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Army Construction Engineering Research Laboratory’s (CERL) three-dimensional re-
sponse spectrum modal analysis and PMB Systems Engineering Incorporated’s (PMB)
three-dimensional response spectrum modal analysis. The comparisons for the three-story,
ductile moment resistant steel frame building include the seismic design forces, story
shears, lateral deflections, member sizes, and frame weights for the transverse direction
of the building when designed in accordance with the 1975 SEAOC provisions, the 1978
ATC-3 equivalent lateral force procedure, the 1978 ATC-3 modal analysis procedure, and
the TM 5-809-10 Appendix proposed provisions. F_“'

For Letterman Hospital, the 1964 UBC provisions produce equivalent yield stress basis
story shears which are approximately 10 to 35 percent of the story shears obtained in
AA's time history modal analysis. When the dynamic characteristics of the structure are
considered in determining the total lateral forces and their distributions, the 1975 SEAOC
provisions produce equivalent yield stress basis story shears which are in reasonable agree-
ment with the story shears obtained in AA's time history analysis except in the base
structure and the intermediate stories in the tower in the east-west (E-W) direction. The
1978 ATC-3 modal analysis procedure produces story shears which are generally approxi-
mately 100 percent greater than the 1964 UBC equivalent yield stress basis story shears
in the tower and approximately 10 percent less than the 1964 UBC equivalent yield stress
basis story shears in the base structure. When comparable acceleration levels are specified,
the TM 5-809-10 Appendix provisions produce story shears which are in reasonable agree-
ment with the story shears from AA’s time history analysis except for the lower stories in
the north-south (N-8) direction, where they differ by approximately 20 percent. Further-
more, the comparison of the 1978 ATC-3 and TM 5-809-10 Appendix provisions and the
PMB analysis reveals that when comparable acceleration levels are specified, the story
shears for the 1978 ATC-3 provisions are approximately 30 percent of the story shears
obtained from the TM 5-809-10 Appendix provisions and the PMB analysis. Considering
the complexity of the structure and the numerous and different assumptions that were
employed, the agreement between the story shears for the TM 5-809-10 Appendix provi-
sions and the PMB analysis is excellent.

The lateral deflections for Letterman Hospital indicate that there is better agreement
among the lateral deflections in the N-S direction than in the E-W direction, with the
exception that in both directions, the lateral deflections from the 1964 UBC design
are quite small and bear little resemblance to the lateral deflections obtained by the
other analyses.

For the three-story building, the 1978 ATC-3 story shears are SO to 60 percent lower
than the 1975 SEAOC equivalent yield stress basis story shears, while the TM 5-809-10
Appendix story shears are about 325 percent greater than the 1975 SEAOC story shears.
However, there is very little difference between the 1978 ATC-3 and TM 5-809-10
Appendix lateral deflections. Typical lateral force-resistant frames designed in accordance
with the 1978 ATC-3 modal analysis procedure and the 1975 SEAOC provisions have
nearly identical weights, while frames designed in accordance with the 1978 ATC-3
equivalent lateral force procedure and the TM 5-809-10 Appendix provisions have weights
about one and one-half and two times greater, respectively, than the 1975 SEAOC design.
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FOREWORD

This investigation was performed for the Directorate of Military Programs, Office of
the Chiet of Engineers (OCE) under Project 4A762731AT41. “*Design, Construction, and
Operation and Maintenance Technology for Military Facilities™ Task 04. “Military Con-
struction: Technology™: Work Unit 003, “Seismic Upgrading ot Existing Critical Facili-
ties " The applicable QCR is 3.07.005. The OCE Technical Monitor was G. M. Matsumura,
DAEN-MPE-B.

The investigation was performed by the Engineering Team, Engineering and Materials
Division (EM), US. Amy Construction Engineering Research Laboratory (CERL).
Dr. G. R. Williamson is Chief of EM.

COL J. E. Hays is Commander and Director of CERL, and Dr. L. R. Shaffer is Tech-
nical Director.
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CURRENT AND TENTATIVE SEISMIC
DESIGN PROVISIONS FOR BUILDINGS:
PRELIMINARY COMPARISONS

1 INTRODUCTION

Background

Recent earthquake experience in the United States
such as that gained trom the 1964 Alaskan, the 1969
Santa Rosa, and the 1971 San Fernando earthquakes
has shown that the philosophy for earthiquake-resis-
tant design at that time was not completely adequate.
This philosophy. as expressed in building codes, states
in part that: “buildings should be able 1o resist a major
earthquake. of the intensity of severity of the strongest
experienced in Califorma, without collapse, but with
some structural as well as nonstructural damage.™ The
collapse of the Four Seasons apartment house in
Anchorage during the 1964 Alaskan earthquake. the
damage sustained by the Social Service Building during
the 1969 Santa Rosa earthquake, and the near collapse
of the multistory Olive View Hospital during the mod-
erate 1971 San Fernando earthquake are obvious
examples which indicate that significant engineering
and scientific problems still remain to be solved.

