
Lehigh University
Lehigh Preserve

Theses and Dissertations

1989

A study on the seismic requirements of steel
building frames designed for wind
Masahiro Nagata
Lehigh University

Follow this and additional works at: https://preserve.lehigh.edu/etd

Part of the Civil Engineering Commons

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.

Recommended Citation
Nagata, Masahiro, "A study on the seismic requirements of steel building frames designed for wind" (1989). Theses and Dissertations.
5232.
https://preserve.lehigh.edu/etd/5232

https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F5232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F5232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F5232&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=preserve.lehigh.edu%2Fetd%2F5232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/5232?utm_source=preserve.lehigh.edu%2Fetd%2F5232&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu


, - ,-
l 

A STUDY ON 

TIIE SEISMIC REQUIREMENTS OF 

STEEL BUILDING FRAMES DESIGNED FOR WIND 

by 

Masahiro Nagata 

A Thesis 

Presented to the Graduate Committee 

of Lehigh University 

in Candidacy for the Degree of 

Master of Science 

• 
In 

Civil Engineering 

· Lehigh University 

March 1989 
b 

• 

.. 



.. 

• 

CERTIFICATE OF APPROVAL 

This thesis is accepted and approved in partial fulfillment of the requirements for the degree of 

l\1aster of Science in Civil Engineering. 

Date 

(ii) 

Le-Wu Lu 

Professor in Charge 

,, .,•,·: 

i 

' 



ACKNOWLEDGEMENTS 

The author wishes to express his appreciation for the efforts of those who have 

contributed to the completion of this research. In particular, he owes special thanks to 

Professor Le-Wu Lu of Lehigh University, for his knowledge, assistance, and advice during this 

investigation. lie would also like to thank many friends for their assistance and advice. 

The opportunity to study at Lehigh University and the financial support provided by 

the Nippon Steel Corporation are gratefully acknowledged . 

• 

. , 

(iii) 

<J 



• 

• 

TABLE OF CONTENTS 

\ 

1. Introduction 

2. Overview of Existing Codes in The United States 

2.1 Comparison of Seismic Design Loads 

2.1.1 Seismic Base Shear 

2.1.2 Vertical Distribution of Seismic Forces 

2.2 Comparison of Wind Design Loads 

3. Criteria that Control Building Design 

3.1 Analysis Models 

3.2 llorizontal Loads Governing Building Design 

3.3 Bending Moment Governing Member Design 

4. Seisn1ic Requirements of Wind-Governed Buildings 

4.1 Strength and Ductility Requirements 

4.2 Ultimate Strength of Buildings 

4.3 Required Ductility of Buildings 

5. Summary and Conclusions 

6. References 

7. Appendixes 

Appendix 1. Trends in High-rise Buildings 

Appendix 2. The Japanese Seismic <;1,nd Wind Codes 

Appendix 3. Ultimate Strength of Buildings Analyzed by Mechanism Method 
\ . 

,...... 

8. Vita 

(iv) 

, 

[>age 

2 

3 

8 

1 1 

13 

13 

14 

15 

20 

20 

21 

23 

26 

66 

67 

67 

81 

91 

94 



LIST OF TABLES 

Table 2-1 Base shear coefficients at the working load level for OMRSF 
1'able 2-2 Base shear coefficients at the working load level for SM RS F 

Table Al-1 liistorical development of high-rise buildings 

Table Al-2 Unit weight of structural steel used in high-rise buildings 
• 

(v) 

.. 

' 
Page 

30 

30 

69 

70- 71 

. 7 



' ' 

LIST OF FIGURES 

Fig.2-1 Design base shear coefficients for OMRSF 

Fig.2-2 Design base shear coefficients for SMRSF 

Fig.2-3 Vertical distribution of seismic coefficients for buildings in California 

Fig.2-4 Con1parison of wind pressures between the UBC and the BOCA 

Fig.2-5 External wind pressure coefficients in the BOCA 

Fig.3-1 Building configurations and din1ensions 
-

Fig.3-2 Design story shear at the working load level in California 

Fig.3-3 Design story shear at the working load level in New York 

Fig.3-4. Governing horizontal loads (DL==75psf, L/B==l.0) 

Fig.3-5 Governing horizontal loads (DL=50psf, L/B==l.O) 

Fig.3-6 Governing horizontal loads (DL==lOOpsf, L/B==l.O) 

Fig.3-7 Governing horizontal loads (DL=75psf, L/8==0.4) 

Fig.3-8 Governing horizontal loads (DL==75psf, L/8==2.5) 

Fig.3-9 ~1oment diagrams of moment-resisting frames 

Fig.3-10 Beam design moment for buildings with DL==75psf, L/B==l.O 

Fig.3-11 Controlling criteria for beam design (DL==75psf, L/B==l.O) 

Fig.3-12 Controlling criteria for beam design (DL==50psf, L/B==l.O) 

Fig.3-13 Controlling criteria for beam design (DL==lOOpsf, L/B==l.O) 

Fig.3-14 Controlling criteria for beam design (DL==75psf, L/B=0.4) 

Fig.3-15 Controlling criteria for beam design (DL=75psf, L/8=2.5) 

Fig.4-1 Elastoplastic behavior assumptions 

Fig.4-2 R a,nd Cd factors in the NEHRP provisions 

Fig.4-3 R and Cd factors in the Japanese seismic code 

Fig.4-4 Variety of Rand Cd factors in the NEHRP provisions 

Fig.4-5 Analyzed collapse mechanisms 

Fig.4-6 Ultimate strength of buildings (DL=75psf, L/B=l.O) 

Fig.4-7 Ultimate strength of buildings {DL=50psf, L/B=l.O) 

(vi) 

II 

Page 

31 

31 

32 

33 

34 

35 

36-37 

38-39 

40 

41 

42 

43 

44 

45 

46-47 

48 

49 

50 

51 

52 

53 

54 

54 

55 

56 

57 

57 



Fig.4-8 Ultimate strength of buildings (DL=lOOpsf, L/B=l.O) 58 

J«'"'ig.4-9 Ultimate strength of buildings (DL=75psf, L/B=0.4) 58 

Fig.4-10 Ultimate strength of buildings (DL=75psf, L/8=2.5) 59 

Fig.4-11 Collapse mechanisms of OM RS F with D L= 75psf, L/ B= 1.0 in California 60 

Fig.4-12 Collapse mechanisms of OMRSF with DL=75psf, L/B=l.O in New York 60 

Fig.4-13 Comparison of .-\Cj' .-\CBj' .-\ 8 of 15-story OMRSF with 75psf, l.1/13=1.0 61 

Fig.4-14 Story moment capacity of 15-story OM RSF with DL=75psf, l.1/I3== 1.0 62 

Fig.4-15 Ultimate strength of buildings 63 

Fig.4-16 Analyzed R factors 61 

Fig.4-17 Load and deflection relationship for analyzed R factors 65 

Fig.A 1-1 Top 100 tallest buildings in the world 72 

Fig.Al-2 Tall buildings in New York 73 

Fig.A 1-3 Tall buildings in Chicago 73 

Fig.A 1-4 Tall buildings in Los Angeles and San Francisco 74 

Fig.A 1-5 Tall buildings in Houston 7 4 

Fig.Al-6 Tall buildings in Hong Kong and Singapore 75 

Fig.A 1- 7 Tall buildings in Japan 75 

Fig.Al-8 Historical Development of tall buildings 76 

Fig.Al-9 Relationship between the number of stories and unit weight of structural steel 77 

Fig.Al-10 Structural materials used in tall buildings in major cities 78 

Fig.Al-11 Structural materials used in top 100 tallest buildings in the world 79 

Fig.Al-12 Structural materials used in tall buildings in Japan 79 

Fig.A2-1 Comparison of design base shear coefficients between the U.S. and Japan 86 

Fig.A2-2 Comparison of horizontal design loads between the U.S. and Japan 87 

Fig.A2-3 Horizontal design loads for 15-, 20-, and 30-story buildings in Japan 88-89 

Fig.A2-4 Ratio of seismic-to-wind design loads in the U.S. and Japan 90 

(vii) 
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ABSTRACT 

• 

Several national and regional codes now require the consideration of earthquake ground 

excitations in the design of buildings in many parts in the United States, even in the eastern 

U.S., while a number of wind governed buildings exist in the U.S., especially in the eastern 

U.S.. These buildings would generally have an overstrength when compared ,vith the seisn1ic 

design loads and a greater ultimate strength than that implied in the seismic design codes. 

This suggests that it may not be necessary to provide the same structural details in order 

achieve the capacity or ductility for nonlinear deformations. Structural steel rnay becon1c 

n1ore con1 petitive against rein forced concrete in building construction if the connections can 

achieve the desired ductility without additional fabrication and erection costs. 

In this thesis, the load criteria which control structural design are first reviewed. 

Several codes in the U.S. are then compared and a discussion of the dominant criteria for 

various types of buildings is presented. Finally, ductility demands on wind governed buildings 

are exa1nined. 

.. 

