computed
.......

according to Eq. (5.5), except that V is to be replaced by V. The

deflection of the building should be modified as

V
c5 =- (
x V

(5.15 )

in which M is the overturning moment at the base that is computed
o

from unmodified forces and without a reduction factor.

2. Modal Analysis Method In a manner similar to that of the

equivalent lateral force method, the modal analysis method can be

used with the same simplified approaches to determine horizontal,

vertical and torsional motions. However, the distribution of the

seismic forces in the modal analysis method is based on the properties

of natural vibration modes, consequently a more rigorous and accurate

result can be obtained.
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thThe modal base shear of the m mode, V , is computed by having
m

V = C \tlm sm m (5.16 )

in which C is the modal seismic design coefficient, and \tl thesm m

effective modal gravity load, which is determined by using

ns
2( ! w. ~im )

~

i=1
\tl = (5.17)m ns 2

! w. ~.

i=l ~ ~m

in which~. is the displacement amplitude at the i th level and with the
~m

mth mode vibration of the building.

The modal seismic design coefficient, C ,can be determined insm

'accordance with Eqs. (5.2) and (5.3) by changing the fundamental

period, T, in Eq. (5.2) to the modal period of mode m, T. However,
m

if any T exceeds 4.0 seconds, C can be computed by using
m sm

3A Sv
C =--

sm RT4/3
m

(~.18a)

For soil profile type 53' if the Tm of modes other than the

fundamental mode is less than 0.3 seconds, C is computed by usingsm
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(5.18b)

The distribution of seismic forces of mode m, F ,at level x is
xm

determined according to the formula

F = C V
xm vxm m

where

Wx ~xm
C =-----vxm ns

1: w. ~.
i=l ~ ~m

The deflection of mode m, 6 ,at level x is determined as
xm

in which

(5. 19a)

(5.19b)

(5.20a)

g

6xem =41T2

T F
m xm

wx
(5.20b)

The story drifts, shears, and overturning moments of each mode

at each level should be computed in accordance with equations used

in Section V.A.I. Then the design values should be obtained by

taking the square root of the sum of squares of each of the modal

values. The design base shear, Vt , should be compared with the base

shear, V, which is calculated according to Eq. (5.2) by using the
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period equal to 1.4T
a

. Whenever V
t

is less than V, the design story

drifts, shears, moments and deflections should be multiplied by V/Vt .

However, the base shear cannot exceed the value that is determined in

accordance with the procedures of the equivalent lateral force method.

The overturning moment at the foundation-soil interface may be

reduced by 10 percent of the design value. The P-A effects on story

drifts and shears should be determined similar to the equations used

in Section V.A.l.

The design values of the first mode of the modal analysis method

should be modified to account for the effect of soil-structure inter-

action. The modification of the base shear corresponding to the

fundamental mode by

-V1 = V1 - AV 1 (5.21)

in which AV1 is computed in accordance with the Eq. (5.11); however,_

the effective weight, W, should be replaced by the the effective

weight of the first mode, WI' and Cs is computed by using the period

- '"""'of the first mode, Tl . The value of Cs is computed by using T1 , which

is determined according to Eq. (5.12) with Wequal to WI and T equal

to T
1

, and the effective height, h, is computed by us~ng

n s
1: w. 41 il

h.
J. J.

i=1
h = (5.22)

n
s

i: w. ~i1
i=1

J.
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-The value VI' which is determined from Eq. (5.21) should not be taken

less than 0.7V
l

.

The modal deflection of the fundamental mode should be modified

in accordance with

M h
01 x + 0 )
Ka xl

(5.23)

in which Mol is the overturning moment of the fundamental mode of the

building determined by using the unmodified base shear, VI' and 0xl

is the unmodified deflection of the fundamental mode at level x.

By using the modified values, the design values of the seismic

forces, the story shears, overturning moments, story drifts, and

deflections should be determined by taking the square root of the

sum of squares of each of the modal values.

B. THE UNIFORM BUILDING CODE57

The design base shear, V, of the Uniform Building Code, which

governs earthquake resistant design in the United States, is computed

in accordance with

V = ZIKCSW (5.24 )

in which Z is a zone coefficient determined from the earthquake zone

map with values of 3/16, 3/8, 3/4, and 1 for earthquake zone 1, 2, 3,

and 4 respectively, I an occupancy importance factor depending on the

importance of the structure and having values ranging from 1.0 for
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ordinary buildings to 1.5 for essential buildings, K a factor having

values range from 0.67 to 1.33 depending on the type of structural

system, C the seismic coefficient defined as 1/15 j9fbut in no case

greater than 0.12, T the fundamental period of the building, S the

site-structure resonance factor which is determined based on the

ratio of the building's fundamental period, T, to the site period,

T , and W the total dead load and appropriate portions of live load,s

and snow load.

The fundamental period of the building, T, may be determined by

using either the Rayleigh quotient formula,

ns
6~t w.

~ ~

i=l
T = 2~ (5.25)ns

g t F. 6.
i=l ~ ~

or the eigenvalue subroutine in the computer program to find the

exact period. The value of T should not be less than 0.3 sec when it

is used to determine the value of S.

The site period, T , must be determined by making a geotech
s

nical investigation of the site. However, the value of T used to
s

determine the site-structure resonance factor, S, should not be less

than 0.5 sec nor greater than 2.5 sec.

The site-structure resonance factor, S, is determined by using

the following formulas:

99



S = 1 + ~ - O.5(~ )2
s s

for TIT < 1, ands

S = 1. 2 + O. 6 (~ ) - O. 3 (~ ) 2
s s

for TIT > 1.s

(5.26a)

(5.26b)

The value of S should in no case be less than 1.0 nor greater than

1.5, and the product of C and S should not be greater than 0.14.

Because of the fact that the responses of higher modes will

significantly affect the total responses in long period buildings,

UBC introduced the following formulas to determine the force, Ft , on

the top story where the higher modes have the greatest effect.

F
t

= 0.07TV,

for T < 0.7 sec

for T > 0.7 sec

(5.27a)

(5.271»

but in any case, Ft must be less than 0.25V. The remainder of the

base shear is distributed to each floor level in accordance with the

formula

(V - F ) w h
F

t x x (5.28)=x ns
L w. h.

i=l ~ 1.
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in which F is the lateral force at floor level x, wand w. are the
x x 1

weight at levels x and i, and h and h. are the height above thex 1

ground surface to levels x and i.

C. THE EQUIVALENT LATERAL FORCE METHOD OF CHINESE PROVISIONS FOR

INDUSTRIAL AND CIVIC STRUCTRUES22

The Chinese Seismic Code provides for the design of buildings

subject to earthquake magnitudes of 7, 8, and 9 as based on the

judgement of the Chinese regulations. Both the equivalent lateral

force method and the modal analysis method are taken into considera-

tion by the Code and are used according to the types and configura-

tions of the structures. In this report, the equivalent static

lateral force method is introduced. The method is applicable to a

structure haVing the following properties: 1) the structural height

is not higher than 50 meters, 2) the mass and stiffness are uniformly

distributed along the height of the structure, 3) the deformations of

the member are mainly due to the story shears, and 4) the structure

can be modeled as a simple shear building whose masses are lumped on

each floor level.

Basically, this method is similar in principle to the procedures

of ATC-3-06 and UBC in which the design base shear is given by the

formula

v =C a IN
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in which C is the influence coefficient of the structure with a value

rangin& frQm 0.25 to 0.5 depend~ng on ,the ductility and the type of

the structure, a is the ~eismic influence coefficient which represe?ts

a spectral acceleration corresponding to the fundamental period of

the structure divided by the gravity acceleration and is determined

from Figure 14, and Wis the total gravity load that includes the

dead load, the live load, and 50 percent of the snow load.

There are several formulas available in the Chinese Building

Design Code that can be used to calculate the approximate fundamental

periods of different types of structures; however, in the computer

program, the exact fundamental period can be calculated by using an

eigenvalue subroutine.

The distribution of the equivalent lateral forces on each story,

F , can be obtained by using the formulax

w h
F x x V,=x n

s
L w. h.

i=l ~ ~

i = Ij2, ... ,n
s

(5.30)

in which wand w. are the weight at level x and i, and hand h. arex ~ x ~

the height above the ground surface to level x and i.

D. WIND FORCES

1. The Determination of Wind Velocity and Wind Forces Based on the

Power Law. The basic equation that is used to determine the mean

wind velocity, vh ' at a height h above the ground is given by
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(5.31)

in which h is the gradient height, which is a height measured from
g

the ground surface (At this height, the influence of surface rough-

ness may be neglected.), v is the gradient wind velocity, which is
g

the wind velocity at the gradient height, and r is the power law

coefficient.

The gradient height, h , and the power law coefficient, r,
g

should be determined from Table IX in which the values of hand r
g

versus the corresponding ground roughness are listed. To determine

the gradient wind velocity, Eq. (5.31) and the annual fastest-mile

wind speed at the reference height is used. The annual fastest-mile

wind speed at the reference height is obtained from the wind-speed

zoning map, which has been constructed through the use of statistical

analysis. Figure 17 is an example of a wind-speed zoning map, which

has been constructed on the basis of a 50-year return period: From

Figure 17, one can obtain the annual fastest-mile wind speed at the

height of 30 feet in the open country of various areas. By using the

wind velocity, v30 , acquired from the map and the power law coef

ficient obtained from Table IX, one can compute the gradient wind

velocity by using

v
g

= ( 900 )1/7
v30 30 . (5.32)

The dynamic wind pressure at the height h, Pdh' is determined as
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TABLE IX. MEAN-WIND SPEED POWER LAW COEFFICIENTS2

Surface Roughness Gradient Height, h Power Law Coeff., rg

Central Area of
1500 ft. 1/3

Large Cities

Wooded Areas, Small
1200 ft. 2/9

Towns, or Suburbs

Open Country 900 ft. 1/7
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(5.33)

in which p is the mass density of air, and vh is the mean wind

velocity at the height, h, which is determined in accordance with

Eq. (5.31) for the actual surface roughness of the structural site.

The wind pressure per unit area, Ph' is then determined accord

ing to the following formula:

Ph = G Cp Pdh (5.34)

in which G is the gust factor, and C the pressure coefficient.
p

There are two types of pressure coefficient. One is the external

pressure coefficient, which is. a function ~f building geometry and the

direction of the wind; the other is the internal pressure coefficient,

which is a function of the number of openings in the structure. A

tabulated pressure coefficient for different structural configurations

are given in Ref. 1. The dynamic wind pressure must be multiplied

by the sum of the external and internal pressure coefficients.

The total lateral wind shear forces at floor level x, V , is
x

determined in accordance with the formula:

(5.35)

in which h is total height of the structure measured from the ground
n

surface, h the height of level x above the ground surface, and B the
x

width of the structure in the orthogonal direction of analysis.
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The design wind force at floor level x, F , should be determinedx

by

(5.36)

In a computer program, the wind forces are computed by simply

assuming that the wind pressure is trapezoidally distributed along

the height of the structure between levels x and x+1 as shown in

Figure 18. The lateral wind force at level x is then determined by

using

Fx (5.37)

in which Px = PhlB, Px+1 = Ph2B, hI = (hx+hx _I )/2, h2 = (hx+l +hx )/2,

and hx+I ' hx ' hx - I is the height of floor levelsx+l, x and x-I above

the ground surface respectively.

2. The Wind Design Provisions of UBC. 57 The UBC provisions are

used to determine the design wind pressure, p, in accordance with the

following formula:

p = C C I qe q s (5.38)

in which C is the combined height exposure, and gust factor coef
e

ficient, C the pressure coefficient for the structure or portion of
q
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Px+1

T
h -h

Fx
x+I x-I

2

-l. Px-I

hx

hx-I

h
x+l

Figure 18. The Wind Pressure Distribution Model for Wind Design

Based on Power Law.
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the structure under consideration, q the wind stagnation pressure
s

at the standard height of 30 feet, and I the importance factor of the

structure.

The coefficient C is increased when the height is increased,e

whose value ranging from 1.2 to 2.2 for exposure C· and 0.7 to 1.8

for exposure B. The pressure coefficient, C , depends on the con
q

figuration of the structure. Two methods are considered in the UBC

to determine the wind forces. One is the normal force method, which

is used for gabled rigid frames and may be used for any structure.

The other is the projected area method, which is used for any struc-

ture less than 200 feet in height except those using gabled frames.