However, since 1971, the Structural Engineers Asso-
ciation of California (SEAOC) has revised its “Recom-
mended Lateral Force Requirements™ to more realis-
tically reflect the expected dynamic response of real
structures, and to provide a means for establishing
more stringent design criteria for essential facilities
which must be functional for emergency post-earth-
quake operations. Recently, the National Science
Foundation and the National Bureau of Standards
completed a jointly sponsored project with the Ap-
plied Technology Council (ATC) to develop compre-
hensive nationally applicable seismic design provisions
for the United States. The “Tentative Provisions for
the Development of Seismic Regulations for Buildings,”
developed by this project., embody both current and
several new concepts for seismic design.? Likewise,

' Recommended Lateral Force Requirements and Com-

mentary (SEAOC, 1968).

X Tentative Provisions for the Development of Seismic
Regulations for Buildings, ATC-3-06 (Applied Technology
Council, 1978).

the Army 15 sevising and updating TM 5-809-10,
Seismiuce  Design for Buildings, to improve seismic
design provisions for conventional buildings and to
provide guidelines for the design of essential facilities
that must remain functional after a major carthquake.
Fhe fatter guidelines, which are based on the tech-
nology produced in the ATC project. are tailored to
military requirements.’

To date, detailed comparisons and evaluations of
these various seismic design provisions have not been
made, although they are urgently needed in order to
reconcile differences and inconsistencies in the design
philosaphies. This repon 1s a first attempt at comparing
and evaluating various seismic design provisions.

Purpose

The purpose of this report is to compare current
and tentative seismic design provisions for two types
of buildings: (1) Letterman Army Hospital. an existing
10-story reinforced concrete building located in the
Presidio of San Francisco, CA, whose design was based
on the 1964 Uniform Building Code (UBC) and (2) a
three-story, ductile moment resistant steel frame build-
ing located in a region of high seismicity and designed
as an essential building. The comparisons for Letterman
Hospital include the magnitude and distribution of the
seismic story shears and lateral deflections for the 1964
UBC. the 1975 SEAOC provisions, the 1978 ATC-3
tentative seismic design provisions, the TM 5-809-10
Appendix proposed seismic design provisions, Agba-
bian Associates’ (AA) two-dimensional time history
modal analysis, the U.S. Army Construction Engineer-
ing Research Laboratory’s (CERL) three-dimensional
response spectrum modal analysis, and the PMB
Systems Engineering Incorporated’s (PMB) three-
dimensional response spectrum modal analysis.*~'® The
comparisons for the three-story, ductile moment resis-
tant steel frame building include the seismic design

3Seismic Design Guidelines for Critical Buildings,” Pro-
posed Appendix to TM 5-809-10 (U.S. Army Construction
Engineering Research Laboratory [CERL], September 1978,
revised March 1979).

4Uniform Building Code, 1964 ed. (International Confer-
ence of Building Officials, 1964).

SRecommended Lateral Force Requirements and Com-
mentary (SEAOC, 1975).

6 ATC-3-06.
"Proposed Appendix to TM 5-809-10.

Footnotes continued on page 10.




forces, story shears, lateral deflections, member sizes,
and frame weights for the transverse direction of the
building when designed in accordance with the 1975
SEAOC provisions, the 1978 ATC-3 equivalent lateral
torce procedure, the 1978 ATC-3 modal analysis pro-
cedure, and the TM 5-809-10 Appendix proposed
seismic design provisions.,

Scope

Because of the difticulty and cost associated with
performing additional static and dynamic analyses of
the large and complex Letterman Hospital structure,
the comparisons for Letterman Hospital are limited
solely to the magnitude and distribution of the story
shears and lateral deflections. For the three-story, mo-
ment resistant steel frame building, only the lateral
force resisting system in the transverse direction was
designed. The comparisons include: (1) the magnitude
and distribution of the transverse story shears; (2) the
transverse lateral deflections of the building under the
prescribed lateral loads: (3) the frame member sizes
for the transverse lateral force resisting frames; and
(4) the weight of a typical steel frame required to resist
the prescribed lateral torces in the transverse direction.

Mode of Technology Transfer

The information contained in this report will be
used to prepare other material for inclusion in T™M
5-809-10, Seismic Design for Buildings.

LETTERMAN HOSPITAL
STORY SHEARS AND
LATERAL DEFLECTIONS

Background
Building Description

Letterman Hospital is a 550-bed Army medical
treatment center located in the northeast corner of the

RAgbahiun Associates, Dynamic Seismic Analysis of Pri-
mary Structural Systems for Letterman and Hays General
Hospitals (Subtasks 2B, 2C, and 2D), Draft Report (CERL).

% D Prendergast and C. K. Choi, Three-Dimensional
Seismic Structural Analysis of Letterman Hospital, Technical
Report M-175/ADA022085 (CERL, 1975).