_/ 
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1. INTRODUCTION 

Several national and regional building codes now • require the consideration of 

earthquake ground excitations in the design of buildings in many parts of the U.S., even in the 

eastern U.S.. Recent design experience has indicated that for low to mediun1 rise buildings 

constructed in the ea.stern U.S. the governing lateral loading for design is son1etimes the 

earthquake loading. Further, in some cases, although wind loading governs the J)roportioning 

of the structural members, the connection details have to meet certain ductility requircrnents 

because of the concern of energy absorption capacity. 

These seismic codes adopt a static analysis and an equivalent lateral force procedure 

using force reduction factor (R) and ductility factor (Cd) without requiring <iny true nonlinear 

analysis. llowever, the Rand Cd factors suitable for wind governed buildings are not specified 

in these codes. 

In this thesis, the load criteria which control structural design will first be reviewed. 

Several codes in the U.S. will then be compared and a discussion of the dominant criteria for 

various heights and floor configurations will be presented. Finally, ductility requirements of 

building frames designed for wind will be examined. 
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2. OVERVIEW OF EXISTING CODES IN THE UNITED STATES 

There are four major codes in use in the U.S. today: 

1) "Uniform Building Code, 1988 edition ( UBC code)", International Conference of 

Building Officials, Whittier, California. 

2) "The BOCA National Building Code, 1987 edition ( BOCA code)", Building 

Officials & Code Administrators International, Inc., llomewood, Illinois. 

3) "The Standard Building Code", The Southern Building Code Congress, 

Birmingham, Alabama. 

4) "The National Building Code", The American Insurance Association, New York. 

Their use is somewhat regional: the UBC code is used most extensively in the West, BOCA in 

the Midwest, Standard in the South, and National in the Northeast. llowever, these codes do 

not have jurisdictional boundaries[2.l]. 

In addition to these codes, there is a set of proposed seismic regulations developed by 

the Applied Technology Council (ATC), a research and developement organization affiliated 

with the Structural Engineers Association of California (SEAOC): 

5) A TC-3-06; " Tentative Provisions for the Developement of Seismic Regulations 

for Buildings", 1978. 

Recently, the following provisions and acompanying commentary based on the above 

document were issued: 

6) National Earthquake Hazards Reduction Program (NEHRP); "Recommended 

Provisionss for the Development of Seismic Regulations for New Buildings, 1985 

edition", by Building Seismic Safety Council, 1985. 

In this section, the code comparison will be done among the UBC code, the BOCA 

code, and the NEHRP provisions only, because the BOCA code, the Standard Building Code, 

and the National Building Code have similar approaches to determine seismic design loads and 
\ 

can be considered together. 
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2.1 Compariaoo of Seiamic Deaign Load, 

It is difficult to make a general comparison of these codes, so the following specific case 
is chosen. Consider a multi-story office building using a moment-resisting steel frame systcn1. 
The building is to be located in a major city in California (CA), where the seismic rcquircrncnt 
is the most severe, and in New York City (NY), a major city in the eastern U.S., where the 
wind loading is often the controlling loading. 

2.1.1 Seismic Base Shear 

The seismic base shearl'can be determined by the different formulas presented in the 

codes. Throughout this discussion, the following common symbols, as defined below, will be 

used: 

W: total gravity load of the building, 

S: coefficient related to the soil profile characteristics. The value of 1.2 is used in 

this study for deep stiff soil over rock. 

T: fundamental period of the building in second. 3/4 T= 0.035(hn) for moment-

resisting steel frames, where hn is the overall building height in feet. 

There are two types of moment-resisting frames: Special Moment Resisting Steel 

Frames (SMRSF) and Ordinary Moment Resisting Steel Frames (OMRSF). SMRSF's are the 
moment-resisting frames specially detailed to provide ductile behavior or to have the capability 

of significant nonlinear deformation during earthquakes. OMRSF's are the ones not meeting 
special detailing requirements and assumed to have a limited amount of nonlinear deformation 
capacity. . SMRSF and OMRSF will be discussed in detail later because they are defined 
differently in each code. 

(1) UBC code, 1988 edition 

The seismic base shear, V, is given by the following formula: 

. ~ ' ,'' 

4 
f 

• 
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I 

V = (ZIC/Rw)·W 

where Z: seismic zone factor 

Z = 0.40 for CA ( seismic zone 4) 

Z = 0.15 for NY (seismic zone 2A) 

I: importance factor 

I = 1.0 for normal office buildings 

Rw: numerical coefficients according to the building type 

Rw = 12 for SMRSF 

Rw = 6 for OMRSF 

C: seismic design coefficient given by, 

C = l.25S 
T2/3 

(2) BOCA code, 1987 edition 

(<2.75) 

The seismic base shear, V, is given by, 

V = (ZIKCS)·W 

where Z: seismic zone factor 

r \ 

Z = 1 for CA ( seismic zone 4) 

Z = 3/8 for NY (seismic zone 2) 

I: importance factor 

I = · 1.0 for normal office buildings 

K: horizontal force factor 

K = 0.67 for SMRSF 

K = 1.0 for OMRSF 

C: seismic design coefficient given by, 

C - 1 
- 15T1.12 (C~0.12, CS~0.14) 

• 
,, 

, . 

.. 

(2.1) 

• 

(2.2) 

(2.3) 

.. 

(2.4) 



• 

(3) NEIIRP proviaiona, 1986 edition .. 

The seismic base shear, V, is given by, 

V = C8 W (2.5) 

where Cs: seismic design coefficient given by, 

(2.6) 

Av: seismic coefficient representing the Effective Peak Velocity-Related Acceleration 

Av = 0.4 for CA (map area 7) 

Av = 0.1 for NY (map area 3) 

Aa: seismic coefficient representing the Effective Peak Acceleration 

Aa = 0.4 for CA ( map area 7) 

Aa = 0.1 for NY (map area 3) 

R: response modification factor 

R = 8 for SMRSF 

R = 4.5 for OMRSF 

Substituting the above specific values into Formulas (2.1) to (2.6) gives the expressions 

shown in Table 2-1 for OMRSF's and Table 2-2 for SMRSF's in CA and NY, respectively. 

The UBC and BOCA codes specify the working values of the seismic base shear, whereas the 

NEHRP provisions give the base shear for capacity design. Therefore, the code requirements 

for base shear capacity will be reduced to a working load level for comparison. 

i) Ordinary Moment Resisting Steel Frames (OMRSF) · 

The UBC and BOCA codes state that o·MRSF's shall confirm to the requirements of 

AISC Specification Part I (Allowable-Stress Design procedure)[2.2]. This specification permits. 

a 1/3 increase of the allowable stresses in the presence pf wind ,or seismic loading, either acting 

6 
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alone or in combination with the dead and live load1. 

requirement at the working load level ia, 

Vw = (3/4)·V = 0.75V 

Then, the ba.ae shear capacity 

.. 

(2.7) 

According to the NEHRP provisions, the OMRSF's are to be designed and constructecl 

in accordance with AISC Specification Part I (Allowable-Stress Design procedure) as modified 

by a n1odifier of I. 7 on the working stresses and a capacity reduction factor of <1>==0.9. Then 

the base shear capacity requirement at the working load level is, 

V 
Vw == 0.9xl.7 = 0.654V (2.8) 

The working base shear coefficient for OMRSF's shown in Table 2-1 were obtained by 

sin1ply dividing the seismic base shear, V, by the total gravity load, W, and then 1nultiplying 

this result by 0.75 for the UBC and BOCA codes and 0.654 for the NEllRP provisions, 

respectively. Fig. 2-1 shows a comparison of the design base shear coefficients at the working 

load level for OMRSF's among the UBC code, the BOCA code, and the NEHRP provisions. 

For OMRSF's located in CA, the NEIIRP requirement is the greatest, UBC is the 

second, and BOCA is the smallest. But in NY, the UBC requirement exceeds those of the 

N EH RP and BOCA. Also, for buildings with periods of 0. 7 second or more, the N EH RP 

requirement is the smallest. 

ii) Special Moment Resisting Steel Frames (SMRSF) 

The UBC code defines a SMRSF as a moment-resisting frame specially detailed to 

provide ductile behavior satisfying the code requirements. The BOCA code requires the 

SMRSF's to be designed to satisfy the requirements of AISC Specification Part II (Plastic 

Design procedure)[2.2] Sections 2.7, 2.8 and 2.9, which are related to the width-thickness ratio, 

connections, and lateral bracing, respectively. These two codes contain a seismic overload 

factor of 4/3 by allowing 1/3 overstress in the presence of earthquake forces. Thus, the base 
. . 

shear capacity requirem·ent at the working load level is, 
. . I' 
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Vw = (3/4)·V = 0.75V (2.9) 

The NEHRP provisions calls for steel member strength to be evaluated by the plastic 

design procedures, using 1. 7 times the bending stress allowed for in the conventional elastic 

design. It also imposes a capacity reduction factor of 4>=0.90 for steel members and 

connections that develop the strength of the members. Combining these and taking the ratio 

of plastic moment to yield moment to be Mp/ My= 1.14 for rolled steel beams, the base shear 

capacity requirement, reduced to the working load level, becomes: 

Vw = 0.9xljxl.14 = 0.573V (2.10) 

The tabulated values given in Table 2-2 were obtained by multiplying the base shear 

coefficients, Cs, calculated using Formulas (2.1) to (2.6) by 0.75 for the UIJC and IJOCA 

codes, and 0.573 for the NEHRP provisions, respectively. 