Tabulated values of C are given in UBC. For the normal force method,e

the value of C on the leeward walls are evaluated at mean roofe

height. The determination of wind stagnation pressure is based on

the basic wind speed, which is determined from the wind speed zoning

map. The importance factor, I, has a value of 1.15 for essential

buildings and 1.0 for all other buildings.
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VI. PARAMETER STUDIES OF OPTIMAL DESIGN RESULTS

A. THE EFFECT ON THE OPTIMUM SOLUTION OF CONSTRAINT GRADIENTS

The cantilevered 10-bar truss shown in Figure 19 with its ten

design variables and eight degrees of freedom was designed specially

for the present study. Loads of 100 kips (444.8 kN) static were

applied at nodes 2 and 4. The truss' modulus of elasticity was

E=10xl0 6 psi (6895 kN/cm2), its mass density, p=O.10 lb/in3

(0.0271 N/cm
2
), and allowable stress, 0all = ±25,OOO psi (17.236

kN/cm2). Its allowable displacements were +2.0 in. (5.08 cm) in both

the x and y directions at nodes 1, 2, 3, and 4. The truss was

designed for four different cases: Case '(1) Stress constraint with-

out using the constraint gradients; Case (2) Stress constraint and

the constraint gradients; Case (3) Both stress and displacemen~ con-

straints without constraint gradients; Case (4) Both stress and dis-

placement constraints and the constraint gradients.

The optimum solutions, which include the sectional areas, stress-

es, and optimum weight, are shown in Table X. The plot of weight

versus cycles of iteration is shown in Figure 20. The optimum weight

of Case (3), as shown in Figure 20, can be reduced by applying the

constraint gradient at the 10th cycle; as shown in Table X, the

stresses of the passive elements are increased. However, the result

of Case (1) is not improved significantly by applying the constraint

gradient method. These design results indicate that the contribu-

tion method, which is based on the constraint gradient, can improve

the optimum solution, but is time consuming to calculate constraint
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(1 ) (2 )

--.
E
••,...
0).......,

(5) (6)

c:

y 0
<0
M

x (3) (4)

360 in.
(9.144 m)

100 kips
(444.8 kN)

360 in.
(9.144 m)

100 kips
(444.8 kN)

Figure 19. Ten-Bar Truss for Constraint Gradient Study
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gradients.

The ten-bar cantilevered truss has been studied by many

researchers. Comparison of final results with previous results is

made in Table XI.

B. PARAMETER STUDIES OF THE NATURAL PERIOD AND SEISMIC COEFFICIENT

IN THE ATC ELF PROCEDURES

The 1S-story, one-bay, unbraced frame shown in Figure 21 was

designed according to the ATC-3-06, equivalent lateral force proce-

dures. The design was based on a response modification factor of

R=8, a deflection amplification factor of Cd=5.5, and an allow

able story drift of ~ =0.015h jC
d

in which h is the story heighta sx sx

below level x. The stress constraint was not taken into considera-

tion, and the nonstructural dead load on each floor level was set at

50,000 lbs (222.4 kN). The AISC wide-flange sections and both the

energy distribution and constraint gradients discussed in Chapter II

were used in the design.

Thirty-six cases were designed on the basis of different com-

binations of the effective peak ground acceleration, A , the effeca

tive peak ground velocity, A , and the soil profile type. The coefv

ficients of A were changed to 1, 3, 5, and 7, and those of A to 3,
a v

5, and 7 for three soil profile types Sl' S2' and 83 , The plots of

the fundamental periods, the seismic design coefficients, C , and the
s

optimum weights of the 36 design cases are shown in Figures 22, 23,

and 24 respectively. It is worth noting that all the fundamental

periods are larger than the approximate fundamental period, T , as
a
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well as 1.2T. The seismic design coefficients of Figure 23 werea

varied only when A and the soil profile type were changed, becausea

1.2T controlled the design. In Figure 23, points marked by ana

asterisk were computed in accordance with the formula C =2.5A jR
s a

in which the natural period is not needed. Based on the optimum

design results, it was not necessary to use mechanical methods to

determine the natural period, especially for those areas having low

values of A and A .
a v

Because 1.2T controls all the design results, some of the 36
a

design cases have identical optimal weight. The optimum solutions

may be classified into 11 groups. In Figure 24, the number in paren-

theses indicates which group that the design case belongs to. The

plot of weights versus cycles of iteration for these 11 groups is

shown in Figure 25. All of the design results were improved by using

the constraint gradients. The stability coefficients, that are deter-

mined according to Eq. (5.9), are shown in Figure 26 in which all of

the values are less than the upper bound 0.1 except for the case corre-

sponding to A =1, A =3, and soil profile type Sl' This case has a
a v

maximum value of 0.117 at the bottom story. Among these 36 design

cases, the case corresponding to A =7, A =7 and soil profile type S3
a v

has a maximum eccentricity of 5.66 ft. (1.73 m) as measured from the

center of the bay to the outside of the bay and induced by the result-

ant of the seismic forces as well as the vertical loads at the founda-

tion-soil interface.
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Figure 27 shows the shear envelopes. The story shears become

larger when the seismic excitations become more sensitive.

The moment of inertia of the girder on the first floor for all

11 groups, as shown in Figure 28, is much less than that of a girder

on the second and third floors. The moment of inertia of the girder

on either the second or third floor is the largest. The decrement of

the moment of inertia decreases gradually from either the second or

the third floor to the 15th floor.

As illustrated in Figure 30, in decending order, the moment of

inertia of a column on the top story is the smallest but increases

suddenly at the 14th story. The distribution from the 14th story to

the second story is almost linearly increased, and at the first story,

it abruptly increases again.

Because the story drifts are constrained, the story numbers of

9, 13, 10, 13, 10, 11, 11, 11, 10, 11, and 10 correspond to the curves

1 through 11 in Figure 32 respectively and have a maximum drift,

which is equal to the maximum allowance of 0.393 in. (0.998 em).

However, the shape of lateral displacement of each floor is very

different from that determined on the basis of allowable drift.

C. COMPARISON OF THE EQUIVALENT LATERAL FORCE METHOD AND THE MODAL

ANALYSIS METHOD OF ATC-3-06

The ATC-3-06 provisions suggest two methods for seismic-resistant

design: a) the equivalent lateral force method, which is based on

simplified formulas and may be adequate for most regular buildings,

and b) the modal analysis method, which is based on the modes of

123
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natural vibration. A more rigorous and accurate result may be

expected from use of the latter. The structures of regular and

irregular configurations were designed for a comparison of the two

methods. All of them were designed for areas of A =7, A =7, soil
a v

type 3, a response modification factor of R=8, an amplification

factor of Cd=5.5, and an allowable story drift of A =0.015h jCd .a sx

The effect of soil-structure interaction and the stress constraint

were not considered in the design. The design results of the three

types of structure are discussed separately in the following para-

graphs of this section. Cases (a) and (b) are referred to whether the

design is based on the equivalent lateral force method or the modal

analysis method respectively. The constraint gradients were also

considered in the designs.

1. Fifteen-story, One-bay, Unbraced Frame. The fifteen-story,

one-bay frame shown in Figure 21 was redesigned by using the proce-

dures of the modal analysis method. The plots of weight versus cycles

of iteration, stability coefficients, shear envelopes, the moments of

inertia and their normalized values for the girders as well as the

columns are represented in Figures 33 through 39. The optimum weight

for Case (b) is 61.28 kips (272.57 kN), which is less than the optimum

weight of 70.07 kips (311.67 kN) for Case (a). The stability coeffi-

cients of Figure 34 have the maximum values of 0.0156 and 0.0186 at

the bottom story for Cases (a) and (b) respectively. These values

are much less than the upper bound, 0.1.
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As shown in Figures 36 and 38, for almost all the members, the

moments of inertia of the members for Case (b) are less than those of

the corresponding members for Case (a); however, the distributions of

the moments of inertia of the girders and columns of Case (a) are

similar to those of Case (b).

In Figure 40, the curves indicate the lateral displacements at

the different floor levels. As expected, because the story drifts

are restrained, the lateral displacements are much less than the

allowable displacements cumulated by using the allowable drifts, 6 ,a

but the drift of the 10th story is violated.

2. Fifteen-story, Two-bay, Unbraced Frame. The structure shown

in Figure 41 was designed to resist a nonstructural weight of 100,000

lbs (444.8 kN) per floor and seismic design forces. The constraints

are the same as those for the one-bay frame. The structure was also

used for other design cases which will be discussed in Sections VI.E

and VI.F.

Figure 42 illustrates the plots of the weight versus cycles of

iteration. Note that the modal analysis method requires less weight

than the equivalent lateral force method .
.

In Figure 44, the stability coefficients are plotted. The

stability cofficient of the bottom story is 0.0194 for Case (a) and

0.023 for Case (b).

As shown in Figures 45 through 49, the moments of inertia of the

girders and exterior columns from the bottom to the top of the build-

ing have a distribution that is similar to that of the one-bay frame.

The distribution of the moments of inertia of the interior columns,
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however, decreases from the third floor to the second floor and then

to the first floor. The decrement from the second floor to the first

floor is almost equal to the decrement from the third floor to the

second floor. By comparing the moments of inertia of the members of

the two cases, one finds that the moments of inertia in Case (b) are

smaller than those for corresponding members in Case (a).

The displacements of the different floor levels are illustrated

in Figure 51. The story drift is violated at the 10th story for

Case (a) and at the 9th story for Case (b). As in the case of the

one-bay frame, the lateral displacements are much smaller than the

allowable displacements.

The fundamental period of Case (a) is 2.134 sec, which is greater

than the upper bound, 1.2T =2.064 sec, therefore the design is
a

controlled by the upper bound. The eccentricity of Case (a) is 5.664

ft (1.726 m).

3. Fifteen-story, Two-bay, Setback Structure. The setback

structure of Figure 52 was selected because, as mentioned in ATC-3-06,

the equivalent lateral force method may not be adequate for the design

of a structure with an irregular vertical configuration. Consequently,

the 'modal analysis method needs to be considered. This structure was

designed separately according to each design procedure for the purpose

of comparison.

There are two bays for the bottom eight stories and one bay for

the balance. The nonstructural weight is 50,000 Ibs (222.4 kN) for

each of the top seven stories and 100,000 lbs (444.8 kN) for each of

the bottom eight stories. According to the final design, the

150



'5 '4
..

l
EL

F
M

in
.

W
t.

'3
-

-
_

.
.

4O
.
.
.
.
.
.
.

EL
F

M
in

.
C

o
st

-
-
-
.
-

M
DA

M
in

.
W

t.
'2

U
Be

M
in

.
W

t.
-

....
-

..-

11
-
-
-
-

C
h

in
es

e
M

in
.

W
t.

'0
-
J W

9
> w

8
-
J

.....
.

V
I

0:
::

7
.....

.
0 0

6
-
J

L
L

5 4 3 2

D
is

p
la

ce
m

en
t

B
as

ed
o

n
AT

C
A

ll
o

w
ab

le
S

to
ry

D
ri

ft
s

D
is

p
la

ce
m

en
t

B
as

ed
o

n
VB

C
A

ll
o

w
ab

le
S

to
ry

D
ri

ft
s

2
3

4
5

6
7

8
9

'0
D

IS
PL

A
C

EM
EN

T,
in

.
F

ig
u

re
5

1
.

D
is

p
la

ce
m

en
ts

o
f

th
e

IS
-S

to
ry

,
T

w
o-

B
ay

,
U

n
b

ra
ce

d
F

ra
m

e
fo

r
th

e
C

o
m

p
ar

is
o

n
o

f

V
ar

io
u

s
C

od
e

P
ro

v
is

io
n

s,
M

in
.

W
ei

g
h

t,
an

d
M

in
.

C
o

st
D

es
ig

n
s.

(1
in

.
=

2
.5

4
em

).



,......
'0 e

I ~
'~ ~

/I II

'0 E
I CD

'N CD
.... ("'J'

• •
(D cD

'-'"

-
'0

e
~I'. ~(D

/I \I

'9 e
CD

• 'N CD.... M

• •... ...
'-'

1

39

40

38

I I I I 4
(23)

) (

T T T T

(22)
.. i- ... '"... "" .... ,..

26
T I , , T ,

25 27
(15) (16)

) (46) (47)

23
22 T I T r I

24
(13 ) (14)

~: :::~ .. I-
'"I""

7
-, I I I I. I I

9
(3) 8 (4 )

) (28) (29)

I I I I -r 1 I
4

(1 ) 5 (2) 6

4) (25) (26)

"" ..... .",.~

(45

(27

(60

28-0
H

(8.53m)

28'-OH

(8.53 m)

Figure 52. IS-Story, Two-Ba~ Setback Structure for the Comparison

of the ATC-3-06 ELF and Modal Analysis Methods;

152



eccentricity of Case (a) is 5.741 feet (1.750 m). The fundamental

natural period is 1.754 sec, which is less than the upper bound,

therefore it controls the design.