' Anshen and Allen, Comprehensive Upgrade (Feasibility
Study) Building 1100, Letterman Army Medical Center,
Presidio of San Francisco, California (Sacramento District,
Corps of Enginesrs, 1978).

Presidio of San Francisco. The hospital is approxi-
mately 1 1/2 miles (2.4 km) southeast of the Golden
Gate Bridge along the San Francisco Bay and approx-
imately S to 7 miles (8.0 to 11.3 km) east of the San
Andreas Fault (Figure 1). Designed and constructed in
the nud-1960s, Letterman Hospital 1s a 10-story rein-
torced concrete structure consisting of a nominal 110 x
175 1t (33.5 x 53.3 m) tower and a three-story base
structure with plan dimensions of 295 x 350 t (90.0 x
106.7 m) (Figures 2 through 6). The lower two stories
of the tower (the hospital’s tourth and fifth floors)
extend approximately 72 ft (22.0 m) north of the re-
mainder of the tower (Figure 4). The structure is rea-
sonably symmetrical in the north-south (N-S) direc-
tion; however, there is appreciable eccentricity be-
tween the tower and base structure in the east-west
(E-W) direction.

The exterior walls of the tower and base structure
are precast concrete panels, while the other structural
elements are cast-in-place concrete. The building has
both horizontal and vertical load-resisting systems. The
exterior walls, service cores, and floor slabs resist hori-
zontal loads. Lightweight concrete floor slabs transmit
wind and earthquake forces in addition to the vertical
forces resulting from both earthquake and gravity loads,
to the exterior walfs and service cores, which carry
these forces to the foundation.

Site Ground Accelerations

In 1973, a site-dependent seismic investigation of
the Letterman Hospital site was performed by AA as
part of a study to assess the seismic resistance of
Letterman Hospital and to evaluate the feasibility and
cost impact of upgrading the seismic resistance to
maintain functional operations following a major earth-
quake. AA’s study determined that an 8.2 Richter mag-
nitude earthquake on the San Andreas Fault having a
duration of strong shaking for 40 to SO sec and a recur-
rence interval of approximately 100 yr was the maxi-
mum earthquake that could reasonably be expected to
occur near the Letterman Hospital site.'' Since ground
shaking near the source of a great earthquake (Richter
magnitude 8 to 8.5) has never been recorded, Type A-1
and A-2 artificial earthquake records (Figure 7) were
selected to represent the site’s ground motions. Inter-
relationships between Richter magnitude, distance
from the site to the causative fault, and peak accelera-
tions indicated that the site’s maximum horizontal

L Agbabian Associates, Site Dependent Maximum Probable
Earthquake Criteria (Task 1), Draft Report (CERL).
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Figure 2. Letterman General Hospital, Presidio of San Francisco, CA.

ground acceleration was approximately 0.5 g More
recently, i conjunction with o supplementary upgrade
study of Letterman Hospital, the Otfice of the Chief
of Engineers (OCE) established performance criteria
specilytng that Letterman Hospital should be strength-
cned to prevent collapse resulting from a design earth-
quake which has a 20 percent probability of being
exceeded in SO years. Studies to evaluate the seismic
risk and develop the carthquake ground motion criteria
were conducted by Dames and Moore, San Francisco,
CA. From these studies, the peak ground acceleration of
the design carthquake was determined to be 0.35g."?

Dvramic Analyses

it AA's setsmic upgrading study, the dynamic analy-
ses were contined to modeling the structural system as
a series of two-dimensional planar frame and shear wall
assemblages, with cach assemblage representing part of
the structure’s total tateral resistance, and connecting
the individual assemblages into a concatenated model
representing the total lateral resistance system in each
principal direction.'? The mathematical models were
then subjected to the Type A-l artificial earthquake
time history and the response of selected structural
" Anshen and Alfen, Comprehensive Upgrade (Feasibility
Studvi Buidding 1100, Letterman Army Medical Center,
Presidio of San Francisco, Califorma (Sacramento District,
Corps of Fngineers, 1978)

W Agbabian  Associates,  Dymamic  Seismic  Analysis  of
Primary Structural Systems for Letterman and Hays General
Hospital (Subtasks 28, 3C, and 2D), Draft Report (CERL).

elements was computed using the time history modal
analysis method. Because of the planar aspect of these
analyses, the effects of torsion were not investigated.

In support of the seismic upgrading study. CERL
conducted a three-dimensional dynamic analysis of the
primary structural system for Letterman Hospital to
assess the impact of torsion and ascertain whether a
simpler method of analysis. namely the response spec-
trum modal analysis method, would yield comparable
results.' Since the lateral force resisting system for
Letterman Hospital is basically composed of struc-
tural clements at a number of column lines in each
direction of the structure, the structure was idealized
as a series of planar frames with occasional isolated
shear walls. Each frame was treated as an independent
substructure, and the complete stiffness matrix for the
structure was formed under the assumption that all
frames were connected at each floor level by a dia-
phragm which was rigid in its own plane. Then dynam-
ics analyses were conducted, using the response spec-
trum modal analysis method and the 10 percent
damped smoothed average spectrum for the Type A-1
and A-2 artificial carthquake records (Figure 8). The
maximum response of the various modes was com-
bined by using the square root of the sum of the
squares method.