Fig. 2-2 shows the comparison of capacity requirements of SMRSF's in CA and NY. 

For SMRSF's in CA there are only slight differences among the three, while for the SMRSF's 

in NY the NEHRP requirement is the smallest. Their absolute values are almost half of those 

of the OMRSF's shown in Fig. 2-1. 

2.1.2 Vertical Distribution of Seismic Forces 

(1) UBC code, 1988 edition 

(2) BOCA code, 1987 edition 

The UBC and BOCA codes have a similar approach to determine the vertical 

distribution of seismic forces. Therefore, they are to be considered together. The total lateral 

force, V, shall be distributed over the height of the building in accordance with the following 
, l 

formula: 

n 
V=Ft+ LFi 

i=l 
(2.11) 
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where F,: the portion of V concentrated at the top of the 1tructure, but it is considered to be 

zero when T<0.7eec. -

Fi = 0.07TV (~0.25V) (2.12) 

The lateral force, F x, at level x is given by, 

n 

L w.h. 
I I 

(2.13) 
i= 1 

where wi or Wx is the portion of W located at level i or x and hi or hx, the height above the 

base to level i or x. 

(3) NEIIRP provisions, 1985 

The vertical distribution of seismic forces is given by, 

Fx = CvxV (2.14) 

where wi or Wx is the portion of W located at level i or x, hi or hx, the height above the base 

to level i or x, and k, a power coefficient given by, 

k=l 

k = 0.75 + 0.5T 

k=2 

for T<0.5 sec. 

for 0.5<T<2.5 sec. 

for T>2.5 sec. 

Under the assumption that each story has a constant gravity load, w, and a constant story 

height, h, Formula (2.11) can be rewritten for an n-story building as 
... 

9 



F n/V = 0.07T + ( l-0.07T)· nfr 

Fn/V = (l-0.07T)· n(~it) ( r= 1 ,2,---,n- l) 

Also, Formula (2.14) can be rewritten as 

F x/V = i' / t ik 
i= 1 

(x=l,2,---,n) 

• 

(2.15.a) 

(2.15.b) 

(2.16) 

Similar expressions can also be written using the ha.Be shear coefficient, C8 , as the normalizing 

paran1cter. 

For the UBC and BOCA codes, 

Fn/w == [0.07T + (l-0.07T)· nii J·nCs (2.17.a) 

Fx/w = [(1-0.07T)· n(~-f-l) ]·nC8 (=1,2,---,n-1) (2.17.b) 

For the NEHRP provisions, 

(x 1,2,---,n) (2.18) 

The vertical distribution seismic coefficient at the working load level is defined as kxw= 

F xw / w where F :iw is the lateral force at the working load level. Figs. 2-3( a) and (b) show the 

kxw values for 3-, 9-, and 15-story OMRSF's and SMRSF's located in CA designed by the 

UBC, BOCA and NEHRP provisions. The distribution over the height of the 3-story frame is 

almost same for all the codes, while the distributions of the 9- and 15-story frames show a 

large difference between the UBC, BOCA codes and the NEHRP provisions. This difference 

occurs because the concentrated load at the top level in the UBC and BOCA codes exists in 

the 9- and 15-story frames, and also because the NEHRP provisions have an exponential 

10 
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distribution over the height of building,, whereu the U BC and BOCA codea have a triangular 

distribution. 

2.2 Comparison of Wind Design Loads 

Since the NEHRP provisions are not regulations for wind loads, the code comparison 

will be done only between the UBC code and the BOCA code. 

(1) UBC code, 1988 edition 

The design wind pressure for structures is determined for any height in accordance with 

the following formula: 

where Ce: combined height, exposure, and gust factor coefficient as shown in Fig.2-4. 

Cq: pressure coefficient, for flat roof structures, 

Cq = 1.3 for 40ft. or less in height 

Cq = 1.4 for over 40ft. in height 

q8 : wind stagnation pressure at standard height of 30ft. 

q8 = 13 psf for CA (basic wind speed 70mph) 

q8 = 21 psf for NY (basic wind speed 90mph) 

I: importance factor, 

I = 1.0 for normal office buildings 

(2) BOCA code, 1987 edition 

The design wind pressure is determined as follows: 

(2.19) 

(2.20) 

,', 

where Pe= effective velocity pressure which is the same as the product of Ce·· q8 in the UBC 

code as shown in Fig.2-4. ~ 

11 
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I: importance factor, equal to 1.0 for normal office buildings. 

Cp: externa.l pressure coefficient with consideration of the building plan configuration 

u indicated in Fig. 2-5. 

For buildings with length-to-width ratio, or L/B, equal to or less than 1.0, the design wind 

forces specified by the BOCA code have the same value as those by the U BC code except for 

buildings over 40ft. in height whose pressure coefficient is Cp=l.4. This difference is very 

smaJI and negligible, so the BOCA code will be used for wind design loads in this study. 

12 
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3. CRITERIA THAT CONTROL BUILDING DESIGN 

In this chapter, the horizontal loads that govern building design will be first 

investigated for buildings with different configurations, heights, and gravity loads. This will be 

followed by discussions of the member design moments and axial forces due to wind loads, 

seismic loads, and combined dead and live loads. 

3.1 Analysis Models 

( 1) Building Configuration 

Building configurations and dimensions used in this analysis are shown in f~igs. 3-l(a), 

(b), and (c). They arc considered to be typical low to medium rise office buildings with 

n1orncnt-rcsisting frames. All buildings have a constant story height, h==l2 ft., and a constant 

span length, 1==24 ft .. The variables included in this study are as follows: 

' F (number of story) = 3, 6, 9, 12, 15 

L/B (length-to-width ratio) = 0.4, 1.0, 2.5 

Note that the buildings with L/B ratio of 0.4, 1.0, and 2.5 have 2, 3, and 5 bays, respectively. 

(2) Gravity Loads 

The dead load is determined with consideration of design experience and the live load is 

selected according to the UBC and BOCA codes. They are as follows: 

Dead load = 50, 75, 100 psf 

Live load = 50 psf 

The live load is excluded when estimating the total gravity load, W, for seismic force 

calculations. 

13 



(3) Caeea Analysed 

The building, are uaumed to be located in California (CA) and New York (NY) and 

also designed a.a Ordinary Moment Resisting Steel Frames (OMRSF) and Special Mor11e11t 
\ 

Resisting Steel Frames (SM RSF). The applicable codes for design are the U llC code, the 

BOCA code and the N Ell RP provision, for seismic loads and the BOCA code only for win cl 

loads, because the difference of the wind design loads between the UBC and BOCA is vcr.Y 

small and negligible, u mentioned in Section 2.2. Therefore, the total number of cases st udiccl 

is 300: 

3( code) x2(1ocation) x2(building system) x5( story) x3( dead load)= 180 for L/ D= 1.0 

3(code)x2(1ocation)x2(building system)x5(story)x l{dcad load, kept at 75 psf)=60 

for L / 13 = 0. 4 , 2. 5 

3.2 Ilorizontal Loads Governing Building Design 

The horizontal loads that govern the building design will be examined for buildings 

with various configurations, heights, and gravity loads. The analysis will be done using the 
models and parameters described in Section 3.1. The code requirement will be reduced to the 
working load level and story shear will be used for the purpose of comparison. The story shear 

is defined as follows: 

Q. 
J 

(j=l,2,---,n) (3.1) 

where Q j is the story shear at level j and Fi is the lateral force at level i. All the results 
obtained from this analysis are summarized in Figs. 3-2 to 3-8. 

Fig. 3-2 shows that in CA the seismic design load is double to triple or more of the 
wind design load for the OMRSF's. However, for the 15-story SMRSF ·buildings, the seismic 
load and the wind load are fairly close. This difference occurs because not only the seismic 
design loads for the OMRSF's are almost double of those for the SMRSF's, but also the wind 
load increases with the building height, while the seismic load does not increase as much as the 
wind load. Fig. 3-2 also shows that the story shear distribution due to the seismic forces is 
different from that due to the wind, because the seismic design forces have a triangular 

14 

' ,, ,, 



distribution along the height of the building while the wind deaign force ia almost constant 

over the height u explained in Sections 2.1 and 2.2. 

Fig. 3-3 1how1 that in NY the wind load govern, all the designs except for the 3-story 

SMRSF, because the wind design force in NY is 1.6 time, that in CA and the seismic design 

force in NY is 1/3 to 1/4 of that in CA. , 

The information presented in Fig. 3-2 and Fig. 3-3 are rearranged in Fig. 3-4 in order 

to show, at a glance, which load, wind or seismic, dominates the design. In this comparison 

the seismic loads are determined by the N Ell RP provisions. The effect of gravity l(>ad is 

presented in Figs. 3-4, 3-5, and 3-6. In general, the greater the gravity load, the n1ore 

important is the seismic load, because the wind load is constant and independent of the gravity 

loads. For a gravity load of 100 psf, the seisn1ic load governs considerable parts of low to 

medium rise buildings using the OMRSF's even in NY (Fig. 3-6). 