In Figure 53, the plot of the weight versus cycles of iteration

is given. The optimum weight of Case (a) is 97.514 kips (433.74 kN)

and 78.325 kips (348.39 kN) for Case (b). The maximum values of the

stability coefficients shown in Figure 54 are 0.0171 for Case (a)

and 0.0233 for Case (b). The shear envelopes shown in Figure 55 are

not as smooth as those of previous examples. The envelopes decrease

abruptly at the ninth story because of an approximate 50 percent

reduction in story weight at the top of the seventh storey. Because

of the irregular distribution of the seismic design forces, the

moments of inertia of the members are not distributed as they are in
--- -- -

structures having a regular vertical configuration. Figures 56 and

57 illustrate the distribution of moments of inertia and normalized

moments of inertia of the girders. The moment of inertia at the

ninth floor increases suddenly because of the reduction in number of

columns at that story. A similar phenomenon is shown in Figures 58

through 61 for the distribution of the moments of inertia and

normalized moments of inertia of the exterior and interior columns

respectively. By comparing the curves in Figures 56 through 61, one

finds that larger member sizes are required for Case (a) than for

Case (b); the stiffness distributions are similar for both cases.

The lateral displacements are represented in Figure 62 which

shows that in both cases there is an active story drift at the 12th

story.
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The design results, which are summarized in Table XII, include

the maximum stability coefficient, the fundamental period, the number

of stories having violated drift, the final weight, and the number of

design cycles. According to the results of these three design

examples, the modal analysis method always provides less seismic

design forces than the equivalent lateral force method. Thus, a more

conservative design is developed when the design procedures of the

latter are used.

D. THE EFFECT OF SOIL-STRUCTURE INTERACTION IN ATC-3-06

The first example for the study of soil-structure interaction is

the two-story, seven-bay frame shown in Figure 63. It has a 4 x 4 ft

(1.22 x 1.22 m) footing under each column line. The average shear

wave velocity of the soil, v ,was assumed to be 550 ft/sec (167.64so

m/sec), the average unit weight of the soil, r, to be 0.112 kips/ft 3

(17.593 kN/m3), and the Poisson's ratio of the soil to be 0.45. Based

on these assumed values, the lateral stiffness of the foundation, K ,
Y

was computed as 3,307,917 lbs/in (5792.76 kN/cm)

stiffness, KS' as 5.73242xl0 11 lb-in/rad (6.4764

and the rocking

x 107 kN-m/rad). The

building is assumed to be located in an area with A =7, A =7, and soila v

type 3. The response modification factor, R, was taken as 4.5 ,the

response amplification factor, Cd' as 4, the allowable drift as

O.Olh lCd' and the uniform dead load on each floor level as 148.81sx

Ibs/in. (260.59 N/cm). Design procedures of the equivalent lateral

force method are used for two cases. In Case (a), the fixed base

without soil-structure interaction was considered, and in Case (b) the
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TABLE XII. THE DESIGN RESULTS OF THE 15-STORY ONE-BAY, TWO-BAY,

AND SETBACK,UNBRACED FRAMES FOR THE COMPARISON OF THE

ATC-3-06 ELF METHOD AND MODAL ANALYSIS METHOD.

(1 kip = 4.448 kN)

Case (a) Case (b)

ELF Nethod Modal Analysis Method

1-Bay 2-Bay Setback I-Bay 2-Bay Setback

Max. Stability 0.0156 0.0194 0.0171 0.0186 0.0230 0.0233
Coeff.

Fundamental 2.066 2.134 1. 754 2.306 2.386 2.108
Period (sec)

No. of Story 10 10 12 10 9 12
with Max. Drift

Final Weight 70.07 111. 82 97.51 61. 28 98.56 78.33
(kips)

Cycles of 20 7 8 18 8 10
Iteration
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effect of soil-structure interaction.

The results of both design cases that are listed in Table XIII

are for the design base shear, base moment, fundamental natural

period, eccentricity, and final weight of both cases. Table XIV

contains the results of the moments of inertia of the members. It is

obvious that the effect of soil-structure interaction reduces all the

corresponding values of Case (a) as represented in Tables XIII and

XIV. The upper bound of the fundamental period is 0.455 sec, which

is less than the natural periods of both design cases, therefore it

controls the· design.

The effective damping factor of the design for Case (b) is

0.0512, which was determined in accordance with Eq. (5.14) with an

effective period of 0.46877 sec, which was determined by using

Eq. (5.12). Table XV contains a list of the stability coefficients,

the seismic design forces, and the lateral displacements of each

floor level. The stability coefficients of both design cases are

less than the upper bound, and the drift at the second story is

violated for both design cases.

In order to investigate the significant influence of the soi1

structural interaction, the lateral stiffness of the foundation was

reduced to 1.08x105 lbs/in. (189.13 kN/cm). This reduction in the

lateral stiffness of the foundation was used to control TIT = 1.60,

and effective damping factor can be increased to around 0.09. The

seismic design forces were reduced to 12.94 kips (57.56 kN) on the

first floor, and 25.68 kips (114.22 kN) on the second floor, those

are only 50% of the fixed base case. The optimal weight was 7.66 kips
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TABLE XIII. THE DESIGN PARAMETERS OF THE FINAL CYCLE OF THE

TWO-STORY, SEVEN-BAY FRAME FOR THE STUDIES OF SOIL

EFFECT. (1 kips = 4.448 kN, 1 ft = 0.3048 m)

Case (a) Case(b)

Soil-Structure
Fixed Base

Interaction

Base Shear
82.159 81.622

(kips)

Base Moment
1231. 03 1230.90

(ft-kips)

Fundamental Period
0.4862 0.4880

(sec/cycle)

Effective Period
0.4688

(sec/cycle)

Effective Damping
0.0512

Factor

Eccentricity
2.6637 2.6466

(ft)

Final Weight
13.977 13.950

(kips)
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TABLE XIV. THE t-fOt-1ENTS OF INERTIA OF TIlE MEHBERS OF THE TWO-STORY,

SEVEN-BAY FRAME FOR THE STUDIES OF THE SOIL EFFECT.

(1 in. ~ 2.54 cm).

Moment of Inertia (in4)

Case (a) Case (b)

Member No Soil-Structure
Fixed Base

Interaction

1,7 1334.68 1324.78

2,6 297.60 295.82

3;5 102.94 102.55

4 30.66 30.54

8,14 852.16 845.45

9,13 332.79 300.45

10,12 143.08 142.03

11 108.07 107.22

15,22 1086.75 1077.82

16,21 1058.75 1051. 18

17,20 343.16 341.42

18,19 113.36 113.12

23,30 513.69 527.73

24,29 992.77 985.85

25,28 246.70 245.30

26,27 60.53 60.28
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TABLE XV. THE STABILITY COEFFICIENTS, SEISMIC DESIGN FORCES,

AND LATERAL DISPLACEMENTS OF THE TWO-STORY, SEVEN-BAY

STRUCTURE. (1 in. = 2.54 cm, 1 kip = 4.448 kN)

Case (a) Case (b)

Fixed Base Soil-Structure Interaction

Floor Stability Seismic Lateral Stability Seismic Lateral

Level Coeff. Force Disp. Coeff . Force Disp.

(kips) (in. ) (kips) (in. )

1 0.01126 27.54 0.2854 0.01134 27.36 0.2855

2 0.00532 54.62 0.6454 0.00535 54.27 0.6455
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(34.07 kN), which is about 50% lighter than that of the fixed base

case.

The second example is the fifteen-story, two-bay unbraced frame

shown in Figure 41. The soil conditions and foundation size are the

same as those of the previous example. The lateral stiffness of the

foundation is 1.24x10
6

lbs/in (2171.46 kN/cm), and the rocking stiff

ness 1.324x1011 lb-in/rad (1.4958 kN-m/rad). The same design load-

ings, constraints, the ATC-3-06 design parameters of A and A , thea v

soil profile type, R and Cd' as those used for the example given in

Section VI.C.2 are considered in the design.

Figure 64 shows the plot of the weight versus cycles of itera-

tion. The optimum weight of Case (b) is 106.08 kips (471.84 kN),

which is less than 111.82 kips (497.38 kN), the optimum weight of

Case (a). The plot of stability coefficients is represented in

Figure 65 in which the maximum value of Case (b) is shown as 0.0217.

The eccentricity of Case (b) is 5.174 ft (1.577 m), which is less

than that of Case (a). Similar to Case (a), the fundamental period

of Case (b) is 2.232 sec, which is larger than the upper bound, 1.2T ,a

thus the upper bound of the fundamental period controls the design.

The effective damping factor is 0.03127, which is less than the

lower bound 0.05. The lower bound of 0.05 is used to compute the

effective base shears. The effective period is computed as 2.5165

sec. The plot of the shear envelopes is shown in Figure 66. Figures

67, 69 and 71 respectively illustrate the distributions of the

moments of inertia of girders, exterior columns, and interior columns.

The member sizes are reduced as expected because of the effect of the
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soil-structure interaction; however, the distribution in member sizes

is very similar for both design cases. The normalized moments of

inertia are sketched in Figures 68, 70, and 72. The shape of lateral

-displacements is represented in Figure 73 in which the active story

drift is at the tenth story for both cases.

E. COMPARISON OF RESULTS OF MINIMUM WEIGHT AND MINIMUM COST DESIGN

The fifteen-story, two-bay structure shown in Figure 41 was

redesigned for minimum cost, with the unit prices of the steel,

painting, steel at the connections, and welding metal being 0.24 $/lb

(0.054 $/N), 0.7986x103 $/in2 (0.124x103 $/cm2), 0.3 $/lb (0.0674

$/N), and 5.5 $/lb (1.24 $/N) respectively. The design was based on

a ground acceleration of 0.4g. The maximum expected intensity of

seismic excitations for 50 years, the lifetime of the structure, was

assumed to be 0.5g. In addition, rigid connections were assumed,

therefore a large value of 9x109 was used as the initial stiffness of

the connection, k. The input parameters of ATC-3-06 equivalent

lateral method were taken to be the same as those of the minimum

weight design. The design results were overplotted in Figures 42

through 51 so that they can be compared with those of the minimum

weight design.

In Figure 42, the distribution based on the energy distribution

does not reduce the structural weight. Therefore, the constraint

gradient method was used. Because the contribution based on the cons

traint gradients is not affected by the change of objective function,

as illustrated in Figure 42, the structural weight of the first five
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cycles are identical for both cases. The final weight of minimum cost

design is 112.85 kips (501.96 kN), which is larger than the optimum

weight of minimum weight design. The maximum stability coefficient

of the minimum cost design is 0.0217, and the eccentricity is 5.669

ft (1.728 m).

The story shears of both cases are very similar as shown in

Figure 43 by the shear envelopes; however, Figures 45 through 50 show

the difference in the distribution of member sizes between the mini

mum weight and minimum cost designs. A more uniform distribution of

member sizes from the bottom to the top of the building is required

for minimum cost design.

The shapes of the lateral displacements are overplotted in

Figure 51. For the minimum cost design, the maximum story drift is on

the eighth story.

Figure 74 illustrates the plot of the costs versus cycles of

iteration for each type of cost. As indicated, the total structural

cost is governed by the base charge. which is the cost of the struc

tural members. All other kinds of costs are just a small percentage

of total cost. It is also worth noting that the damage cost increases

whenever the total cost decreases. It is obvious that the decrease

in total cost will increase the flexibility of the structure and hence

enlarge the story drifts. The damage cost is therefore raised because

of the increase of the story drifts.

F. COMPARISON OF VARIOUS CODE REQUIREMENTS

The structure shown in Figure 41 was redesigned for the following
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two cases: 1) a seismic-resistant design according to UBC provisions

and 2) a seismic-resistant design according to the Chinese Building

Design Code. For the UBC, the building was assumed to be located in

seismic zone 4 with the importance factor of the building being taken

as 1=1.5, the estimated site period as 1.0 sec, and the coefficient K

as 1.0. The allowable drift was assumed to be 0.005h for eachsx

story. An earthquake magnitude of 9, a site condition with soil type

3, and the structural influence coefficient, C; of 0.25 were assumed

when the Chinese Building Design Code was considered. For comparative

purposes, the restraint in the story drift was taken to be the same

as that of ATC-3-06 provisions, O.OISh lCd' although it was notsx

considered in Chinese Building Design Code.

The results, except Figure 44, are overplotted in Figures 42

through 51 so that they can be compared with the design results based

on the ATC-3-06 provisions. Figure 42 illustrates that the Chinese

Code requires the heaviest design and the UBC demands the lightest

because of the larger story drift allowance. The shear envelopes

shown in Figure 43 represent the story shear of each floor level.

The point that interrupts' the smoothness of the envelope corresponding

to the UBC is mainly due to the force of 0.07TV that is required at

the top story when one considers the effect of the higher modes on

response of long period structures where T is the fundamental period

of the structure and V the design base shear. The envelope corres-

ponding to the Chinese Code is almost linearly varied, because the

effect of higher modes on responses are neglected even if the struc-

ture has a long fundamental period. It is therefore necessary to
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restate that the Chinese Code limits the height of the building to

164 ft (50 m), and the stiffness from the bottom to the top of the

building must be uniformly distributed. These limitations restrain

the flexibility of the building so that the effect of the higher

modes of response can be neglected.