Y. Prendergast and C.K. Choi, Three-Dimensional
Seismic Structural Analysis of Letterman Hospital, Technical
Report M-175/ADA02208S (CERL, 1978).
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Figure 7. Motion time histories for Type A artificial earthquake records.
(Metric conversion factors: 1 ft =0.3 m; 1 ft/sec = 0.3 m/sec; 1 ft/sec? = 0.3 m/sec?.)

17




PERIOD, SEC.
| .0

00 80 60 40 20 08 & o D) 2 1 08 08 D4 02 O
- TE: SPECTRA SHOWN BELOW CORRESPOND i
WA A YNNG Rl N A N
. q% ) % \k/ N \F PEAK ACCELERATION AT ::‘( N / o] ™
5 f\‘}“\b’—\i‘é/ ‘\ P 1 DIFFERS FROM THIS VALUE. /< 3 ) Y
200l Xy, A 4t i L N4
y & \N2A\ v r\/\Vl TT /\k/wyf\r]/r o
mg—#‘l-\_ﬁ:&% i A _‘ \-/ */\\.[P(}\l}l\:k (,d/\;‘gé‘t_L—L:
5 0072\_.{_,‘_)4._ 190"}.7 4 LT | RATI0 = 0.00 - 4.<
s N NANTAD 7/ awas ¥4 s 0
Ewgk\‘j \‘;;1%\ < TRBK AT
g 7, 3 e
R s/ ST AT e
¢ OV @
g 10 -j'/—i"—XP— A?‘/‘{—'?ér"‘ {':}OJOP f]liid
f)?__j_);’;f £ 00 f&‘r‘n_" 4(:_,\*"\ L5
S JIN ¥ N
PGS ;\KFﬁﬁvj 4 e vl
CAS A% AT 4 NPANEAV AP U\ A PP
Ty Q{/'\\JL_/_&TT;f%—I I\KI—;”\T; ) Sl(l N\ 09%/\“:90:{
A ,L/\' 2Bl St ISE AR Lf\xz{ulz}\ \\z N L
or oz o4 06 4 2 4 6 8 2 « 6 810 20 40 60 80 100

In conjunction with the supplementary upgrade
study of Letterman Hospital, PMB also conducted a
three-dimensional response spectrum modal analysis
of Letterman Hospital, using a computer model de-
signed to improve the mathematical idealization of
the existing hospital.'> PMB used “‘dummy stories” to
approximate the behavior of the caisson foundation
system and of the non-rigid diaphragm at the fourth-
floor level. In addition, the existing precast elements

'S Anshen and Allen, Comprehensive Upgrade (Feasibility
Study) Building 1100, Letterman Army Medical Center,
Presidio of San Francisco, California (Sacramento District,
Corps of Engincers, 1978).

FREQUENCY, CPS

Figure 8. Earthquake response spectra for CERL analysis.
(Metric conversion factors: 1 in.=2.54 cm; 1 in./sec=2.54 cm/sec: | in./sec* = 2.54 cm/sec?))

were modeled as piers and spandrels, with shear panels
located where solid walls exist; the concrete columns
and waftle slab frame system was modeled as columns
joined by beams with properties of the standard design
“column strip” of slab. Interior core walls were
modeled as shear elements. Basement walls were also
modeled as shear elements when they were of signifi-
cant size. These various elements were assembled into
planar frames or shear walls and then combined to
form the total structure. Then dynamic analyses were
conducted, using the response spectrum modal analysis
method and the 10 percent damped spectrum shown in
Figure 9. Likewise. the maximum response of the
various modes was combined by using the square root
of the sum of the squares method.
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Figure 9. Earthquake response spectra for PMB analy-
sis. (Metric conversion factors: 1 ft =0.3 m;
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The dynamic characteristics of Letterman Hospital
must oe known in order to compute the magnitude and
distribution of the story shears and lateral deflection
specified by the current and tentative design provisions.
For consistency in these comparisons, the masses,
periods, and mode shapes obtained from the CERL
dynamic analyses have been adopted as representing
the dynamic characteristics of the Letterman Hospital.
Tables 1 and 2 summarize these dynamic characteris-
tics for each of the principal directions.