The effect of building configuration is shown in Figs. 3-4, 3-7, and 3-8. The seisrnic 

load becomes more governing, as the ratio of L/B, or the number of bays increases, because 

the seismic load increases in proportion to the number of bays, while the area subjected to 

wind pressure is always constant. In the case of the 5-bay OMRSF in NY, the seisrnic loacl 

governs all the stories for the 3- and 6-story low rise buildings and several stories for the 9-, 

12-, and 15-story medium rise buildings. 

3.3 Governing Bending Moment for Member Design 
' 

The member design moment due to the horizontal load and the combined dead load 

and live loads is now discussed under the same conditions as in Section 3.2. The seismic design 

loads are determined in accordance with the NEHRP provisions only, because the differences 

among the UBC, BOCA, and NEHRP, are so small that they can be considered together and 

the NEHRP has the most detail regulations for seismic design. 

It is necessary to assume the trial member sizes at the beginning of member design to 

determine the bending moment distr~bution. However, this procedure is too complicated. In 

this study the moment distributions both for the vertical and horizontal loadings are assumed 

as sho~n in Figs. 3-9( a) and (b ), re~pectively, based on previous design experiences. 

As in the NEHRP provisions, the load combi.nations of the working gravity load, 
' 

• 

DL+LL, wind load, WL, and seismic load, EL, can be written as follows: 
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DL + LL 

kw·(DL + LL+ WL) 

ke ·(k·DL + LL + EL) 

(3.2) 

(3.3) 

(3.4) 

where kw and ke are the coefficients to reduce to the working load level as explained in 

Section 2.1, 

kw = 0.75 

kE == 0.654 (for OMRSF), 0.573 (for SMRSF) 

\ 

and k is defined by 

k = 1.1 + 0.5Av 

Av == 0. 4 (for CA), 0 .15 (for NY) 

The live load reduction is be determined according to the UBC and BOCA codes, 

because there is no description concerning the live load reduction in the NEHRP provisions. In 

the UBC code the formula for live load reduction, R, in percent, is given by, 

R = r·(A-150) ( <40%) (3.5) 

where r is the rate of reduction equal to 0.08 for floors and A is the area of floor supported by 

the member. In the BOCA code, the live load reduction is defined by, 

(3.6) 

where L is the reduced design live load (psf), L0 , the unr,educed design live load (psf), and Ai, 

the influ~nce area (ft2
) taken as two times the tributary area for a beam. In this analysis, 

A=24x24=576(ft2
) for the UBC code and Ai=2x(24x24)=1152(ft2 ) for the BOCA code; 

Substituting these values into the above formulas gives the following: 
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R = 34.1(%), L = 0.692L0 (3 .. 7) 

Considering these result,, the live load reduction is uaumed to have a constant va.lue of 30% 

for this study. 

Under the above assumptions, the design momenta and axial forces for columns and 

beams can be derived[3.l]. The fixed end moment of beams for gravity loads, MF, is given as 

follows: 

MF = (w0 +wL)·L2 /12 

wMF= MF 

EMF= (k·w0 +wl)·L2/12 

where wMF and EMF are the fixed end moments of beams for gravity loads used in the 

con1bination of the wind and the seismic loading, respectively. N1 is the axial force caused bj' 

gravity loads at the working load level at level j as given by the following: 

N1 = (w0 +wL)·l·(n-j+l) 

wN1- N1 
E N j = ( k · Wo + WL ) · , . ( n - i+ 1 ) 

(j== 1,2,---,n) 

(j= 1,2,---,n) 

(j==l,2,---,n) 

where wNj and ENj are the axial force caused by gravity loads used in the combination of the 

wind and the seismic loading, respectively. MTj and M 81 are the moments at the top of 

columns at level j and at the bottom of columns as shown in Fig. 3-9. 

M . == (1-y-)·Q -·h/ns 
TJ J J 

M ·== Y··Q ··h/ns BJ J J 

where w0 : dead load (kips/ft), 

wL: reduced live load (kips/ft), 

(j== 1,2,---, n) 

(j== 1,2,---, n) 

yj: ratio defining location of inflection point in column at level j as sbown in Fig. 3-9, 

Qj: design story shear at level j determined by wind or seismic load, 

h: story height, 

n8 : number of bays. 
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i) Interior column• 

The design momenta, Clj' and axial forces, Nlj' for the interior columns are determined 
by (subscript i denoting interior column), 

L Cij = 0 

L Nij = N j 

5c1j = ks -Max.[sMTj' 5 M 8 j] 

SNij = ks ·sN j 

where the subscript L stands for vertical loading condition and S stands for W in the case of 
wind loading or E in the case of seismic loading. 

ii) Exterior columns 

The design moments, C ., and axial forces, N ., for the exterior columns are (subscript eJ · eJ 
e denoting exterior column), 

L Cej = 0.6MF 

= 0.4MF 

L N . = 0.5N. eJ J 

(j=n) 

(j=l,2,---,n-1) 

sCej = k5 ·(0.5,5 MTj+0.6·sMF) (j=n) 
= ks ·(0.5,5 MTj+0.4·sMF) (j=2,3,---,n-1) 
= ks ·Max.[0.5·sMTj+0.4·sMf, 0.5·5 M81 +0.2·sMF] 

(j=n) 
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iii) Bcama 

The beam design momenta, B j, are given by, 

sBj = kg·(0.5·sMTj+sMF) 

= ks ·(O.S·(sMsj+ 1 +s MTj )+sMF] 

(j=n) 

(j=l,2,---,n-1) 

Fig. 3-10 gives comparisons of the beam design momonts of the 3-, 9-, and IS-story 
Ql\,1RSF's and SMRSF's located in CA and NY. The dead load is 75 psf and the I"'/B ratio is 
1.0. The bending moment that governs the beam design are indicated by the shaded area. It 
can be recognized that the top two or three stories may be governed by the gravity loads both 

in CA and NY and also that the criterion controlling most of the beam design is to seisn1ic in 

CA and wind in NY. For the 15-story buildings in CA, because the wind and seismic design 

loads for the SMRSF's are fairly close, the buildings shall be designed as SMRSF rather than 

OMSRF from the viewpoint of economy and efficient member use, even though the connection 
details have to meet more strict requirements. However, for the 15-story buildings in NY, the 
wind design loads exceed the seismic design loads both for the OMRSF's and SMRSF's. There 
is no need to design these buildings as SMRSF's. Moreover, there is a possibility to choose a 

smaller R-factor, the response modification factor defined in Formula (2.6), in the design 
procedure, which results in a smaller ductility demand, because the beams determined by wind 

load have an overstrength against the reduced seismic design loads. 

Figs. 3-11 to 3-15 show the governing criteria for beam design for the various building 

configurations with different dead load values. For the buildings selected in this study, the 
beam design is usually governed by wind loading if they are located in NY and by seismic if 

located in CA ... 
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4. SEISMIC REQUIREMENTS OF WIND GOVERNED BUILDINGS 

4.1 Strength and Ductility Requirements 

Buildings are usually designed to behave elutically under working wind load and the 

elastic limit of strength may be the most important consideration. In seismic-resistant design, 

dual criteria are generally used: the buildings a.re designed to resist n1oderate earthquakes 

without structural damage and to resi8t major earthquakes without collapse. It would be 

uneconon1ical to design buildings to withstand major earthquakes that r11ight occur once or a 

few tir11cs during the life of the building without damage. Therefore, the ductility of the 

structures may be the most important factor, because the post-elMtic deformation is generally 

depended on for the energy absorption capacity of the structure. 

The two recently introduced seisn1ic codes: the NEIIRP provisions and the Japanese 

seisn1ic codc(4. l], adopted the static analysis method using force reduction factor ( ll) and 

ductility factor (Cd) without actually carrying out a nonlinear inelastic analysis. The Rand 

Cd factors arc determined as follows: 

( 4.1) 

where Qel: maximum internal force of an elastic system, 

Qpl: maximum internal force of an elastplastic system, 

upl: maximum lateral deflection of an elastplastic system, 

u y: yield lateral deflection. 

Using this method the plastic behavior of a structure under a severe earthquake can be 

predicted based on two well-known concepts (assumptions): equal maximum deflection 

response and equal maximum energy respcfnse. These concepts are illustrated in Figs. 4-l(a) 

and ( b) [ 4. 2]. 

The assumption of equal maximum deflections is based on the observation from 

dynamic analyses that the maximum deflections reached by an elastic system and an 

elastoplastic system may be approximately the same. Referring to Fig·. 4-l(a), this assumption 

would give the following relationship: 

• ., 1 
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(4.2) 

In the N EH RP provi1ion1, R and Cd are nebulously called, re8pectively, the "Response 

Modification Coefficient" and the "Deflection Amplification Factor", without providing 

detailed explanations. It is evident, however, that the NEIIRP provisions are based on the 

assumption of equal maximum deflections when the tabulated R and Cd values are plotted as 

shown in Fig. 4-2. 