The distribution of the sizes of the members is illustrated in

Figures 45 through 50. These figures also show similar distributions

for the girders and columns for all cases. With regard to the

girders, it can be seen that a relatively small size at the first

story increases suddenly at the second story. There is a small

increase in size from the second floor to the third and a gradual

increase in the reduction of sizes. This decreases smoothly from the

third to the fourteenth floor. At the top floor, the moment of

inertia abruptly decreases from the fourteenth floor. The moment of

inertia of the exterior columns is the smallest at the top story. It

increases smoothly from the top to the second floor and then abruptly

increases at the first floor. A similar distribution of the moment

of inertia exists between the interior columns and the girders;

however, for the former, the moment of inertia decreases suddenly

from the third floor down to the second and then down to the first

with almost the same amount of decrement.

The displacements at different levels are plotted in Figure 51.

Although the story drift is active, the displacements can never reach

the allowable displacements.
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G. THE EFFECT OF DRIFT CONSTRAINT AND DISPLACEMENT CONSTRAINT FOR

UBC AND CHINESE CODE

In the previous sections, the design of all the examples were

based on the drift constraint. In reviewing the plots of the lateral

displacements, one can see that in almost all of the design examples

the drift of the stories between the ninth and the twelfth stories

was violated but that the lateral displacements are always smaller

than the allowable displacements as determined on the basis of the

allowable story drifts. The fifteen-story, two-bay, unbraced frame

shown in Figure 41 was redesigned by using the displacement con

straints instead of drift constraints as examples of the UBC and

Chinese Codes for which the allowable displacements were introduced

by using the allowable story drifts.

The UBC design results are overplotted in Figures 75 through 83

with the results that were determined on the basis of the drift

constraint. Figure 75 shows the lateral displacements of each floor

of the two design cases. For the displacement constraint case, the

lateral displacement at the top floor violates the allowable displace

ment. However, the story drift of ninth story is 0.787 in. (1.999

cm), which exceeds the allowable drift, 0.72 in. (1.829 cm). The

plot of the weight versus cycles of iteration is illustrated in

Figure 76. Apparently, the design using the displacement constraint

is much lighter than the design using the drift constraint. Less

story shears are also obtained for the displacement constraint case

as shown in the plot of shear envelopes of Figure 77. The moments

of inertia and normalized moments of inertia of the girders and

columns are represented in Figures 78 through 83 respectively. The
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distributions of the moments of inertia of the girders and columns

are similar for both cases, whereas the displacement constraint case

requires smaller member sizes.

Similarly to the UBC design, the design which is based on the

Chinese Code and uses the displacement constraints, requires less

weight than that of the design that uses drift constraints. Figure

85 illustrates the weight versus cycles of iteration. The displace

ments of each floor level are shown in Figure 84. The displacement

constraint case has a violated displacement at the top floor, but

the story drift of the ninth story is 0.435 in. (1.105 cm), which

exceeds allowable drift, 0.393 in. (0.999 cm). The plots of the

shear envelopes, the moments of inertia, and the normalized moments

of inertia of the girders and columns are shown in Figures 86 through

92 respectively. All these figures illustrate results similar to

those discussed in the UBC design case.

The conclusion is that the design based on story drift requires

a heavier design. In engineering practice, the restraint on the

story drift is more important, because serious damage during an

earthquake is mainly due to the collapse of columns that is brought

on primarily by a large story drift.

H. THE EFFECT OF VARIOUS BRACINGS ON A SEISMIC DESIGN BASED ON

ATC-3-06 ELF PROCEDURES

The fifteen-story, one-bay frame shown in Figure 21 was selected

for this study. The five different bracing systems, which are

classified as (a) single bracing, (b) double bracing, (c) K-bracing,
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(d) eccentric K-bracing, and (e) eccentric double bracing and are

shown in Figure 93, were used to design this structure for a map area

of A =7, A =7, and soil type 3 associated with R=6 and C
d

=5. The
a v

design loadings and the allowable story drift are the same as those

used in Section VI.B.

Table XVI shows the fundamental period, eccentricity, maximum

stability coefficient, the number of stories having maximum drift,

and the final weight of each bracing system. All the fundamental

periods of these five bracing systems exceed the upper bound,

1.2T =1.493 sec. Based on the experience learned from Section VI.B,a

the fundamental period corresponds to areas with different A's, A's,
a v

and the soil profile types also exceed 1.2T. Therefore, 1.2T willa a

control the design no matter what values of A , A , and soil typea v

are considered. Therefore, the seismic design coefficient, C ,
s

corresponds to each different combination of A and A , and the soila v

type can be easily detetermined. Figure 94 illustrates the seismic

design coefficients of these five bracing systems when A is changeda

as 1, 3, 5, and 7, when A is changed as 3, 5, and 7, and the soil
v

types are varied from 1, 2 and 3.

As shown in Table XVI, the maximum stability coefficients are

all less than the upper bound of 0.1. The stability coefficient of

each floor level is plotted in Figure 95. Figure 96 represents the

plot of the weight versus cycles of iteration. The model (c) has the

least weight, and the model (d) is the heaviest.

The moments of inertia and the normalized moments of inertia of

the girders and columns are respectively shown in Figures 97, 98, 99,
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(a) Single Bracing

14' -I 14' -I

(b) Double Bracing (c) K-Bracing

2'
24' 2 '

(d) Eccentric K-Bracing (e) Eccentric Double Bracing

Figure 93. Various Bracing Systems Used in the Design of IS-Story,

One-Bay, Braced Frame Based on the ATC-3-06 ELF Procedures
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Table XVI. THE DESIGN RESULTS OF VARIOUS BRACING SYSTEMS BASED ON

THE ATC-3-06 ELF PROCEDURES. (1 ft = 0.3048 m,

1 kip = 4.448 kN)

Bracing Type

Model (a) ~lodel (b) Model (c) Model (d) Model (e)

Fundamental
1.7678 1.5935 1.5765 1. 7115 1.5784

Period (sec)

Eccentricity
8.248 8.763 8.819 8.412 8.809

(ft)

Stability
0.01358 0.00903 0.00868 0.01148 0.00805

Coefficient

No. of Story
12 13 13 12 14

with Max Drift

Final Weight
43.38 35.06 33.01 46.98 41.25

(kips)
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and 100. Figures 101 and 102 illustrate the cross sectional areas

and the normalized areas of bracings respectively. For model (a),

there is only one bracing to resist longitudinal forces, thus it

requires larger columns. On the other hand, the model (d) can

provide a better resistance to the longitudinal forces because of the

larger angle between the brace and girder, thus smaller columns are

required. However, model (d) is worse than other bracing systems in

resisting lateral forces, thus larger girders are required. As shown

in Figure 97, there are relatively smaller moments of inertia for the

girders than for the columns for almost all the bracing systems.

The shear envelopes and the displacement at each floor level are

respectively sketched in Figures 103 and 104. The design is actually

terminated, because the allowable story drift is violated before the

allowable displacements are reached.

I. WIND DESIGN BASED ON UBC AND POWER LAW REQUIREMENTS

The building shown in Figure 41 was assumed to be located in an

area where the basic wind speed, v30 ' was 110 mph (177 km/h). In

order to determine the wind forces according to the power law, the

gradient height, h , for open country at an elevation of 900 feet
g

(274.3 m) was also assumed. The power law coefficient, 0, was

selected from Table IX as 1/7. The external pressure coefficient was

0.9 for a windward wall and -0.6 for a leeward wall.

To determine the wind forces in accordance with UBC provisions,

a wind pressure of 31 pst (1.48 kN/m2) corresponding to 110 mph (177

km/hr.) basic wind speed was used. The site condition of exposure

217
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C corresponds with open country, and the importance factor, I, was

taken to be 1.15 for an essential building. The wind pressure was

determined by using the normal force method, and an allowable drift

of O.OOSh was considered for both design cases.sx

Figures 105 through 113 depict the design results. As shown in

Figure lOS, for the first four cycles of iteration, the design, as

based on the UBC provisions, is heavier than the design based on the

power law, but the final design is lighter. The two shear envelopes,

as illustrated in Figure 106, from the sixth floor to the top floor,

almost coincide with each other, but the difference between the two

envelopes gradually increases from sixth floor to the first. This

difference is mainly due to the fact that the wind pressure according

to UBC is assumed to be uniformly distributed throughout the height

of the bUilding; however, the power law yields a parabolically dis-

tributed wind pressure along the height.

The moments of inertia and the normalized moments of inertia of

the girders are plotted in Figures 107 and 108 respectively. Figures

109 through 112 respectively illustrate the distribution of the

moments of inertia and the normalized moments of inertia of exterior

columns and interior columns.

The lateral displacements are shown in Figure 113. The 14th

story has the violated drift for the design based on the power law

and the drift of the eighth story is violated for the UBC wind

design.

Apparently, the wind force determined on the basis of the UBC re-

quirements is close to that determined on the basis of the power law.
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J. THE INFLUENCE OF VERTICAL HOTIONS AND p-~ EFFECT ON STRUC-

TURAL DESIGN

The fifteen-story, one-bay, unbraced frame shown in Figure 114

has a span length of 21 feet (6.40 m), a floor height, h ,of 12 feetsx

(3.66 m), a dead load on each floor level, w, of 180 lbs/in (315.2

N/cm) , a modulus of elasticity, E, of 29,000 ksi (19994 kN/cm2) , and

a mass density of construction material, p=0.283' lb/in3 . (0.0768

3N/cm). It also has an additional node at the midspan of the girder

on each floor. All the members are designed on the basis of the AISC

wide-flange sections. The ratios of the minimum moment of inertia

to the maximum moment of inertia of the girders and columns are

restrained to 0.1, and the minimum moment of inertia is limited to

10 in4 (416.23 cm4).

The design was based on spectral analysis by using the following

three design spectra: 1) 90 percentile, alluvium, design spectra with

5% damping as shown in Figures 9 and 10 for the horizontal and verti-

cal ground motions respectively for which a maximum ground motion of

0.4g, and a spectrum reduction factor of 4.5 were used, 2) the

normalized response spectra recommended by ATC-3-06 as shown in Figure

13 is based on a maximum ground acceleration of O.4g, and a soil

profile type of 53' and 3) Chinese design spectra as shown in Figures

14 and 15 for horizontal and vertical motions respectively is based on

an earthquake magnitude of 9, and a spectrum reduction factor of 0.25.

The spectrum reduction factors were used on the basis of the concept
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Figure 114, Fifteen-Stor~ One-Ba~ Unbraced Frame for the Study of

the Effects of Vertical Ground Motions and P-a Forces
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of inelastic spectral analysis, which was mentioned in Section F of

Chapter 4, to reduce the strength requirement. For the Newmark's

spectra and ATC-3-06 normalized response spectra, the reduction factor

was chosen to be equal to the response modification factor, R, of the

ATC-3-06, and the spectrum reduction factor of the Chinese spectra

was selected to be equal to the factor C of the Chinese Seismic Design

Code. For each spectral analysis, three cases were considered in the

design: a) horizontal motions only, b) horizontal ground motions plus

vertical ground motions, and c) horizontal and vertical motions plus

the P-A effect. The dynamic responses were obtained by using the

root-mean-square superposition of the first five modes.

For this structure, one first considers only the stress con

straint with an allowable stress of 24,000 psi (16547 N/cm2) for all

the members. Then the displacement constraints are considered. The

allowable lateral displacement of each floor level is 0.00375h , whichx

is determined based on the ATC-3-06 allowable story drift, 0.015h ICd .sx

Here, h is the height of the floor level, x, as measured from thex

ground surface, and h is the story height between level x and x-I.sx

The design results are discussed below.

1. 90 Percentile, Alluvium, DesignSpectra with 5% Damping

a. Stress constraint only. The plot of weight versus

cycles of iteration is shown in Figure 115. The final design weight

indicates that inclusion of the vertical ground motions does not affect

the design very significantly when the optimum weight is slightly

smaller than that of a design for which the vertical motion has not

been considered. Inclusion of the P-A effect, however, significantly
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increases the optimum weight by around 3.69% above what it would be

if the p-~ effect were not included.

The distribution of the moments of inertia of the girders and

columns are illustrated in Figures 116 through 119. The moments of

inertia of the members have to be much larger when the p-~ effect is

considered. When the design includes the vertical ground motions

without the p-~ effect, the smallest moments of inertia are required

for the members. The moments of inertia of the girders are distri

buted in the same manner as those depicted in previous sections of

this chapter except that the maximum moment of inertia is on the

second floor. The columns on the top three stories have the same

size because of the constraint on the ratio of the minimum moment of

inertia to the maximum moment of inertia.