Table 1

Predominant Periods of Vibration
for Letterman Hospital

Period, sec
N-S EW
| 0.702 0.752
2 0.244 0.298
3 0.132 0.148

1964 UBC Provisions

The original seismic design of Letterman Hospital
was based on the equivalent static lateral load specified
in the 1964 UBC, i.e., the Recommended Lateral Force
Requirements adopted by SEAOC in 1959.'¢ In accor-
dance with these provisions, the hospital was designed
to withstand minimum total lateral forces assumed to
act nonconcurrently in the direction of each of the
building’s main axes in accordance with the following
formula:

V=KCW [Eq 1]

where V = total lateral load or shear at the base
K = numerical coefficient assigned values of
0.67, 0.80, 1.00, 1.33, depending on the
type and arrangement of the resisting
elements
C = numerical coefficient determined in accor-
dance with the following formula:

_005

JT

where T is the fundamental period of vibra-
tion of the building in seconds in the direc-
tion under consideration

W = total dead load

C [Eq 2]

The total lateral force, V, was distributed over the
height of the building in accordance with the formula

wyhy
N
zwihi
i=l

F,=V [Eq 3]

where F, = lateral force applied to a level desig-
nated as x
hy, = height in feet above the base to the level
designated as x
wy = that portion of W which is located or
assigned to the level designated as x
Z w;h; = summation of the product wyhy for the
building

To account for the set-back conditions between the
base structure and the tower, the tower was designed as
a separate structure and the total shear resulting from

l""Agbat:oian Associates, Aseismic Design Criteria of Reha-
bilitation at Existing Hospital Facilities, Task 2A—-Summary
of Existing Static Design Data, Draft Report (CERL).




Table 2

Masses and Mode Shapes for Letterman Hospital

(Metric conversion factor: 1

IRt w0015 BogR kpee” |

Mode Shape

Mass
Level kip-see® N-S$ Direction E-W Direction

fi Mode 1 Mode 2 Mode 3 Mode | Mode 2 Mode 3
Root 145186 016999 010728 0.12317 0.17034 0.10212 0.10747
10 119.720 0.14973 0.05912 0.02597 0.14982 0.05911 0.01565
9 119.720 0.12788 ~0.00963 -0.06288 0.12761 0.01406 -0.06775
8 119.720 0.10478 -0.03588 -0.11873 0.10393 -0.02866 -0.11518
7 119.720 0.08014 -0.07175 -0.12573 0.07940 -0.06406 -0.10968
6 154.814 0.05791 -0.09314 -0.08512 0.05148 -0.09575 -0.07942
s 157.609 0.03737 -0.09636 -0.01419 0.03647 -0.09820 -0.01802
4 622.671 0.01903 -0.08611 0.05954 0.02238 -0.08705 0.06247
3 513,975 0.00910 -0.05422 0.06102 0.01010 -0.04901 0.05402
2 385.093 0.00243 -0.01684 0.02297 0.00338 -0.01820 0.02548

1 372,671 0 0 0 0 0 0

the tower was applied at the top of the three-story
base structure of the building. In the E-W direction, the
tower was assumed to extend upward from the fourth
floor; however, in the N-S direction, due to the north-
ward extensions of the fifth and sixth floors, the tower
was assumed to extend upward from the sixth floor.

The hospital was designed as a box system, ie..
K = 1.33. The values assigned to C for the E-W tower
structure, E-W base structure, N-S§ tower structure,
and N-S base structure were 0.070, 0.101, 0.084, and
0.087, respectively.'” The lateral story forces and
story shears used in the working stress design are tabu-
lated in Table 3. Based on these values, Letterman
Hospital was designed to resist approximately 0.1 g
lateral load. However, to provide a consistent basis for
comparison with some of the newer design provisions
which are based on permitting material stresses to
approach yield stresses, the working stress design story
shears for Letterman Hospital must be multiplied by a
factor to obtain equivalent yield stress basis design
story shears. In reviewing the existing design, the
design calculation sheets indicate that the designer used
32.0 ksi (220.6 MPa) as an allowable stress in rein-
forcing steel for earthquake forces. General notes on
the drawings indicate that the yield stress for this
reinforcing steel was 40.0 ksi (275.8 MPa).'® Thus, the
working stress design story shears for Letterman Hos-
pital were multiplied by the factor 40/32 = 1.25 to

17 Aseismic Design Criteria.

'8 Aseismic 1 design Criteria.

obtain the approximate equivalent yield stress basis
design story shears. These story shears are tabulated
in Table 4 and presented as Curve A in Figures 10
and 11.

Table 3

Summary of 1964 UBC Working Stress Design Forces
(Metric conversion factor: 1 kip = 4.4 kN.)

N-S Direction E-W Direction
Lateral  Story Lateral  Story
Floor Force Shear Force  Shear
Level kip kip Kip kip

Roof 725 662
725 662

10 469 459
1194 1121

9 352 382
1546 1503

8 234 305
1780 1808

7 119 229
1899 2037

6 1020 194
2919 2231

5 860 99
3779 2330

4 2650 3650
6429 5980

3 1385 1900
7814 7880

2 740 1020
8554 8900
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Figure 10. Letterman Hospital story shears (yield stress basis) N-S direction.
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The lateral detlections resulting from the working
stress design torces were also multiplied by the factor
125 to approximate the lateral detlections at yield
These lateral deflections are also tabulated in Table 4
and presented as Curve A i Figure 12