Some dynamic analyses have indicated that the equal maximum deflection assumption 

may be unconservative. B1ume(4.2] has shown that a probable upper lin1it for R is, 

( 4 .3) 

This equation is based on the equal energy concept, which implies that the energy stored in the 

elastic system at the maximum deflection, uel' is the same as that stored in the elastoplastic 

system at the maximum deflection, up/· The Japanese seismic code is based on this 

assumption and a comparison of Eq.(4.3) and the values of Rand Cd regulated in this code 

are shown in Fig. 4-3. It is recognized that the R values in Fig. 4-3 arc conservative compared 

to those in Fig. 4-2. A brief description of the Japanese code is given in Appendix 2. 

In the structural design procedure, both wind load and seismic load are considered as 

external lateral forces, although their characteristics are completely different. Their design 

magnitude and vertical distribution over the height are also different, as shown in the previous 

sections, because they depend on not only the locations where buildings are constructed but 
6 

also the structural systems (moment-resisting frames, braced frames, or shear wall structures), 

materials ( steel, reinforced concrete, or masonry) and connection details ( special detailing for 

achieving ductile behavior, or ordinary detailing). The NEJIRP provisions have a wide-range 

of R factors which vary from 1.25 to 8.0 and Cd factors from. 1.25 to 6.5 as shown in Fig. 4-4. 

4.2 Ultimate Strength of Buildings 

The R and Cd factors may be estimated by performing elastic-plastic analysis of 
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1tructure1 and determining their ultimate 1trength. The ultimate 1trength of the • various 

buildings included in this study ha.a been analyzed by the mechanism method (upper bound 

theore111) under the usumption that there exist only three types of collapae mechanism fc>r 

moment-resisting frames designed according to the procedure outline in Section 3.3. 'I'hesc 

mechanisms are shown in Fig. 4-5. 1~he analysis method used in this study is explained in 

Appendix 3[4.3J. The load factor of ultimate strength, .-\, is determined to be the smallest of 

the three values given by Eqe. {A3.5), {A3.10), and (A3.13) in Appendix 3 using the NI·:llllJ> 

pattern of vertical seismic load distribution. 

( 4 .1) 

where Ac, ,\CB' and ,\B are the load factors for ultimate strength of column type sway 

rnechanisrn, combinccf mechanism, and beam type sway mechanism, respectively. 

The results <lf ultirnate strength analyses arc Jlrcsented in Figs. 4-6 tc> '1-11. 'I'hp 

dimensions and parameters of the structures analyzed are those given in Chapter 3. The story 

shear at each level, Q. in Eqs. ( A3.4 ), ( A3.9 ), and ( A3. I 3) in Appendix 3, for determining the J 

A-values is assumed to be the NEIIRP design seismic load for an elastic system, which has the 

base shear given by Eq. (2.5) when R=l and the distribution defined by Eq. (2.11). 

Therefore, in this study, the ,\-value is the load factor of ultimate strength against the seisrnic 

design load for an elastic system. 

Fig. 4-6 to Fig. 4-10 show that all of the collapse mechanism is the column type sway 

mechanism and the ,\-values for the OMRSF's in CA are in the range of 0.45 to 0.35 and those 

for the SMRSF's are 0.25 to 0.2. The ultimate story shear capacity, Quit• for OMRSF is 

predicted by using the overstrength factor against the design load, Qp/• under the assumption 

that all the columns are designed for the allowable stress, 0.6uy at the working load level and 

their axial force ratios are in the range of N/Np>0.15[4.4], for simplisity. 

Quit= 1.18xl.14x(0.654/0.6)·Qp/ 

l.465· Qpl 

For SMRSF, the same procedure is available, that is, 
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Quit = 1.18 x 1.14 x(0.573/0.6)·Qpl 

= l.285Qpl ( 4.6) 

This ultimate strength can be defined by using ~-factor determioned in Eq. ( 4.4) a.s follows: 

(4.7) 

# 

On the other hand, the design seismic load for an elMtoplMtic system, Qpl, is determined fron1 

the design seismic load for an elastic system, Qcl, using R-factor as follows: 

(4.8) 

Substituting Eq. (4.5) into Eqs. (4.7) and (4.8) gives the following relationship for the 

OMRSF's: 

1.465 
R 

== 0.326 (when R=4.5) 

Substituting Eq. ( 4.6) also into Eqs. ( 4. 7) and ( 4.8) gives the following for the SM RS F's: 

-

1.285 
R 

= 0.161 (when R==8.0) 

• 

The relationship amung Quit' Qpl' and Qel is indicated schematically in Fig. 4-15. 

(4.9) 

( 4.10) 

Considering the gravity load effect on column design, it is recognized that these results 
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are reasonable for aeiemic-governed buidinge. Actually, low riae buildings have greater ~

values than thoee for 12- to 15-atory buildings, becauae the lower the buildings, the n1ore 

controlling the gravity load becomes in the member design. llowever, the ~-values in NY vary 

from 0.50 to 1.25, which are much more than th08e in CA, because the building design is not 

determined by seismic loads but by wind loads and hence, most of the buildings in NY have 

the same ~-values whether or not they are designed a.a OMRSF or SMRSF. 

In Figs. 4-5 to 4-9, the number shown just above the solid or dotted lines indicates the 

level at which the collapse mechanism occurs. If the number is 2, the collapse occurs at level 

2. In this study all the collapse mechanisms are column type sway mechanisn1s, but the level 

where the collapse occurs is different for different structures 8.8 shown in Figs. 4-11 and 4-12. 

For example,\ Fig. 4-13 shows the load factor for ultimate strength of each n1echanisn1, 

level by level, of the 15-story OMRSFs with 75 psf, l.1/B=l.O, located in CA an(f NY. Figs. 4-

14(a) and 4-14(b) illustrate the ultimate strength of the same buildings. These figures exJ)lain 

why the level at which th.e collapse occurs is different. The distribution shape of story n1on1ent 

capacity, the sum of column plastic moment capacity, which is presented as the solid line in 

Fig. 4-14(a) in CA is different from that in NY in Fig. 4-14(b ). Therefore, the factored scisrnic 

force, which is shown as the dot-dashed line both in Figs. 4-14(a) and (b), reaches at level 2 in 
' 

the seismic-governed buildings in CA while at level 12 in the wind-governed building in NY. 

The vertical load effect on the column design is the smallest at level 2, because the base 

columns at level 1 are fixed on the ground and they have the extra moment capacity for 

ultimate moment distribution. Therefore, for seismic-governed buildings, level 2 is the weakest 

story for seismic loading and the collapse mechanism generally forms at that level. 

4.3 Required Ductility of Buildings 

Using the obtained ,\-values, the R-factors are evaluated by Eqs. ( 4.9) and ( 4.10) for 

various buildings including the wind governed buildings. The R-factors for buildings located 

both in CA and in NY are plotted in Fig. 4-16. In CA, the average value of .analyzed R

factors for OMRSF are 3.81 and those for SMRSF are 6.04. These values are fairly close to 

the design values for seismic-governed buildings, with consideration of gravity load effects on 

·member design. 
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In NY, the wind deaign loads exceed the aeiamic deaign load, for both the OMRSF's 

and SMRSF's except a few cues which are all cuea for 5-bay OMllSF's and the 3-story 

OMRSF with DL=75 psf, L/B=l.O and the 3- and 6-story OMRSF's with Dl.1=100 psf, 

L/B=l.O. There is no need to design wind-governed buildings u SMRSF's. Therefore, in f.,ig. 

4-16, the R-factors in NY are plotted only for wind-governed buildings using the relationship in 

Eq. ( 4.9). The R-factors for wind-governed buildings in NY vary from 1.0 to 3.0 with an 

average of 1.88. This implies that it is possible to design buildings in wind governing regions 

using a much lower R-va)ue, say R=2.0, and they do not need to be detailed to provide d uctilc 

behavior required for SMRSFs, or to have the capability of nonlinear deformation as 

schematically shown in Fig. 4-17, because Cd =R under the assumption of equal maxin1un1 

deflection. Some of them may require only elastic strength because they will behave elasticall)' 

even against the design seismic loads for an elastic system. 
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6. SUMMARY AND CONCLUSIONS 

Several national and regional codes now require the consideration of earthquake ground 

excitations in the deaign of buildings in many parts in the U.S., even in the eastern U.S .. 

These codes adopt static analysis and an equivalent lateral force procedure using force 

reduction factor(R) and ductility factor(Cd) without carrying out any true nonlinear analysis. 

In the eastern U.S., the governing lateral loading for building design is the wind loading, ancl 

even on the west coMt the governing lateral loading for medium to high-rise buildings is th<' 

wind loading. 1Iowever, the R and Cd factors for wind governed buildings are not clcarl.Y 

described in these codes. 

Overview of Existing Codes in The United States 

The comparison of existing codes in the U.S. has been done an1ong the U BC, UOC~A, 

and NEIIRP. The seismic design loads for multistory office buildings with n1on1cnt-rcsisting 

steel frames located in California and New York have been examined. 

( 1) Buildings in California are designed for the base shears which are 2.5 to 4.0 

times of those for buildings in New York. 