The displacements of each floor level are shown in Figure 120.

The curves are very smooth from the second floor to the top floor,

but at the first floor the displacement decreases suddenly because of

the restraint of the rotational degree of freedom at the supports.

b. Displacement constraints only. Inclusion of vertical

motions and the p-~ effect increases the optimum weight by 1.1% and

4.15% respectively. Figure 121 shows the plots of weight versus

cycles of iteration. Note that inclusion of the p-~ effect requires

the heaviest weight.

Figures 122 and 123 depict the moments of inertia and the

normalized moments of inertia of the girders. The plots in these

figures illustrate an exceptional case in the distribution for the

design when only the horizontal ground motions are effective. As can

236



1
5 1
4

H
1

3
--

--
--

--
H

+
V

1
2

_
_

_
._

6
H

+
V

+
P-

A
1

1

1
0

--
-l W

9
T

> W --
-l

8

N
a::

7
w --.

..I
0 0

6
...

.J
L

L
5 4 3 2 1

I
(
-
-
-

I I I I

F
ig

u
re

1
1

6
.

1
0

0
0

2
0

0
0

M
O

M
EN

T
0
F

IN
E

R
T

1
A,

in
~

H
om

en
ts

o
f

In
e
rt

ia
o

f
th

e
G

ir
d

er
s

·o
f

th
e

D
es

ig
n

B
as

ed
on

N
ew

m
ar

k'
s

S
p

e
c
tr

a

w
it

h
S

tr
e
ss

C
o

n
st

ra
in

ts
.

(
l

in
.

=
2

.5
4

cm
).

·



1
5 1
4

1
3 1
2

1
1

1
0

-1 W
9

> W
8

-1

N
a::

:
7

w
0

0
0

0
6

-1 L
L

5 4 3 2

I
r-

--
-

l

1

l l l

H H
+

V

H
+

V
+

p
-t

..

-0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

N
O

RM
A

LI
ZE

D
M

OM
EN

T
F

ig
u

re
1

1
7

.
N

o
rm

al
iz

ed
M

om
en

ts
o

f
In

e
rt

ia
o

f
th

e

S
p

e
c
tr

a
w

it
h

S
tr

e
ss

C
o

n
st

ra
in

ts
.

0
.6

0
.7

0
.8

OF
IN

ER
TI

A
G

ir
d

e
rs

o
f

th
e

D
es

ig
n

0
.9

1
.0

B
as

ed
on

N
ew

m
ar

k'
s



1
0

0
0

2
0

0
0

3
0

0
0

M
OM

EN
T

OF
IN

ER
TI

A
,

i~
F

ig
u

re
1

1
8

.
H

om
en

ts
o

f
In

e
rt

ia
o

f
th

e
C

ol
um

ns
o

f
th

e
D

es
ig

n
B

as
ed

on
N

ew
m

ar
k'

s
S

p
e
c
tr

a

w
it

h
S

tr
e
ss

C
o

n
st

ra
in

ts
.

(1
in

.
=

2
.5

4
cm

).



1
5

1
4

1'
3

1
2

_

1
1

1

'-1 l
~

~
1°1

I t["
~

9
i

I
w

I
I

--
J

8

J I I

tv

I I

-l
:'

0:
::

7
0

0 0 --
J

6
1.

L
5 4 3 2

H H
+

V

H
+

V
+

P
-h

\-
1

--, l
L_, iL
L

-_
-,

..
~
L

-1
I

I

I
L

_
_

- 1
..

.
I

I

L I
I

I
I

I

1
.0

on
N

ew
m

ar
k'

s

0
.9

0
.6

OF
0

.7
0

.8

IN
E

R
T

IA
C

ol
um

ns
o

f
th

e
D

es
ig

n
B

as
ed

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

N
O

RM
A

LI
ZE

D
M

OM
EN

T
F

ig
u

re
1

1
9

.
N

o
rm

al
iz

ed
M

om
en

ts
o

f
In

e
rt

ia
o

f
th

e

S
p

e
c
tr

a
w

it
h

S
tr

e
ss

C
o
n
s
t
r
a
i
n
t
~



15 1
4

H
13

H
+

V
-
-
-
-
-
-
-
-

12
-
-
-
-
-

H
+

V
+

P
-l

\

1
1

10
-
I

W
9

> w
8

-
I

IV
a::

:
7

.l
:-

I
-
'

0 0
6

-
I

I..
L

5 4 3 2

:/
'

,?
,'

Y
"

,?
'

~
/

~
'

~
'

-:J
?"

'
-:J

?"
'

~
"
'

~
"

,."'..

2
3

4
5

6
7

8
9

1
0

D
IS

P
L

A
C

E
M

E
N

T
,

in
,

F
ig

u
re

1
2

0
.

D
i
s
p
l
a
c
e
~
e
n
t
s

o
f

th
e

D
e
si

g
n

B
a
se

d
o

n
N

ew
m

ar
k

's
S

p
e
c
tr

a
w

it
h

S
tr

e
s
s

C
o
n
s
t
r
a
i
~
t
s
.

(1
in

.
=

2
.5

4
cm

).



N ~ N

t/
)

Q
.

~ .... J: C
)

W ::

I
45

-1

H H
+

V

H
+

V
+

P
-L

\

40
~\

./"
,

.
./

'.
\

.
,

\
/

'.
--

.
-

'-.
.

-
\

/
'-

._
-_

._
--

--
\

.__
.../

'L
_

3
5

3
0 25
..,

.
i
i
i

i
i
i

•
•

i
i
i

i
•

i
i
i

"
i
i
i

i
"

I
"

I.
i

'
i
.
.
.

,
1

2
3

4
5

6
7

8
9

10
C

Y
C

L
E

S
O

F
IT

E
R

A
T

IO
N

F
ig

u
re

1
2

1
.

W
ei

g
h

t
v

.s
.

C
y

cl
es

o
f

It
e
ra

ti
o

n
P

lo
t

o
f

th
e

D
es

ig
n

B
as

ed
o

n
N

ew
m

ar
k'

s
S

p
e
c
tr

a

w
it

h
D

is
p

la
ce

m
en

t
C

o
n

st
ra

in
ts

.
(1

k
ip

=
4

.4
4

8
k

N
).



1
5

1
4

1
3

1
H

1
2

1

\
-
-
-
-
~

...
..

H
+

V

-
-
-
-
-
-

H
+

V
+

P-
11

11
1

1
0

1

~
--

-l
9

T
w >

•
W --

-l
8

N
a:::

:
7

~
a

w
a

6
--

1
U

-
S 4 3

..

2
1

I
-1

L
I

I

I
L

----
,I I

I

F
ig

u
re

12
2.

1
0

0
0

M
OM

EN
T

O
F

M
om

en
ts

o
f

In
e
rt

ia
o

f
th

e
G

ir
d

e
rs

o
f

2
0

0
0

IN
ER

T
IA

,
in
~

th
e

D
es

ig
n

B
as

ed
on

N
ew

m
ar

kl
s

S
p

e
c
tr

a

3
0

0
0

w
it

h
D

is
p

la
ce

m
en

t
C

o
n

st
ra

in
ts

.
(1

in
.

=
2

.5
4

cm
).



H H
+

V

H
+

V
+

P-
A

-_
.._

--
I

"
I

lL
.. U

,I ll-
l !
~

L
1 Ii

U
q !l

'
i
.

.--
-

1
5

1
4

1
3

1
2

1
1

1
0

.-
J

W
9

> W
8

-1

N
a::

:
7

+:
'-

0
.j:

:-

0
6

.-
J

l.
L

5 4 3 2

.
-
.
-
-
-
-
-
i
i
i

,
, , , ,

-0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

N
O

RM
A

LI
ZE

D
M

OM
EN

T
F

ig
u

re
1

2
3

.
N

o
rm

al
iz

ed
M

om
en

ts
o

f
In

e
rt

ia
o

f
th

e

0
.6

0
.7

0
.8

0
.9

OF
IN

ER
TI

A
G

ir
d

e
rs

o
f

th
e

D
es

ig
n

B
as

ed

1
.0

on
N

ew
m

ar
k'

s

S
p

e
c
tr

a
w

it
h

D
is

p
la

ce
m

en
t

C
o

n
st

ra
in

ts
.



be seen, the distribution from the first to the tenth floor is similar

to other cases, but from the tenth to the twelfth floor, the moment

of inertia increases suddenly. The main reason for this increment is

that the total responses are significantly affected by those of the

higher modes. The redistribution, which is based on the virtual

energy, changes the pattern of the distribution so that the virtual

energy of the second mode of girders from tenth to twelfth floor

becomes larger and controls the total virtual energies of all modes

under consideration.

The distribution of the moments of inertia and the normalized

moments of inertia of the columns are illustrated in Figure 124 and

125, and the displacements of each floor level are shown in Figure

126.

2. Normalized Design Spectra Recommended by ATC-3-06

a. Stress constraint only. The weight versus cycles of

iteration are plotted in Figure 127. Inclusion of the vertical

ground motions induces an optimum weight increment of 3.16% over that

of a design for which the vertical motions are not included. When

the P-A effect is included, the increment in the optimum weight

is 2.46%.

The moments of inertia and the normalized moments of inertia of

the girders and columns are plotted in Figures 128 through 131. TIle

distribution of the girders and columns are similar to that of the

previous examples.

Figure 132 shows the displacements of each floor level. Obvious

ly, the displacements reflect the total stiffness of the structure.
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b. Displacement constraint only. Figure 133 represents

the plots of weight versus cycles of iteration. Inspection of the

final weight shows that it has an increment of 0.22% because of the

inclusion of the vertical ground motions. Inclusion of the P-6

effect produces a significant 3.37% increment in the optimum weight

over that of a design without the P-6 effect.

The distributions of the moments of inertia of the girders and

columns are depicted in Figures 134 and 136, and the normalized

moments of inertia of the girders and columns are shown in Figures

135 and 137 respectively.

Figure 138 shows the lateral displacements of each floor level

in which the" displacement of the top floor is violated in all cases.

3. Chinese Design Spectra

a. Stress constraint only. As shown in Figure 139, inclu

sion of the vertical ground motions decreases the final weight by

0.18%, but the P-6 effect still significantly increases the optimum

weight by 4.914%.

The distribution of the moments of inertia and the normalized

moments of inertia of the girders and columns are delineated in

Figures 140 through 143 respectively. Similar distributions for the

girders and columns were obtained as previously illustrated.

Figure 144 shows the displacements of each floor level.

b. Displacement constraint only. Figure 145 represents

the plot of weight versus cycles of iteration. There is a 0.167%

increment in optimum weight occasioned by the inclusion of vertical

ground motions. Inclusion of the P-6 effect yields an important
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increment in optimum weight of 4.518%.

The moments of inertia and normalized moments of inertia of the

girders and columns are shown respectively in Figures 146 through

149. Note that the moment of inertia of a girder on the twelfth

floor is larger than that of a girder on the eleventh floor.

The displacements at each floor are sketched in Figure 150. In

this instance, all of the cases have violated displacement at the

top floor.

All of the design results are summarized in Tables XVII and

XVIII in which the natural periods, the final weight, the increments

occasioned by the inclusion of vertical motions and P-b effect,

and cycles of iteration are listed. It is apparent that when multi

component ground motions combine with P-b forces, there can be an

incremental of yield nearly 3% to 4% in structural weight over that

of a design in which the P-b effect is not included. However, the

influence of vertical motions can only produce around 0.2% increment

or even induce a decrease in weight.

K. THE INFLUENCE OF FIXED SUPPORT CONDITIONS ON THE FIRST-FLOOR

GIRDER RIGIDITY

As illustrated in the previous sections of this chapter, the

moment of inertia of a girder on the first floor of a structure is

decidedly less than the moment of inertia of a girder on the second

floor. This phenomenon is mainly due to the fixed support conditions.

Because rotational degrees of freedom are restrained at supports, the

displacement on the first floor is affected slightly as shown in the

269
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plots of displacements. The deformations as well as the internal

forces of 8 girder on the first floor are therefore much smaller than

those of a girder on the second floor. Based on the energy require

ment, a girder on the first floor requires a smaller moment of inertia

than a girder on the second floor.

The frame shown in Figure 114 was redesigned by changing the

fixed supports to hinged supports as shown in Figure 151. The struc

ture was designed by using the Chinese design spectra for which both

the horizontal and vertical motions were included. All the other

design conditions are the same as those used in Section VI.J.

As expected, the moment of inertia of the girder on the first

floor is larger than that of the girder on the second floor. The

distribution of the moments of inertia of the girders is shown in

Figure 153. In this case, the girder at the top floor is the small

est. The moment of inertia increases almost linearly from the top

to the second floor and increases abruptly at the first floor .. This

type of distribution is similar to that of the columns as depicted in

Figures 155 and 156.