Table 4

1964 UBC Equivalent Yield Stress Story Shears
and Lateral Deflections
(Metric conversion factors:

) LKip=44KkN:1ft=03m)
\
N-S Direction E-W Disection
Story Story
Shear Deflection Shear Deflection
Level kip 1t Kip ft
Root 0013 0014
206 828
10 0012 [LXU )
| 1493 1401
| 9 0.012 0.014
1932 1879
| N 0.011 0.013
2225 2260
? 0.010 0.012
2374 2546
6 G009 [AXU B
1649 278¢%
S 0008 0010
4724 2912
4 0.007 0.009
8036 7415
3 0.008 0.008
9768 9850
2 0002 0.002
E 10692 11125
1 0 0
3 1975 SEAOC Provisions
The 1975 edition of the Recommended Lateral
Force Requirements and Commentary is substantively

different from the 1959 edition, and includes the fol-
lowing changes. '’

a. The base shear formula was changed to

V = ZIKCSW [Eq 4]

" Recommended Lateral Force Requirements and Com-
mentary (Structural  Engineers  Association of California,
1975)

where 2 = numencal  coefficient  related o the
region’s seismicity
I = occupancy importance coefficient
S = numencal coefficient  for site-structure
resonance

b. To more realistically reflect the expected dyna-
mic response of real structures in the areas of highest
seismicity, the formula for determination of C was
changed to

Gz ltq 51

¢. The coefficient S was added to the base shear
formula to provide a means of evaluating site resonance.

d. The coefficient | was added to the base shear for-
mula. This established a higher level of design criteria
for an essential facility (e.g.. a hospital) than for a
normal facility. The coefficient was assigned values of
1.5 and 1.0 for essential and normal facilities, respec-
tively . however, 1 values were not established for other
classes of facilities.

e. The coefficient Z was added to the base shear
tormula to permit the use of reduced base shear values
for portions of Calitornia and elsewhere which are not
located in the areas of highest seismicity.

f. The distribution of the lateral torces in structures
which have highly irregular shapes, large differences in
lateral resistance or stiffness between adjacent stories,
or other unusual features must be determined by con-
sidering the structure’s dynamic characteristics.

The large set-back at the fourth-story level of Let-
terman Hospital creates a large ditference in the lateral
resistance and stiffness between the third and fourth
stories. Therefore, the equivalent lateral load method is
not directly applicable and the distribution of the lat-
eral forces must be determined by considering the
dynamic characteristics of the structure. To approxi-
mate the 1975 SEAOC story shears, the total basis
shears were computed in accordance with Eq 4 and
distributed to the individual stories, considering the
dynamic characteristic of the structure. The period and
mode shape for the fundamental mode of vibration in
each of the principal directions presented in Tables 1
and 2, respectively, were assumed to represent the
structure’s dynamic characteristics. The base shear in
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Figure 12. Letterman Hospital lateral detlections.

each of the principal directions was computed in ac-
cordance with Eq 4, taking Z = 1.0, 1 =15, 8= 1§,
K = 1.33 and C = 0.0769 and 0.0796 for the E-W
and N-S directions, respectively. The coetficient S is
dependent on the ratio ol the building period to the
charactenstic site period. When the characteristic site
period is not substantiated by proper analysis, as in the
case at hand, the value ot S shall be 1.5,

The resulting base shears were then distributed to
the individual stories in proportion to the mass and de-
flection at each level to obtain the lateral force of each
level. Subsequently, the lateral story forces were
summed to obtain the story shear at each level. The
story shears obtained by this approximate method of
dynamic analysis must be multiplied by the load factor
1.4 to obtain yield stress basis design story shears.
These yield stress basis design story shears are tabu-
lated in Table 5 and presented as Curve H in Figures 10
and 11 for the N-S and E-W directions, respectively.
Deflections tor the 1975 SEAOC approximate method
of dynamic analysis were computed using the equiva-
lent vield stress story forces and the dynamic proper-
ties of the fundamental mode of vibration in each of

the principal directions of the hospital. These deflec-
tions are also tabulated in Table S and presented as
Curve H in Figure 12.

1978 ATC-3 Provisions

The provisions ot ATC-306. Tentative Provisions
for the Development of Seismic Regulations for
Building, embody several concepts which are signifi-
cant departures from currently used seismic design pro-
visions.?® These concepts include:

a. The incorporation of more realistic seismic
ground motion intensities.

b. Response modification coefficients (reduction
factors) which are based on consideration of the inher-
ent toughness, the amount of damping which occurs
when undergoing inelastic response, and the observed
past performance of various types of framing systems.

30 rentative Provisions for the Development of Seismic
Regulations  for Buildings, ATC-3-06 (Applied  Technology
Council, 1978).