(2) Special Moment Resisting Steel Frames (SMRSF) may be designed by using 

only half of the base shear for Ordinary Moment Resisting Steel Frames (OMRSF), 

but in SMRSF's all connections are to be specially detailed to provide ductility . 
• 

Within this study, the seismic design loads have been determined in accordance with the 

NEHRP provisions, because the difference among these three seismic codes is so small that 

they can be considered together and the NEHRP has the most detailed regulations for seismic 

design. Also, the BOCA code has been used for the wind load regulation, because the UBC 

and BOCA codes are almost same and, when difference occurs, it is very small and negligible. 

,) 
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Criteria that Control Building Design 

llorizont&I loads that govern the building design have been investigated for various 

types of buildings with different configurations, heights, and gravity loads. The buildings 

studied are typical low- to medium-rise office buildings with moment-resisting frames located 

in California and New York. The analysis of the various 3-, 6-, 9-, 12-, and 15-story buildings. 

For three bays with a dead load of 75 psf hu led to the following conclusions: 

( 1) In California, a.II buildings are governed by seismic loads except for the 15-story 

SMRSF. 

(2) In New York, all buildings are governed by wind loads except for the 3-story 

OMRSF. 

The effect of gravity loads and building configurations are recognized as follows; 

(3) Two or three stories from the top may be governed by gravity loads both in 

New York and California. 

(4) The greater the gravity loads, the more controlling the seismic load. Even in 

New York, considerable parts of low- to medium-rise OMRSF buildings with a dead 

loads of 100 psf are governed by seismic loads. 

(5) The greater the ratio of L/B, or the greater the number of bays, the more 

governing is the seismic load. In the case of the 5-bay OMRSF buildings in New 

York, the seismic loads govern all the stories for the 3- to 6-story low rise buildings, 

and several stories for the 9- to 15-story medium rise buildings. 

'· 

Seismic Requirements on Wind Governed Buildings 

These buildings have an overstrength when compared with the seismic design load and 

a greater ultimate strength than that implied in the seismic design procedure. The selected. 
' building frames have been designed for the controlling loading and analyzed for their ultimate 
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strength by the mechani1m methods (upper bound theorem). The analysi1 aa1umed the 

N Ell RP pattern of vertical seismic load distribution. 

l~ 

( 1) In California, the load factors of ultimate strength against the seismic design 

load for an elastic system, A-values, are in the range of 0.45 to 0.35 for OM RSFs 

and 0.25 to 0.2 for SM RSFs. These values are larger than the estimated values in 

the seismic design procedure using R-factors, because the gravly loads effect on the 

member design. 

(2) In New York, A-values vary from 0.50 to 1.25 regardless whether the buildings 

are designed to be OMRSF or SMRSF, because their design is not determined by 

seismic loads but by wind loads except in a few cases. 

The required R and Cd factors for various buildings including wind-governed buildings were 

derived by using the ultimate strength of buildings obtained by the analyses. 

(3) The R-factors for buildings in CA are around 4.0 for OMRSF and 7.0 for 

SMRSF, which are fairly close to the design values for seismic-governed buildings, 

with consideration of the vertical load effects on the mem her design. 

(4) The analyzed R factors vary from 1.0 to 3.0 for wind-governed buildings in New 

York. The Cd factors are also 1.0 to 3.0 for these buildings, corresponding to the 

R factors under the assumption of equal maximum deflection. 

/ 

These results imply that the buildings governed by wind loads can be designed by using 

much lower R-factors, say R=l.O to 3.0, than the required values regulated in the codes, and 

it is not necessary to detail to provide such ductile behavior as for SMRSF or to have the 

substantial capability of nonlinear deformations. 

(5) There is a possibility to use simply detailed and economical connections, for 

example, top-and-seat-angle, end-plate, and T-stub connection types, the cyclic 

behavior _of which is now being studied at Lehigh University(5.1]. 
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The buildings analyzed in this study are limited only to moment-resisting steel frames. 

The moment-resisting ateel frames are often favorably adapted in seismic design because of 

their ductile behavior. On the other hand, braced frames a.re considered to be inferior to the / 

moment-resisting frames because of their deteriorated hysteri1ie loops under cyclic loading. 

Braced frames, however, are the favored system for wind-governed buildings. Since R values 

of only 1.0 to 3.0 is required for seismic resistance of wind-governed buildings, it appears that 

braced frames would also have sufficient ductility to be used in moderately active seisr11ic 
• regions. 

,, 
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7. APPENDIXES 

Appendix 1. Trends in High-riae Buildirig1 

The United States has made an important innovation in high-rise buildings using 

structural systems such as tubular systems and mixed structural systems. Moreover, "lligh

rise buildings are highly sophisticated engineering projects. Due to the cornplcxity of the 

structures, the most advanced engineering design techniques are needed in thcrr1"[A.l]. Ry 

exan1ining this engineering achievement of high-rise buildings and the innovations in the 

building systems in the United States, we can study the demands on the structural members 

and the best use of existing materials and new materials. The data for high-rise buildings 

gathered from the various sources are tabulated in· reference(A.2], and they imply the following 

trends in high-rise buildings. 

A 1.1 Location of High-rise Buildings 

J 
Fig. Al-1 shows the 100 tallest buildings in the world[A.2]. All 100 are taller than 

200m in height. Until 1988, the year of the completion of Bank of China, llong Kong, 12 

buildings from the top are all in the United States: 5 in New York, 4 in Chicago, 2 in llouston, 

and 1 in Seattle. 27 of the 100 tallest buildings are located in New York, 13 are in Chicago, 8 

are in Houston, and 8 are in Los Angeles and SanFrancisco, California. Therefore, half of the 

100 tallest buildings are concentrated in major U.S. cities and 79 of 100 are in the United 

States. 

Fig. Al-2 to Al-7 show the tallest buildings in major cities in the U.S. and the other 

countries. Construction of high-rise buildings in the U.S. has two peaks, in the 1930's and the 

1970's, while a number of high-rise buildings have been constructed within these 20 years in 

the high density population areas in the East Asian countries, especially in Japan, Hong Kong, 

and Singapore. Moreover, it is said that about 60 tall buildings with 40 to 50 stories will be 

built in the metropolitan area in Tokyo, Japan, early in the 21st Century(A.3]. 

Al.2 Building Systems of High-rise Buildings 

Fig. Al-8 and Table Al-1 show the historical development ,of high-rise buildings framed 

by steel, concrete, and mixed structures, respectively[A.2]. Each line indicates the height of 
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the tallest building in the corresponding year. The Empire State Building kept the position of 

the tallest building in the world for 40 years until the World Trade Center was completed in 

1972. In the 1930'1 high-rise buildings have a uniform building system with the rigid fran1e 

and shear wa.11. A recent development in structural design is the concept of the tubular systcr11 

introduced by the late Fazlur Khan of Skidmore, Owings & Merrill. At present, 4 of the 

world's 5 tallest buildings are tubular systems. They are the John llancock Center, the Sears 

Tower, the Standard Oil Building in Chicago, and the World Trade Center in New York. 

"Tubular systems are so efficient that in n1ost cases the amount of structural material used per 

square foot of floor space is comparable to that used in conventionally framed buildings half 

the size. The tubular system assumes that the facade structure responds to lateral loads as a 

closed hollow box beam cantilevering out of the ground. Since the exterior walls resist all or 

n1ost of the wind loads, costly interior diagonal bracing and shear walls are eliminated."[A.4] 

Fig. Al-9 and Table Al-2[A.2,A.5] show the relationship between the number of stories 

and unit weight of structural steel. It is evident that the tubular system has an advantage in 

structural efficiency and is close to the optimum structures subjected to not only vertical loads 

but also lateral loads proposed in reference[A.6]. 

Al.3 Structural Materials Used in High-rise Buildings 

Fig. Al-10 shows the spread of steel-framed buildings compared to that of concrete and 
• 

mixed structures located in major cities, New York, Chicago, and California (the sum of Los 

Angeles and San Francisco) and all Japan. In Japan all buildings exceeding 100m in height are 

steel-framed or mixed structures and none of them are concrete. Japan is located in a high 

seismic zone, and there is a feeling against concrete on account of its brittle failure manner 

under cyclic loading and also because of the massiveness of concrete columns in high-rise 

buildings. In the United States, on the contrary, lots of concrete high-rise buildings with 100m 

and more in height, even with 200m and more, have been const.ructed. Although steel is the 

predominant structural material used in high-rise buildings, there is a trend in recent years 

that concrete structures, especially mixed structures, are favorably used from the viewpoint of 

its advantages in rigidity due to high-strength co·frcrete together with modern construction 

techniques as shown in Figs. Al-11 and Al-12. 