Figure 157 illustrates the displacements of each floor level.

Because of the release of restraints on the rotational degrees of

freedom at the supports, the lateral displacement varies almost

linearly from the bottom to the top of the building.

The optimum weight is also as expected much heavier than that of

a frame having fixed supports. Figure 152 represents the plot of the

weight versus cycles of iteration.
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L. DETERMINATION OF DYNAMIC STORY DRIFT

As we mentioned in Section G of this chapter, when story drift

limitations are imposed in the design, a more conservative design

can be obtained than that is based on the displacement constraints.

In static design, the story drift can be determined by using the

static displacement without difficulty. However, in order to obtain a

conservative dynamic design, a suitable superposition technique should

be used to determine the dynamic story drifts.

By using the data obtained from the numerical example presented

in Section J.2.b, which is designed on the basis of the ATC-3-06

design spectrum associated with displacement constraints, two methods

were used to compute the dynamic story drifts. One is based on the

total dynamic displacements, those are obtained by using the root-

mean-square superposition of all the specified modal responses, and

the story drift can be expressed as

6. = r - rx x x-I (6.1)

m
in which r =(! 62 .)1/2, 6 . is the response of mode i on floor

x i=l x,~ x,~

level x, and m is total number of modes. The other is obtained by

using the root-mean-square superposition of modal drifts, that is

6. = (x

m
!

i=1
(6.2)

The modal responses, 6 . in Eqs. (6.1) and (6.2) are obtained by
x,~

using the spectral analysis, and can be expressed as
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Ini + Lvi S= {Ifl}. (- Sd h d)
~ m. , m. ,v

~ ~

(6.3)

T
in which {~}. is eigenvector of mode i, m.={~}.[M]{~}., Sd h is the

~ ~ ~ ~ ,
spectral displacement corresponding to the horizontal ground motions,

Sd is the spectral displacement corresponding to the vertical ground,v
motions, h .={~}~[M]{e}h' L .={Ifl}~[M]{e} , {e}h is a unit vectorIn ~ v~ ~ v

corresponding to horizontal direction, and {e} is a unit vector
v

corresponding to vertical direction.

The modal responses, 0 ., total dynamic displacement, r , and
x,~ x

the displacement based on the story drifts obtained from Eq. (6.2) are

shown in Figure 158. From this figure, one can find that Eq. (6.2)

provides larger drifts and displacements than Eq. (6.1). We can also

find this result by comparing Eqs. (6.1) and (6.2) directly, that is

m
( 1:

i=l

Therefore, a more conservative dynamic story drift should be based on

Eq. (6.2). In the ATC-3-06 modal analysis provisions, Eq. (6.2) is

used to calculate the story drifts.
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VII. COMPLETE DESIGN OF A THREE-STORY THREE-BAY BUILDING

The computer program ODSEWS-2D-II was used to develop about 80

examples of minimum weight and minimum cost designs presented in

Chapter VI. These optimum design results illustrate that the method-

ology and the computer program can be used for parametric studies and

and code assessments, and they can also be used for prelimary design

of selecting member sizes. In this Chapter, the computer program is

used to help illustrate the completed design procedures that are based

on the ATC-3-06 equivalent lateral force method. These include the

initial design, selection of members, the structural analysis, the

individual member check, and final design.

A. STRUCTURAL CONFIGURATION, DESIGN LOADINGS, AND CONSTRAINTS

Figure 159 isa plan view of a structure. There are three bays

in the direction of analysis. Each bay is 30 feet (9.14 m) long.

There are six bays in the orthogonal direction. Each bay is 20 feet

(6.10 m) wide. The vertical configuation of the cross section plan

A-A is shown in Figure 160. The structure is classified as being in

Exposure Group I and being an ordinary moment frame with R=4.5 and

It is located in an area having A =3, A =3, and a soil pro-
a v

file type S3'

Table XIX shows the individual types of basic design loading and

their magnitudes. The design loads at each floor level for one typi-

cal bay are summarized in Table XX based on loadings given in Table

XIX.
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TABLE XIX. THE BASIC DESIGN LOADINGS OF THE THREE-STORY, THREE-BAY

STRUCTRAL DESIGN. (1 psf =47.88 N/m2)

Loading Type Magnitude (psf)

Partitions (all floors) 20.00

Concrete Slab (all floors) 31.25

Floor Finish (all floors) 2.00

Ceiling (all floors) 8.00

Mechanical (all floors) 1.50

Insulation (roof) 2.00

Roofing 15.00

Live Load on Roof 30.00

Live Load on -1st and 2nd Floors 50.00

Snow Load 30.00

TABLE XX. DESIGN LOADS ON EACH FLOOR LEVEL FOR THE DESIGN OF THE

THREE-STORY, THREE-BAY STRUCTURE. (1 lb/in. = 1.75 N/cro)

Dead Load Live Load Snow Load
Floor Level

lbs/in. Ibs/in. lbsjin.

1 104.58 83.33

2 104.58 83.33

3 96.25 50.00 50.00
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All the structural members are designed on the basis of AISC wide

flange sections and ASTM's designation of A36 steel. According to

Section 3.7.1 of the ATC-3-06, it is necessary to provide the building

and its components with sufficient strengths to resist the effect of

the combined loads as indicated by Eq. (7.1) or, (7.2a) or (7.2b).

(7.1)

or

(7.2a)

or for elements that are relatively brittle in the tensile mode of

failure,

(7.2b)

in which Q is the combination of the load effects, QD the effect ofc

the dead load, Q
L

the effect of the live load, QS the effect of the

snow load, and QE the effect of the seismic forces.

The allowable story drift is O.OlSh jCd according to the ATC-3-06sx

provisions, and the stress constraints are not considered in the

initial design.

B. INITIAL DESIGN

By using the ODSEWS-2D-II computer program, the member sizes

of the optimum weight design are obtained and given in Table XXI.

Because stress constraints are not included in the design, the member
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TABLE XXI. THE MOMENT OF INERTIA, SECTIONAL AREA AND SECTIONAL

MODULUS OF THE INTIAL OPTIMUM DESIGN AND THE AISG

SECTION SELECTED ON THE BASIS OF THE INITIAL DESIGN

(1 in. = 2.54 em)

Initial Optimum Design Selected Sections

Member I A S I A Sx x Designation x x

No (in
4

) (in2) (in3) (in4) (in2) (in3)

1,3 251.26 7.36 25.16 W14x30 291.0 8.85 42.0

2 95.91 4.55 9.85 W12x26 103.0 4.71 17.1

4,6 149.24 5.68 15.20 W12x22 156.0 6.48 25.4

5 76.57 4.07 7.89 W12x14 88.6 4.16 14.9

7,9 117.89 5.04 12.07 WI0x22 118.0 6.49 23.2

8 25.53 2.35 2.66 W 6x15 29.1 4.43 9.7

10,13 303.37 8.09 30.13 WI0x54 303.0 15.80 54.6

11,12 227.63 7.01 22.88 WIOx45 248.0 13.30 49.1

14,17 254.42 7.41 25.46 WI0x45 248.0 13.30 49.1

15,16 155.33 5.79 15.80 W10x30 170.0 8.84 32.4

18,21 210.81 6.75 21.25 W10x39 209.0 11. 50 42.1

19,20 100.63 4.66 10.33 W10x22 118.0 6.49 23.2
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sizes are too small and have a maximum combined stress of 897.6 ksi

(618.8 kN/cm2) on member 8. This is much greater than the yielding

stress of 36 ksi (24.8 kN/cm2). Since the initial design is only a

guide for the user who selects the sections of the members, it is not

necessary for him to redesign the structure by considering the stress

constraints.

C. SELECTION OF MEMBERS FROM THE AISC MANUAL

The structural members are first selected from the AISC Manual

on the basis of the moment of inertia, the sectional area, and the

sectional modulus of each member which were obtained from the initial

design. These data are listed in Table XXI of the initial design

results and the selected results. The selected section sizes are

actually too small, because the stress constraints have not been

considered. A more reasonable selection could be based on the member

forces resulting from the initial design stage.

Now members are selected according to the member forces. For

ordinary moment resistant frames, ATC-3-06 Chapter 10 specifies that

the structural members should be selected and constructed according

to Part 1 of the AISC Specification for a frame that is subjected to

a combination of dead and live loads. When the frame is subjected to

seismic forces acting alone or to a combination of load effects, as

mentioned in Section A, the structural members must be designed and

constructed in accordance with Part 1 of the AISC Specification and

modified with the capacity reduction factor, allowable stresses, Euler
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stress, shear strength, and P-~ effects. For simplicity, structural

members are selected according to the member forces that are due to

the effect of gravity loads only.

For girders, the selection is based on the maximum bending moment

of a member which has fully lateral support from concrete slab. For

example, member 1 has a maximum bending moment of 2158.35 in.-kips

(243.85 kN-m) , and its required sectional modulus as based on a allow

able bending stress of 24 ksi (16.55 kN/cm2) is 89.93 in3 (1473.7 cm
3
).

The W18x55 section is then selected from Part 2 of the AISC Manual.

The selection of columns is based on the interactive formulas

given in Part 3 of the AISC Manual to include the effect due to the

simultaneous action of the axial force and bending moment. Figure 161

shows the member forces of the tenth member, which is the exterior

column on the first story. The bending factor, B , and the effectivex

length factor, K, are assumed to be 0.2 and 1.2 respectively. The

equivalent axial force, P ) is computed as 237.87 kips (1058.05 kN)equ

according to the following formula

P = P + M B
~u xx

(7.3)

in which P is the axial force, and M the maximum bending moment.x

The W14x82 section is then selected from Part 3 of the AISC Manual.

The allowable axial load, Pall' for this section is 261 kips (1160.93

kN). The selected member sections and their sectional properties are

shown in Table XXII.
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__..._f~' 35 kips

99.63 kips ~

691.34 in.-kips
1
4.35 kips

~99.63 kips

691.34 in.-kips

(a) Internal Forces of Member 10 Occasioned By Gravity Load

105.46

t1.62 kips \1.62 kips

kiPS-ij.:; jp5.46 kips

126.095 in.-kips 515.20 in.-kips

(b) Internal Forces of Member 10 Occasioned By the

Combined Load Effects on the Basis of Eq. (7.1)

Figure 161. Internal Forces of Member 10 at Initial Design

(1 in. = 2.54 em, 1 kip = 4.448 kN)
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TABLE XXII. THE MO~mNT OF INERTIA, SECTIONAL AREA, AND SECTIONAL

MODULUS OF THE SELECTED MEMBERS BASED ON THE MEMBER

FORCES OF THE INITIAL DESIGN. (1 in. = 2.54 em)

I A S
Member No Designation x x

(in4 ) (in2) (in3)

1,3 W18x55 890. 16.2 98.3

2 W18x50 800. 14.7 88.9

4,6 W18x50 800. 14.7 88.9

5 W18x50 800. 14.7 88.9

7,9 W18x55 890. 16.2 98.3

8 W18x50 800. 14.7 88.9

10,13 W14x82 882. 24.1 123.0

11,12 W12x65 533. 19.1 87.9

14,17 W14x82 882. 24.1 123.0

15,16 W12x53 425. 15.6 70.6

18,21 W14x82 882. ·24.1 123.0

19,20 W12x40 310. 11.8 51.9
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D. ANALYSIS OF A SYSTEM

Before one can check the individual members, an analysis has to

be made of the structure. To do this, the following three steps must

be taken: 1) analyze the structure in the direction of the applied

seismic forces, 2) analyze the structure in the direction perpendicular

to the applied seismic forces to determine the orthogonal effects) and
.

3) compute the shear forces occasioned by the torsional moments in the

vertical components.

The ODSEWS-2D-II computer program is used in the analysis as soon

as the sections of the members have been determined. The analyzed

results) which are based on the sections listed in Table XXII, are

shown in Table XXIII.