Table §

1975 SEAOC Equivalent Yield Stress
Story Shears and Lateral Deflections
(Metric conversion factors:
Tkip=44kN:1ft=03m)

NS Dircction __EW Dirccuon

Story Story
Shear Deflection Shear Deflecthon
Level kip ft kip ft

Roof 0.574 0628
6674 6369

10 .505 0.553
(1521 10988

9 0432 .47
15661 14922

8 0.354 0.383
19053 18120

0.270 0.293
21648 20574

6 01906 0190
24072 22626

5 012 0.134
25665 24107

4 0.064 0.083
28869 27695

3 .03t 0037
30134 29032

2 (.008 0.012
30387 29367

i 0 0

¢. Classification of building use-group categories
into Seismic Hazard Exposure Groups.

d. Seismic performance categories for buildings
with design and analysis requirements dependent on
the seismicity index and building seismic hazard ex-
posure group.

e. Simplified structural response coetficient for-
mulas related to the fundamental period of the seismic
resisting system of the building.

f. Material design and analysis based on stresses
approaching yield.

The 1978 ATC-3 provisions require that the magni-
tude and distribution of the story shears for Letterman
Hospital be determined by the modal analysis proce-
dure because of the irregular plan and vertical config-
uration of the hospital. Moreover, the provisions
specify that the lowest three modes of vibrations in

each ot the two mutually perpendicular axes be con-
sidered. For consistency. the periods and mode shapes
from Tables 1 and 2 were adopted

The portion of the base shear contributed by the
mth mode, V. was determined in accordance with
the following formula:

Vin = Com Win 11q 6]

where C, ., modal seismic design coetficient for
the mth mode determined in accor-
dance with the following formula;
however, the value of Cg, need not
exceed 2.5 Ay g for stiff or deep soils,
nor 2.0 A,y for soft soils

g i

(‘sm i “l—:iv's_ lEq 71
RT3

W, = the effective modal gravity load for
the mth mode determined in accor-
dance with the {ollowing formula:
n 2

" [i:lw'¢‘mJ .

WElE o e [Eq 8]
i2=lwi¢izm

A, = seismic coefficient representing the
effective peak acceleration

A, = seismic coefficient representing the
effective peak velocity-related acceler-
ation

R = seismic response modification coef-
ficient

S = seismic coefticient for the site's soil
profile characteristics

Tm = period of vibration of m®t mode of
the building
¢im = displacement amplitude of the ith [evel

of the building when vibrating in its
mth mode.

Letterman Hospital was designed as a box system,
i.e., a structural system without a complete vertical
load-carrying space frame where the required lateral
forces are resisted by shears walls, and the reinforced
concrete shear walls and precast concrete exterior wall
panels are designed to resist the lateral forces. In the
1978 ATC-3 provisions, slightly different terminology




is used to describe the various structural systems; the
structural system most comparable to the original
design would appear to be a bearing wall system with
reinforced concrete shear walls. The seismic response
modification coetficient, R, and deflection amplifi-
cation factor, Cy . specified for this particular structural
system are 4 1/2 and 4, respectively (i.e., R =4 1/2 and
C, = 4). Moreover, considering the location of Letter-
man Hospital, A, = Ay = 0.4, and since the soil proper-
ties and profile are not known in detail nor does the
known profile fit any specified types, S = 1.2

The modal torce at each level, F,, was determined
in accordance with the formula:

l:\“l = (‘V\fll vlll I.I‘q ()]
where
= _ Wxxm .
(vxm 5= n'_"'l‘_' “‘,q lOl
f\': Wi®im
i=1
The modal deflection, 8y,,, was determined in
accordance with the formula:
Sxm = Cadexm [Eq11]
where
T.2F s
Senm Bt Fym [Eq 12]

4n? Wy

The story shears and lateral deflection at each level
were computed for each mode, and the modal values
combined by taking the square root of the sum of the
squares of each modal value. The resulting story shears
and lateral deflections for each of the principal direc-
tions are tabulated in Table 6. The story shears are
shown as Curve B in Figures 10 and 11, respectively,
while the lateral deflections are shown as Curve B in
Figure 12.

1978 TM 5-809-10 Appendix Provisions

The provisions of the proposed 1978 TM 5-809-10
Appendix require that two design earthquakes be con-
sidered: the Maximum Credible Earthquake and the
Maximum Probable Earthquake.?!

21 wGeismic Design Guidelines for Critical Buildings,” Pro-
posed Appendix to TM 5-809-10 (CERL, September 1978;
revised March 1979).
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The Maximum Credible Earthquake (MCE) repre-
sents the maximum level of horizontal ground accelera-
tion at the site that appears capable of occurring within
the presently known tectonic framework. No consid-
eration is given to the probability of occurrence, but
rather it is great enough to be of concern.

The Maximum Probable Earthquake (MPE) repre-
sents the maximum level of horizontal ground acceler-
ation at the site that has a specified probability of
being exceeded in a given period of time.