' i 
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Table Al-1 llistorical Ocvclopn1ent of Tall Buildings 

~I ate rial No. Building City 

Steel 

\ 
\ 

Concrete 

!\Iixed 

\ 

I 

2 

3 

4 

5 

6 

-I 
8 

9 

10 

11 

1 

') 
6,# 

3 

4 

5 

6 

7 

1 

2 

3 

llorne Insurance Chicago 

An1crican Surety Ne,v York 

St. Paul N c,v York 

I~ark Ilo,v Ne,v ),.ork 

Singer N c,v y· ark 

~ I ct r o () o I i t a n 'l'o,ver N e,v ,,. ork 

\ \' ool,vort h Ne,v '{ork 

Chrysler Ne,v '\'ark 

En1pire State Ne,v '{ork 

\ \' orld 1'radc Ccn ter Ne,v York 

Sears To,ver Chicago 

Ingalls Cincinnati 

Ilikaii IIonolulu 

Lake Point To,vcrs Chicago 

One Shell Plaza Ilouston 

Carlton Center Johannesburg 

vVater To,ver Place Chicago 

1 \Vacker Drive Chicago 

Palac Kultury I Nauki Warsaw 

Texas Commerce Plaza If ouston 

Bank of China IIong l(ong 

Year lleight 

1885 

1895 

189(3 

1~98 

1907 

1909 

1913 

1929 

1931 

1972 

1974 

1903 

1963 

1968 

1970 

1973 

1976 

1990 

1955 

1981 

1988 

55 

92 

9.5 

118 

187 

20G 

2·12 

319 

381 

417 

442 

64 

79 

196 

218 

220 

262 

295 

241 

305 

368 

l\fcmo 
" 

iron lV. steel 

First steel 

Pres tressed 

Ligh t-\veigh t 

Under con st. 

( Unit of· height : meter) 

·~ 



Table Al-2 Unit \\'eight (U.\V.) of Structural Stet-I 

Duilding Cit)' Year Stories lleight V . \\' . S t r u c t u r a I S vs t e r n -

En1pire State Building Ne,,· York 1930 102 381 204 fran1e, shear ,vaJI 

John llancock Center Chicago 1968 100 3·1 ·1 144 Trussed tube 

\ \' orld Trade Ccn tcr Nc,v )' ork 1972 110 412 179 Frarr1~ct tu br· 

Sears 1"'o,vcr Chicago 197·1 109 4·13 160 13 u n d I~ d t u he 

Chase ~lanhattan N e,v y· ark 1063 60 2-18 ')6-- ' L.ong-span fran1P 

F'irst National 13ank Chicago 19G9 60 ')5--· ' 18·1 

US Steel Building Pittsburgh 1971 6-t 256 1-1 G 

I.D.S. Center !\linncapolis 1971 57 23.5 8G IJ~lt truss svstr•n1 
~ 

Seagran1 I3 u ild i ng Ne,,. '{ ork 1957 42 160 1 :J6 

Boston Co. Building Boston 1970 41 183 102 

Civic Center Chicago 1965 30 202 18-4 

1\ l c oa B u i Id in g San Francisco 1969 26 121 126 

Lo,v Incorne 1Iousing Brockton 1971 10 ? 30.5 • 

Crysler Building Ne,v York 1930 -- 319 179 ' ' 
Essa Building Ne,v York 1945 32 ? 132 • 

UN Secretariat Ne,v York 1950 42 ? 155 • 

Sinclair Oil Ne,v York 1950 27 ? 129 • 

Alcoa Building Pittsburgh 1951 30 125 125 

641 Lexington Ave. Ne,v )rork 1955 33 ? 92.0 • 

Socony :rviobile Ne,v York 1956 42 174 107 

Corning Glass Ne,v York 195} 26 ? 107 • 
I 

2 Broadway Ne,v York 1957 30 ? 81.3 • 

80 Pine Street Ne,v York 1958 38 ? 9 90.5 • 

Gateway Center Bldg. Pittsburgh 1959 22 ? 86.6 • 

United Engrg. Center New York 1960 20 ? 129 • 

Sperry Rand New York 1960 43 174 96.8 ,,-" 
Pan. Am. Building 

( 
1961 59 246 155 New--:y~k 

Cl1em. Bank NY Trust New York 1962 50 209 141 ' J. C. Penny Bldg. Ne,v York 1963 46 186 112 

(Unit of height, U.W.: meter, kg/m2 ) 
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1" ab I e A 1 -2 U n i t \ \' e i g h t ( U . \ \' . ) of S t r u ct u r a) S t cc-I ( ( 1 on ti n u e d ) 

Ouilcfing Cit}' 

Connecticut 1\lutual Chicago 

·137 ~ladison Av<'. Nc,v 's' ork 

O,vcns 1'ol(_~do 

I3urlington I louse N c,v , .. ork 

First National Bank Scat t le 

7, \\rater Strc<'t Ne,,· '\'ork 

2 f'irst i'\ational f>laza Chicagt) 

0 n e Li be rt)' Plaza N c,v '.-' ork 

I B ~1 I3 u i l ding Chicago 

l\lcG ra,v-llill Ne,\' York 

First National I3ank Portland 

One Deacon Street Boston 

'{ ear S torics 

196i 25 

1967 41 

1068 30 

1968 50 

1DGD 50 

1DGD 29 

1070 30 

1971 5·1 

1971 5·1 

1971 51 

1972 40 

1972 40 

' ' 

}lcight U.\\i'. Structural SystPnl 
• 

10,1 109 
? 91.S • 

? 107 • 

191 98.0 

1~5 119 

? , 7. •l . 

lGS 1 o:J 
')•)-__ , l ')9 

212 120 

20·1 126 

163 121 
? 107 . 

( U n i t of heigh t , U . \ \t . : meter, kg/ rn 2 ) 
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Appendix 2. The Japane1e Seismic and Wind Codee 

A2.1 1'he Seismic l)eaign IA>a.da 

1'he seismic design shear at each level is determined by the following formula: 

Q. == C.·\V. 
J J J (A2.1) 

in which Cj is the seismic shear coefficient for the j-th stor:r ancl \\7j~ th~ Yt·~iJl;ht c>f th~ build in~ 

ah o \'" t h c j- t h st or)' . C . is bi \' c n l> )' 
J 

(A2.2) 

\\'here Z: seismic zoning coefficient. rl'he \'alue of 1.0 is used for rfokyo. 

Ilt: design spectra.I coefficient. llt for soil condition 2, ,vhich is equivalPnt tc> dPPp stiff 

S<)il <>Ver rock in the NI·~llllJl, is given bj,', 

Rt== 1.0 

== 1-0.2·(T/0.6-1)2 

== 0.96/T 

Aj: lateral shear distribution factor given by, 

A.== 1+( ~ J O'. 
J 

) 2T 
-a'j . 1+3T 

w. 
(}'. == 

J 
J 

\V 

W: total weight of the building, 

' 

(T<0.6 sec.) 

(0.6 sec. <T < 1.2 sec.) 

(T>l.2 sec.) ( A2.3) 

(A2.4) 

T: fundamental period of the building in second. T-0.03) for moment-resisting steel 

frames, where h is tl1e overall building height in meter. ( 
. .J 

C0 : standard shear coefficient, which shall not, be less th~n 0.2 and 1.0 for moderate 

earthquake motions and severe earthquake motions, respectively. 
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In this seismic design procedur~. dual critt'ria are used: the buildin~a arr dP&iRnPd Plutically to 

resist n1oderate earthquakPs and to r~sist sevf'rr f'arthquakrs withc>ut cc>llaJ>AP. In thr casr (>f 

severe earthquake motions. the ultirnatc lateral shrar Atrength of rach Rl<>ry Ahall n<>t t,r lrss 

than the necessary ultimate lateral shear, Qun, determined in accordancr with thr follo,,rinll; 

forn1 u la: 

,,. hrrr 

(A2 . .C1) 

Q d :lateral srisn1ic shear for sc\'erC' rarthquakr 111otions ~i\'Pll hy su hst it 11t in~ 
u 

CO= I . 0 into f: q. ( l\ 2. 2), 

D 8 : structural coefficient. 1)8 =0.3 is used for the ductile 111on1r-nt-rrsisting 8fr-r-l fran1r

and D8 ==0.4 is used for the n1on1ent-resisting steel fra111cs ,vhich are not 111retin~ 

special detailng requiren1ents, or the llraced frarncs. 

'l'hf' Os-values stand for the R-factors in the N Ell RI) Jlrovisions and are r-st in1atf'd b)' using 

the equal maximum energy assun1Jltion. 

These code requirements for seisn1ic loads will be reduced to the working load level for 

comparison. In the elastic design procedure for the moderate earthquakes., the allowable stress 

may be increased 1/2 above the values in the presence of seisn1ic loading. Then., the design 

base shear at the working load level, V w, is, 

Vw == (2/3)·Q1 == 0.667·Q 1, Q 1 == c1 -W == Rt·Co·W (A2.6) 

( A2. 7) 

i 

Substituting C0 ==0.2 and Rt-values in Eq. (A2.3) into Eq. (A2. 7) gives, 

Csw == 0.133 

== 0.133·[1-0.2-(T /0.6-1)2] 

== 0.128/T 
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(T < 0.6 sec.) 

(0.6 sec. <T < 1.2 sec.) 

(T> 1.2 sec.) 

• 

(A2.8) 
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J 

In the plaatic design procedure for 1e\'ere earthquakes, taking the ratio of J>lMtic n1or11rnt to 

yield 111or11ent to be ~t p/~f y = 1.14 for rolled steel beams, the bMe shear capacity requirf'ITlf'nt 

al l h<" \\'<Jr king l<>a<I lf'vrl "·ill l>c hivcn IJ.Y, 

( A2.9) 

(A2.10) 

Substituting C~o==l.O, flt-values in Eq. (A2.3), and D8 ==0.3 into Eq. (A2.I0) ~ivPs the 

f<)llc>\ving PXJ>ressi<>n fc>r thP ductile 1110111ent-resist.in~ steel fran1cs: 

C 8 w==0.176 

== 0.176·(1-0.2-(T/0.6-1)2] 

== 0.lGfJ/'f 

(T<0.6 sec.) 