According to Section 3.7.2 of the ATC-3-06, the building and its

components must be designed for 100% of the effects of the seismic

forces in the principal direction and 30% of the effects of the seismic

forces in the orthogonal direction. But to determine the 30% in the

orthogonal direction, one has to analyze the structure in the x

direction as shown in Figure 159. The sections of the beams for this

direction are arbitrarily chosen. For simplicity) they are selected

according to the combined effects of the dead load, the live load) and

the snow load. A W10x45 section is selected for the beams. At this

stage, the building is first analyzed for the interior bay based on

30% of the seismic forces of the bay) and then the exterior bay is

analyzed for the seismic forces in the amount of 50% of those used for

the interior bay. The seismic forces in this direction are shown in

Table XXIV. Table XXV contains a list of the bending moments of the
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TABLE XXIII. THE ANALYZED RESULTS BASED ON THE SELECTED ~lE~1BERS

OF TABLE XXII. (1 in. = 2.54 cm, 1 kip = 4.448 kN)

Floor Drift Stability Seismic Forces Story Shear

Level (in. ) Coefficient (kips) (kips)

1 1.238 0.0344 2.437 13.286

2 0.947 0.0120 4.572 10.849

3 0.634 0.0047 6.278 6.278

Overturning Moment (ft-kips 391. 730

Fundamental Period (sec) 1.595

Eccentricity (feet) 1.105

TABLE XXIV. SEISMIC FORCES IN THE ORTHOGONAL DIRECTION FOR THE

COMPUTATION OF ORTHOGONAL EFFECTS. (1 kip = 4.448 kN)

Floor Level Seismic Forces (kips)

1 5.519

2 8.902

3 12.213

TABLE XXV. THE MAXIMUM BENDING Mm1ENTS IN THE COLmiNS OF

THE TYPICAL BAY OCCASIONED BY THE ORTHOGONAL

EFFECTS. (1 in. = 2.54 cm, 1 kip = 4.448 kN)

Floor Moment at End i Moment at End j

Level (in. -kips) (in. -kips)

1 186.52 191. 24.
Interior 2 159.33 169.02
Columns 3 105.66 130.96

1 88.93 90.61
Exterior

2 81.83 73.14
Columns

3 60.80 90.15
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columns, at different floor levels, that have larger orthogonal

effects.

According to Section 4.4 of the ATC-3-06, the torsional moments

occasioned by the seismic forces contribute shear forces to the

vertical components. There are two types of torsional moments: Mt ,

which results from the eccentricity between the mass center and

resistance center for that story, and Mta , the accidental torsional

moment, which is computed as the story shear times a distance equal to

5% the dimension of the building in the story under consideration

perpendicular to the direction of the applied seismic forces. The

shears contributed to the vertical members by the torsional moments

are proportional to the contribution of the members to the torsional

stiffness of the story 'about its center of resistance. The shear

distribution of any vertical member may be determined in accordance

with the following formulas and Figure 162:

M Y k
Vxt

r x= J r

M x k
Vyt

r y= J r

J ! ( k Y
2 + k x2 )=r x y

! k x
x = y

r ! k
Y

L k yx
Yr = ! kx

(7.4)

(7.5)

(7.6)

(7.7)

(7.8)

300



w o .....
.

x

D
r h

0
L..

!..J

Y
e

0
0

Y r

0
o

_
~

[
I I

Xr

o
M

as
s

C
en

te
r

e
ro

f
D

s
ta

n
c

e

D

o D D

F
ig

u
re

1
6

2
.

T
o

rs
io

n
a
l

D
is

tr
ib

u
ti

o
n

D
ia

g
ra

m



k = 12EI
R.

(7.9)

in which Vxt is the shear induced by the torsional moment in the x

direction, Vyt the shear induced by the torsional moment in the y

direction, M the torsional moment of the resistance, which is the sum
r .

of Mt and Mta , y the distance in the y dircetion from the center of the

resistance to the vertical member, x the distance in the x dircetion

from the center of the resistance to the vertical member, k the stiffx

ness of the vertical component about the x axis, k the stiffness of
y

the vertical component about the y axis, J the polar moment of
r

inertia, x the distance in the x direction measured from the geometric
r

center to the mass center, y the distance in the y direction measured
r

from the geometric center to the mass center, E the modulus of

elasticity, I the moment of inertia, and t the length of the vertical

member.

In computing the shear contributions for this example, the

torsional moment, Mt , is neglected; however, the accidental torsional

moment is considered. Mt is neglected for the following two reasons:

1) the mass center is the same as the geometric center, and 2) the

relative displacements induced by the vibration of the building between

any two floor levels are very small and the induced torsional moments

are relatively smaller than the accidental torsional moments. The

accidental torsional moments should be determined in accordance with

the following formula:
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V ex
(7.10)

in which (Mt ) is the accidental torsional moment at level x, V is
a x x

the story shear at level x, e is equal to 0.05D, and D is the

dimension of the building in the orthogonal direction.

For this example of a six bay frame, where D is equal to 120 feet

(36.58 m), we have

e = 0.05 x 120 = 6 feet (1.83 m), and

(Mta)1 = (13.286)(6)(6) = 478.296 ft-kips (648.45 kN-m)

(Mta)2 = (10.849) (6) (6) = 390.564 ft-kips (529.51 kN-m)

(Mta)3 = (6.278)(6)(6) = 226.008 ft-kips (306.41 kN-m)

The shears occasioned by the torsional effects are then computed.

These are listed in Table XXVI.

E. INDIVIDUAL MEMBER CHECK

As previously mentioned, the building and its components should

be designed to satisfy Part 1 of the AISC Specification when it is

subjected to a combination of dead load and live loads. When seismic

loads are included, ATC-3-06 modifies Part 1 of the AISC Specification

as follows: 1) the allowable stresses specified in AISC Sections 1.5.1,

1.5.2, 1.5.3, and 1.5.4 are multiplied by 1.7; 2) the Euler stress,
I

F , in AISC Section 1.6.1 is modified as F
e e

allowable shear force, V , is changed to V < 0.68F td; and 4) the
u u - y

combined stresses considered in AISC Specification Sections 1.6.1 and
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TABLE XXVI. THE CONTRIBUTION OF SHEARS DUE TO THE TORSIONAL EFFECTS

(1 kip = 4.448 kN)

Floor Column Line No V Vxe ye

Level (Refer to Figure 159) (kips) (kips)

1,2,3,4,5,6,7,
0.5871

22,23,24,25,26,27,28

8,9,10,11,12,13,14,
0.1183

15,16,17,18,19,20,21

1,7,22,28 0.1314

1 8,14,15,21 0.1545

2,6,23,27 0.0876

9,13,16,20 0.1029

3,5,24,26 0.0438

10,12,17,19 0.0514

4,11,18,25 o.

1,2,3,4,5,6,7,
0.4877

22,23,24,25,26,27,28

8,9,10,11,12,13,14,
0.0783

15,16,17,18,19,20,21

2 1,7,22,28 0.1091

8,14,15,21 0.0706

2,6,23,27 0.0727

9,13,16,20 0.0471

3,5,24,26 0.0364
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TABLE ~~VI. THE CONTRIBUTION OF SHEARS DUE TO THE TORSIONAL EFFECTS

(continued) (1 kip = 4.448 kN)

Floor Column Line No. V Vxe ye

Level (Refer to Figure 159) (kips) (kips)

10,12,17,19 0.0235
2

4,11,18,25 O.

1,2,3,4,5,6,7,
0.2962

22,23,24,25,26,27,28

8,9,10,11,12,13,14,
0.0347

15,16,17,18,19,20,21

1,7,22,28 0.0663

3 8,14,15,21 0.0198

2,6,23,27 0.0442

9,13,16,20 0.0132

3,5,24,26 0.0221

10,12,17,19 0.0066

4,11,18,25 0.
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2.4 are modified by using K equal to 1.0 and C determined as it is
m

for braced frames.

The selected structural members must satisfy the AISC and ATC-3-06

requirements. Each member is first checked by considering the effects

of gravity loads only. Then the combined effects of the gravity loads

and seismic forces are accounted for. Members 1 and 11 are used as

examples to show the procedure for making a member check.

Figure 163 shows the internal forces of member 1, which is a

girder on the first floor in the exterior bay. The maximum moment,

M ,is 2122.2 in.-kips (239.76 kN-m) when the gravity load only
max

is considered. On the assumption that the girders are embedded in a

concrete slab, the member is fully supported laterally. Thus,

M
max

0.66F
y

= 2122.2
24 = 88.43 in3 (1449.1 cm3) (o.k. )

For W18x55 section, the sectional modulus, S , is 98.3 in3 (1610.85
x

3cm). The selected section provides enough capacity to resist the

bending moment:

b f 6.0 <~= 10.83--=2tf y

d 46.4 < 640 106.67-= 7F:=t w Y

(o.k. )

(o.k. )

The allowable live load deflection is determined as
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...

~_J32.65 kips
6.48 kips..

1699.5 in.-kips

~.50 kips
6.48 kips
•

2122.2 in.-kips

(a) Internal Forces of Member 1 Occasioned by Gravity Loads

5.89
. 134 • 0 kips f41018 kips
ki~ ~89 kips

1427.80 in.-kips 2721.70 in.-kips

(b) Internal Forces of Member 1 Occasioned by Combined Load

Effects on the Basis of Eq. (7.1)

Figure 163. Internal Forces of Member 1 at Redesign Stage

(1 in. = 2.54 em, 1 kip = 4.448 kN)
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t 30 x 12
5 = 360 = 360 = 1. in. (2.54 em).

Therefore, the required moment of inertia is

I ,=req d = 628.45 in4 (26158.06 cm4)

< I = 890 in4 (37044.60 cm4)x
(o.k. )

According to AISC Specification Section 1.5.1.2, the allowable shear

force is

= 0.4F dt = 101.7 kips (452.36 kN)
y w

> 35 kips (155.68 kN).

For the case affected by the combination of load,

Mmax = 2721.7 in.-kips (307.5 kN-m)

(o.k)

M
~,::"",:","~m==a:::x==-:- = 2721. 7
l.7(0.66F) 40.4

Y
= 67.37 in3 (1104.00 cm3)

< 98.3 in3 (1610.85 cm3
) (o.k. )

= 0.68F dt = 172.89 kips (769.01 kN)
Y w

> 41.18 kips (183.17 kN). (o.k. )

The maximum positive moment is not checked, because it is only

1571.4 in.-kips (177.54 kN-m) , which will not govern the design. The
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combined stresses are also neglected, because the axial forces are in

a tensional direction. Both requirements may need to be checked for

other members.

The member forces of the interior column on the first story are

shown in Figure 164. The member is first checked for the effect of

the gravity load action only. For this, the axial stress is

f a
=1:.= 209.33 =

A 19.1
10.96 ksi (7.56 kN/cm2),

and bending stress is

38.53
87.9

= 0.438 ksi (0.30 kN/cm2 )."

The bending coefficient, Cb , is

C = 1.75 + 1.05 ( 17.07 ) + 0.3 ( 17.07 )2 = 2 274
b 38.53 38.53"

and the maximum unbraced length is

102000C
b

F )r
T

= 263.28 in. (6.69 m)
y

= 756.51 in. (19.22 m) > 240 in. (6.10m)

Therefore, the allowable bending stress is
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209.37~ ~09.37 kips

38.53 in.-kips 17.07 in.-kips

(a) Internal Forces of Member 11 Due to Gravity Loads

233.37~ ~3.37 kips

371.92 in.-kips 432.07 in.-kips

(b) Internal Forces of Member 11 Due to Combined Load

Effects on the Basis of Eq. (7.1)

Figure 164. Internal Forces of Member 11 After Redesign

(1 in. = 2.54 em, 1 kip = 4.448 kN)
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Fb = 0.6F
y

= 22 ksi (15.17 kN/cm2).

By using the alignment charts, the effective length factors are found

to be K = 1.31 and K = 1.29. Then one calculates K t/r as follows:
x y y y

K t
..:L-.= 1. 29 x 20 x 12 =

r 3.02
y

102.52.

From Table 3 in Appendix A of the AISC Specification,

F = 12.66 ksi (8.729 kN/cm2).a

In the plane of bending,

K t
_x_= 1.31 x 20 x 12

r 5.28x
59.45.

From Table 3 in Appendix A of the AISC Specification,

F = 42.19 ksi (2.909 kN/cm2).
e

According to AISC Specification Section 1.6.1,

f Cmfb
Fa + (l-f IF I )F = 0.889 < 1. 0

a a e b
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The W12x65 section is acceptable for the gravity load actions.

To check for the combined effects of the gravity loads and seismic

forces, the orthogonal effects and the torsional effects are also

considered. For this member, the orthogonal effects produce bending

moments of

My1 = 186.52 in.-kips (21.07 kN-m)

My2 = 191.44 in.-kips (21.63 kN-m).

The shears occasioned by the torsional moments are

v = 0.1183 kips (0.526 kN)xe

v = 0.1029 kips (0.458 kN).ye

Thus, the bending moments are increased to

MX1 = 371.92 + 0.1029 x 10 x 12 = 384.27 in. -kips (43.41 kN-m)

MX2 = 432.07 + 0.1029 x 10 x 12 = 444.42 in. -kips (50.21 kN-m)

My1 = 186.52 + 0.1183 x 10 x 12 = 200.72 in. -kips (22.68 kN-m)

My2 = 191.24 + 0.1183 x 10 x 12 = 205.44 in. -kips (23.21 kN-m).

For the bending coefficient,

C
b

= 2.88 > 2.3, use Cb=2.3.

The maximum unbraced length determined from the AISC Specification
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is larger than the member length. Therefore, the allowable bending

stresses in both axes are

F = 1.7(0.6F ) = 37.4 ksi (25.79 kN/cm2)bx y

Fby = 1.7(0.75Fy) = 45.9 ksi (31.65 kN/cm2).

For both bending planes,

K t
x--=
r

x

(1.0)(20)(12) =
5.28 45.45

K t
.....L-= (1.0)(20)(12) =

r 3.02
y

79.47.

The allowable axial stress is

F = 1.7 x 15.41 = 26.20 ksi (18.06 kN/cm2).a

To check the combined load effects, the formulas in AISC Specification

Section 1.6.1 are used.

= 12.22 ksi (8.43 kN/cm2)

f aF = 0.466 > O. 15
a

C = 0.6 - 0 4(384.27) = 0.254 < 0.4, use C =0.4
mx . 444.42 mx
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C = 0.6 - o 4(200.72) = 0.209 < 0.4, use C =0.4my . 205.44 my

1T
2E

F = = 138.56 ksi (95.54 kN/cm2)ex (K 'l/r )2
x x

1T
2E

F' = = 45.32 ksi (31. 25 kNI cm2)ey
(K 'l/r )2

y y

f C f b C fb2 + __mx__x__ + my::.--,y:.-__ = 0.596 < 1. 0

F (l-f IF I )F
b

(l-f IF' )F
ba a ex x a ey y

f f f
2+~+~= 0 622 0. < 1.
F F

b
F

ba x y

Therefore, the W12x56 section is acceptable.

(0. k.)

Co.k)

By following a similar procedure, all the sections selected in

Section B will be acceptable. The building is therefore designed

to have a total structural weight of 27,840 Ibs (123.83 kN). Figure

165 shows the final design of this plane structure.

If the selected sections do not satisfy the AISC and ATC-3-06

requirements, it is necessary to reselectthe section and repeat the

procedures of Section D and this section.

F. REMARKS

In this chapter, the ODSEWS-2D-II has been used to illustrate the

design procedures. Because this computer program is used to design a

plane structure, several assumptions had to be made to determine the

orthogonal effects and the torsional effects. The output solution of
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the member stresses is due to the axial force combined with bending

about the major axis. If an assumed stress constraint is imposed,

the result will be over designed in the initial design. Since the

initial design provides only a guide for selecting member sections,

it may be desirable to select the members on the basis of the member

forces.
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VIII. REVIEW AND CONCLUSIONS

A. REVIEW

Studies of the parameters of ATC-3-06 provisipns, comparisons of

various code provisions, the effect of various constraints, the

influence of different support conditions, the effects of vertical

ground movements, the effect of second-order forces, and the effect

of various bracing systems have been presented in this report.

It has been shown that the optimum design program, ODSEWS-2D-II,

which was developed for multiple purposes, can be effectively used to

design and analyze structures of trusses, unbraced frames, and braced

frames. Its objective function can be either structural weight or

cost. The technique of resizing individual members of a system is

based on the optimal criterion and the constraint gradients.

The design loadings can be static loads, dynamic loads, or a

combination of both. For the design of a seismic resistant structure,

the design loadings include equivalent seismic forces determined

according to the ATC-3-06 equivalent lateral force method or modal

analysis method, the Uniform Building Code, and Chinese Seismic Design

Code. For wind structural design, the power law is also available in

the computer program. For dynamic loadings, several design spectra

were coded in the subroutines CURVEl, CURVE2 , CURVE3 , and CURVE4.

This was done by using least square curve fitted functions. For the

determination of spectral acceleration one can use various design

spectra. This can be easily accomplished by calling the subroutines,

but seismic information as earthquake records and forcing functions

can also be used.
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The ODSEWS-2D-II program can be run on an AHDAHL 470V/7, 480V/8

or an IBM 4341 OS/VS1 system of the University of Missouri-Rolla.

Detailed descriptions of the subroutines, input data, capacities, and

modifications of the program's capacity are organized and given in a

separate volume of the series report. 74

B. CONCLUSIONS

The important conclusions derived from the investigation are

summarized below.

(1) The presentation of optimality criterion technique combined

with constraint gradients can be used to various structural systems.

(2) The upper bound of the fundamental period, 1.2T , which isa

specified in the ATC-3-06 equivalent lateral force method, controls

the design of almost all the design examples given in this report.

Sophisticated mechanics may need not be used to find the natural period

of a structure if the equivalent lateral force method is applicable.

Based on this observation, it is apparent that the seismic design

coefficient, C , can be easily found for all map areas associated with
s

any soil profile type without checking whether or not the fundamental

period exceeds 1.2T .
a

(3) In the ATC-3-06 provisions, the stability coefficient, a, is

determined to be inversely proportional to the story shears. On the

basis of optimal solutions, it has been shown that almost all the

stability coefficients are much smaller than the upper bound 0.1.

According to the ATC-3-06, the P-A effect can be neglected in the

318



design. The lower values of A and A , the structure is less stiff.
a v

Consequently, the higher value of stability coefficient is found.

(4) For the ATC-3-06 provisions of the equivalent lateral force

method and the modal analysis method, no matter whether the vertical

configuration of structure is regular or irregular, the modal analysis

method requires less optimal structural weight than the equivalent

lateral force method. However, the stiffness distribution of a system

resulting from using the both methods is almost identical which

indicates that modal analysis technique is not necessarily required

for irregular structures.

(5) Soil-structure interaction reduces the base shear and moment.

Therefore, the design lateral forces are reduced, and a lighter optimal

weight is obtained.

(6) In minimum cost design of the given unit costs of various

items, the cost is mainly governed by the base charge, which includes

the member costs and the extra size costs. According to the design

example, the minimum cost design requires more weight than the minimum

weight design. The distribution of the moments of inertia of the

girders ~nd columns show that the minimum cost design requires more

uniform distribution than the minimum weight design.

(7) The design based on the Uniform Building Code has the light-

est weight among the seismic resistant design provisions investigated

because of the higher values of allowable story drifts that are

required in the code. The allowable story drifts are not specified in

the Chinese Code; if the allowable story drifts are used as specified
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in the ATC-3-06 Provisions, the optimum weight of the design based on

the Chinese Code is the heaviest.

The shear envelope associated with UBC increases abruptly at the

top story; that is mainly due to the requirement of O.07TV to account

for the higher modes of a structure having long period. The influence

of higher modes on structural responses is neglected in Chinese Code;

it is therefore the shear envelope resulting from the code that is

smoothly increased from the top to the first story.

(8) The constraint in story drifts is more import .:nt than the

constraint in lateral displacements. The displacement constraint

requires lighter structural design than the drift constraint; however

several stories may violate the allowable story drifts and consequent

ly a serious structural damage may result. The imposing of the

constraint in story drifts always yields less lateral displacements

than the allowable displacements based on the values of the allowable

story drift.

(9) The moments of inertia of girders and columns are consider

ably reduced when the bracings are used in a structure. The eccentric

K bracing system of model (d) requires the heaviest weight among all

five bracing models because the lateral forces are not effectively

resisted by bracings and relative larger sizes of girders are obtained.

However, the bracings can provide better resistance to the gravity

loads and the moments of inertia of columns are the smallest among all

bracing systems. The K-braced system requires the lightest weight

among all five bracing systems.
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(10) The moments of inertia of girders of the double-bracing

system provides better resistance to the lateral forces and, thus, its

girders are considerably smaller than those of other bracing systems.

The sizes of all the girders are governed by the lower bound of the

relative size.

(11) The bracings of almost all bracing systems are relatively

small at the top story. The distribution of areas of the bracings are

increased gradually from top to the second story and then decreased

abruptly at the first story. For the single-bracing system, the areas

of the bracings are constant from the second story to the 12th story

and are governed by the upper bound of the cross-sectional areas.

For the eccentric K bracing system, the bracings from first to the

top story are all governed by the upper bound of the cross-sectional

area.

(12) Because the design of the bracing systems is governed by

the lower bound of the fundamental period, 1.2T , for the map areaa

associated with A =7, A =7 and soil type 3, the design of other map
a v

areas are apparently controlled by 1.2T .a

(13) The wind forces determined according to the UBC provisions

are almost equal to those determined based on the power law. Because

UBC provides larger wind loads at the lower stories of a structure,

it requires a heavier weight for the final design.

(14) The inclusion of vertical combined with horizontal ground

motions in the design will require a heavier structural design than a

design resulting from horizontal ground motions only. The considera-

tion of the second-order P-d effect can even yield a heavier design
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with an increment in weight around 3%-4%.

(IS) The distribution of the moments of inertia of girders are

always abruptly decreased from the second to the first floor for fixed

supports. When a structure has hinge supports, the moment of inertia

of the girder at the- first floor is the largest and suddenly decresed

at the second floor. The girders are then decreased almost linearly

from the second floor to the top.

(16) For columns of IS-story, one-bay frame with fixed supports,

the distribution of the moments of inertia is relatively small at the

top floor. It is gradually increased from the 14th floor to the

second, increasing abruptly at the first floor.

(17) For the IS-story, two-bay unbraced frame with fixed

supports, the distribution of the exterior columns is similar to that

of one-bay frame. However, for interior columns, the moment of

inertia is the smallest still at the top floor, but it is increased

from the top to the third floor and then decreased to the first floor.

(18) For structures with irregular vertical configuration, the

distribution of the moments of inertia of columns and girders are

different from those of the structures having regular vertical con

figuration. The example of IS-story setback structure requires an

abruptly inreased moments of inertia of girders and columns on the

9th story, because the number of members is reduced at that floor.

(19) In dynamic design, because the eigenvector of the second

mode changes sign on the upper stories, the effects on structural

responses due to second mode can significantly affect the resizing of

member sizes for long period buildings or high-rise bUildings. For
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this type of buildings, the strain energy combined with kinetic

energy of higher modes may be either positive or negative on the upper

stories. A modification of the energy distribution is developed in

ODSEWS-2D-II.

(20) The dynamic story drift should be determined by combining

the modal drifts based on the root-mean-square method. It provides

a more conservative value than that is determined on the basis of

total dynamic displacements.

(21) The individual member check of the 3-story 3-bay unbraced

frame shows that the effect of accidental torsions specified in

ATC-3~06 may be insignificant. The increased moments at the columns

due to the effects of accidental torsions are too small to influence

the design results.

(22) The ODSEWS-2D-II computer program can be used for the

design and analysis of various systems. The design loading can be

static loads, wind forces, interacting ground motions, seismic forces

recommended in various code provisions, and any combination of these.

The program can also be used for comparative studies of various code

provisions, the effect of various seismic input and interacting ground

motion, and the stiffness distribution of different typical structural

systems. The program has options of design and analysis. It is

apparent that using the program can accelerate the design process and

consequently increases profit of a project.
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APPENDICES



APPENDIX A. CROSS SECTIONAL PROPERTIES OF THE AISC WF SECTIONS

In this research work, the girders and columns of a framework

are assumed to be wide flange sections. The wide flange sections can

be either selected from the AISC Manua1 39 or designed for built-up

wide flange sections. In this appendix, the formulas used for comput-

ing the sectional properties of the AISC WF sections are described.

In the AISC Manual, the sectional properties of WF steel sections

are given. The interested sectional properties in this research are

cross-sectional area, A, sectional modulus, S , and moment of inertia,
x

I. Unfortunately, the direct relationships are not available forx

these three values. For programming convenience, the approximate

relations for most economical WF sections were developed on the basis

of curve fitting with selected algebraic expressions. 12 These

relations are given as follows:

a. for 0 < I < 9000 in4 ,x

S = J 60.6 I + 84100 - 290,x x

and

A = 0.465 ~
x

b. for 9000 in4
< I < 20300 in4

x
,

I - 8056.3
S x=x 1.876

and
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I + 2300xA = --::.=._--
256
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APPENDIX B. CROSS-SECTIONAL PROPERTIES OF THE BUILT-UP SECTIONS

The AISC WF sections given in Appendix A may not adequate for

the design of tall and heavy frameworks. The built-up sections are

provided in the computer program to complement this inadequacy.

The cross-sectional area, A, the moment of inertia, I , the
x

sectional modulus, S , and the shear flow, v, are respectively given
x

as follows:

2 t t f b t wA=d C-J!.+2-C---))d d d d

3 b t f t f 2 1 t 2t f 3
S =d (- (-)( 1 - -) + - ~ (l - -d )).x d d d 6 d

and

d2 b t f t f 2 1 t w
(l -

2t f 3 t w
C 2d Cd) (l --) +iTd -) )-

d d d
v =

b t f t f t 2t f 2
C2d CT)(l --) +...!..~ (1 --) )d 8 d d

in which b is the flange width, d the depth of the cross section, t f

the flange thichness, and t the web thickness.
w
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