( 0. 6 sec. < rT' < 1 . 2 SPC. ) 

( rf > } . 2 SPC, ) (.:\2.11) 

Substituting Co==l.O, Rt-values in l~<J. (;\2.3), and 0 8 ==0.4 into Eq. (A2.10) gives the one f<>r 

the non-ductile n1oment-resisting steel fra111es: 

C8 w == 0.234 

== 0.234·(1-0.2·(T/0.6-1)2J 

== 0.225/T 

(T<0.6 sec.) 

( 0. 6 sec. < T < 1. 2 sec.) 

( T > 1. 2 sec.) (A2.12) 

Only Eqs. (A2.11) and (A2.12) are plotted in Fig. A2-1 to compare with the scisn1ic 

design loads regulated in the NEIIRP provisions, because this plastic design procedure is 

equivalent to that of the NEIIRP. In this figure, the fundamental periods determined by the 

code requirements are also shown with the number of stories. It can be recognized that the 

Japanese code requirements are almost double of the NEHRP requirements in CA and ha.ve 

conservative values for the design of low- to medium-rise buildings with the period of 0.6 to 1.2 

second. Moreover, in the Japanese seismic code, the design fundamental periods of the 

building are shorter than those of the NEHRP for buildings that have the same dimensions 

and configurations. 
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A2.2 The Wind Design IJO&ds 

The design wind pr<'ssurc in kg/111 2 is d<'t"rr11in<'d as follo\\'R: 

where q0 : basic velosity pressure (kg/111 2 ) given by, 

qo 120 (0 < h <IO n1) 

120+8·('1-10) ( J O Ill < h <;JO Ill ) 

== 280+ 1.1 · ( h -30) ( 3 0 ll l < Ji < 2 3 0 Ill ) 

== 500 (h >230 111) 

Zw: zoning factor for ,viud pressure, 

L: structura.1 size factor. 'I'hc \'aluc of 1.0 is used for norn1al configuration. 

I: importance factor. The val uc of 1.0 is used for normal office buildings. 

A2.3 Comparison of Design Loads 

(A2.13) 

(A2.14) 

A comparison of the design seismic and wind loads in the U.S. and Japan is given in 

this section. The design loads for buildings located in CA and NY with accordance to the 

NEHRP provisions have already been investigated in Chapter 3. The design loads for the 15-, 

20-, and 30-story buildings in Japan will be added to compare with the above design loads in 

the U.S.. Buildings are assumed to be moment-resisting steel frames and their configurations 

and dimensions used in this comparison are as follows: 

' . ' 

F (number of story)== 3, 9, 15 for buildings in CA and NY 

= 15, 20, 30 for buildings in Japan 

L/B (length-to-width ratio) = 1.0 (3-bay) 

h ( story heigl1 t) = 12 ft. 

l (span length) = 24 ft. 
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The dead loads arc kept at 75 psf and the live load reduction is aseur11ecl to l1e a constant 

value of 30%. ']"he anal)'Sie n1etho<ls usc<I in this con11>aris<>n ar(' ('Xactl)' fU\111r as in (~haptrr :J. 

Fig. A2-2 shows the cornparison of clesign 8('isn1ic and wind lr>acls fc>r thr 1.r>-Rtc1ry 

buildings in th(' lJ.S. and in J,tJ>an. It J>rrs('nt.s that th(' critrria that gc>vrrn thr building 

dflsign in JaJlan arr the srisrnic loading and their allsolutr values arr aln1<>Rf dc>uhlr <>f thc>sr in 

(~A ancl triJllr in NY. 

Figs. A2-3(a), (b), and(c) give the design story shears for the 30-. 20-. and l.1-story 

buildings in Japan. The ,vind loads go,,crn thf' dPsign cJf S<'V<'ral stc>rirs in thf' '.20-st(>f)' 

n1on1f'nt-rrsiting frar11e \\'ith 0 8 =0.:3 an(I aln1ost a]] storirs in th<"' :JO-stc>r)' fra111f's ,,·ith hc>th 

Fig. A 2-4 shows t. lw ratio of seismic-to-win cl dPsi!!;n loads. Q E./ Q\ Vj. at Par h IPvf'! for 

the Sf\1RSFs with 3, 9, and 15 stories in the lJ.S. and the n1on1ent-resistit1g fran1P8 ,vith 

D8 ==0.3 in Japan. In NY a]I the ,vind design loads surpass the scisn1ic drsi~n loads <"'XCf'f)f t hP 

top story of the 3-stor_y SJ\IItSI~. In C1\, on the contrary•, all thr seisn1ic lc)ads surpass t hP 

\\' i n d Io ads except a few stories of t h c 15-story S !\ 1 RS I•'. I t is rec o g n i zed t h a t t hf' r a n g P <J f t h'"' 

ratio of seisn1ic-to-wind design loads for the 20-story building in Japan is al n1ost san1e as that 

for the 9-story building in CA and that for the 30-story buil(ling in Japan is a.Isa sarne as that 

for the 15-story building in CA, although their absolute values are clifferent. This fact in1plies 

that the results of this thesis can be applied to the tall buildings in Japan, located in a high 
. . 

se1sm1c zone. 
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Appendix 3. Ultimate Strength of lluilding1 Analyzed by Mechanism Met.bod 

A3.1 Column Type Sway Mechanism 

lleferring to F'ig. 4-5(a), if a colu111n 111echanien1 occurs at level k, the extPrnal work 
clone , \Ve , i R g i v en l> y , 

,1 

\V" L 
j=k 

I·~ . · 0 · Ii 
) 

\\·here >.Ck: load fact.or fc>r ultin1ate strength of colun1n t.YJ)C sway mf'chanisn1 at. lf'vel k 
(k-1,2,---,n) 

F . : h <Jr i z on t al force at I ( ·, · <' 1 j, ) 

Qk: star)' shear at level k, 

h: story height, 

0: plastic hinge rotation. 

The internal work done, w., at colun1n hinges is, I 

where Ck: sum of column plastic 111on1cnt capacity, tvfpc, at level k, given by, 

Ck== l.18fc·[2·(5-l)·Mc··+4Mc .] l) €) 

fc: shape factor for colun1ns. The ,,a}ue of 1.14 is used for wide flange shapes. 
5: number of bays 

MCij' MCej: yield moment capacity of interior columns or exterior columns. 

( A3.2) 

( A3.3) 

Using the energy concept, We==Wi, and substituting Eq. (A3.3) into Eq. (A3.2) gives the 
following relationship: 

(A3.4) 
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) 

(A3.5) 

-
A3.2 Combined mechanism 

Referring to 1-__,ig. 4-.5(b), under the condition that thP rornt>inrd n1rrhanisn1 is f<lrn1<'d 

at>o\'P thP llasP to }f'vPI k, th~ ext.rrnal \\'ork, \\' "' is giv<'n I>)', 

tl 

\Ve == F 1 · 0 · h + F 2 · 0 · 2h + --- + F k- l · 0 · ( k-1) · h + L 
j== k 

k 

L 
j== 1 

Q. 
) 

F . · 0 · kh 
) 

\\·here ACfjk is the load fa.ct.or f(>f ultirnatc strrngth of th<' con1hinPd 111f'chanisn1 at }f'vPI 1'· 

(li_·=='.2.:3.---.n). 1'he C(ln1put.ing internal \\·ork, \\" .. is givPn h.)', 
1 

k-1 
wi == o-(o.s-(c1 +ck)+ L 

j-== 1 
B ·] 

) 
(A3.7) 

where Bj: beam plastic moment caJlacit.Y considering gravit)' load effects. The plastic hinge 

at the center of beam in the case of Eq. (A3.8.b) and at the end in the case of Eq. 

(A3.8.a), 

f8 : shape factor for beams. The value of 1.14 is used for wide flange shapes. 

M 8 j: beam yield moment at level j 

MpBj: beam plastic moment at level j 

./ 
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w: vertical distributed load ( u,0 + "'L) 

(.,: span lflngt h 

From Eqs. (A3.6) and (A3.7), 

A3.3 Beam type sway mechanism 

k-1 

L 
j= 1 

B ·] / 
) 

k 

L 
j= 1 

Referring to Fig. 4-5( c ), the external \Vork, \Ve, is given b:y-

Q .•h 
) 

J 

(A3.9) 

(A3.ll) 

.. 
where .-\ 8 is the load factor for ultin1ate strength. Using Eq. (4.6) add (4.11), the internal 

work, W. , is given as fallows; 
I 

n 
W. == 0·(0.5C1 + '°" B ·) 

I . ~ J 
J.:_ 1 

From Eqs. (A3.11) and (A3.12), 

n 
).B - (0.5C1 + L Bj)I 

j=l 
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L Q-·h 
. 1 J 

J= 

,. 

(A3.12) 

(A3.13) 
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