Realistically, these design earthquakes can be estab-
lished only after a detailed site-dependent seismic in-
vestigation. The investigation of the Letterman Hospi-
tal site, which was conducted in support of the AA
analysis, determined that the MCE and MPE were
essentially identical: i.e., an 8.2 Richter magnitude
earthquake on the San Andreas fault near the Letter-
man Hospital site with a maximum probable earth-
quake acceleration of approximately 0.5 g. However,
to provide a consistent basis for comparing the story
shears and lateral deflections obtained with the TM

Table 6

1978 ATC-3 Story Shears and Lateral Deflections
(Metric conversion factors:
1 kip=4.4kN; 1 ft=0.3 m)

N-S Direction E-W Direction

Story Story
Shear Deflection Shear Deflection
Level kip ft kip ft

Roof 0.419 0471
1648 1591

10 0.368 0412
2614 2536

9 0.314 0.350
3251 3173

8 0.258 0.28§
3682 3611

7 0.199 0.221
4021 3940

6 0.147 0.152
4456 4298

3 0.099 0118
4894 4724

4 0.057 0.080
7001 6932

3 0.031 0.040
8500 8330

2 0.009 0.014
8879 8753

| 0 0




g

S-809-10 Appendix provisions with the story shears
and lateral deflections obtained with the ATC-3 pro-
visions (acceleration level = 04 g) and the AA and
CERL dyvnamic analyses (acceleration level = 0.5 p).
the analyses with the 1978 TM S-809-10 Appendix pro-
visions were performed tor each of these acceleration
levels. For consistency . the pertods and mode shapes
shown in Tables 1 and 2 were used. Moreover, the soil
profile coetficient, S, and the response moditication
factor, Ry were equal to 1.2 and 1.5, respectively

The modal participation factor for each mode was
computed from the totmuala

N
Y
- “noml
. |
| N [1q 13)
X b
g W ioim
=1

where T modal participation factor for the mth

m
mode
w, weight at or assigned to level i
Gim = amplitude of the mth mode at level i
N number of stories

The seismic coetficient for the MCE and MPE were
determuned from the following tormulas. respectively

. "
1 2AmeeS

MCE. Cyp =——" [tq 14]
]m
b 28 spe> :
MPE, C © i [Eq 15]
RTZ!
m

seismic design coetficient for the mth
made, the value of which need not
exceed 2.8 A/R for stitt or deep soils
not 2.0 A/R for soft soils

A = Amee OF Agype. respectively.

where Cgpy

Amee = peak horizontal ground acceleration
associated with the MCE

Ampe = peak  horizontal ground acceleration
with the MPE

S = coefficient for soil profile character-
istics at the site

R = response  modification  factor, equal
to 1.5 for the MPE

T period of vibration of the building in

the mth maode in the direction undet
consideration

Al
20

The modal story fateral forces, Iy, . at level v for
the mth mode were determined from the formula
= (

sm T Wa@am

Eom [tq o]
and the elastic modal story displacements at each level,

Oy - were determined from the formula

EN L
ntam
5"“ B0 “'q l ’l

2
dnfw,

The modal story Tateral torces were summed (o ob
tamn the story shears tor cach mode Subsequently . the
story shears and deflections i the hospical were ob
tamed by taking the squane oot of the sum of the
squates ol the maodal values and multply g the com
puted total displacements by the allowable ductiiny
factor, Cy. which equals 18 tor the Mt

In the case of Letterman Hospital, the MPE pov
etned the analysis. The resulting story shears and lateval
deflections tor cach of the principal directions associ
ated with the acceleration levels of 04 g and 0.5 p are
tabulated in Tables 7 and 8, respectively . Curves D and
Eoin Figures 10, 11, and 12 represent the respective
story shears and lateral detlections.

AA Time History Analysis

To compute the two-dimensional response of Let
terman Hospital, AA used the time history  modal
analysis method in each ot the prncipal directions
The multi-degrec-of-treedom  system  was  separated
into an array of single-degree-of freedom systems, cach
having a4 unique natural trequency . mode shape, and
maodal  participation  factor. - Fach  single-deprec ot
freedom system was subjected to the Type A1 art
ficial carthquake record. and the response time history
of each mode was computed. The responses of each
mode at discrete time intervals were summed, with
proper attention to mathematical signs to obtain a
time history ot the stiucture’s response. The maxi
mum  story  shears and lateral deflections obtained
from the AA analysis are tabulated in Table 9 and
shown as Curve G in Figures 10, 11, and 12 tor the
N-S and E-W directions, respectively

CERL Response Spectrum Analysis

To compute the three-dimensional response of
Letterman Hospital, CERLE used the dynamic model
assembled by the TABS computer program and the
smoothed response spectiom tor the Type A 1 and A
artitictal earthquake records scaled to 0.5 g peak hon
zontal ground acceleration. The dynamic response of

and

ot

g o
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Table 7

I'™M 5-809-10 Appendix Story Shears and
Lateral Deflections, A e = 0.4 ¢
(Metric conversion factors:
PRip=44kNLft=03m)

N-S Direction __E-W Duirection

Story Story
Shear Deflection Shear Deflection
Level Kip ft Kip ft

Rool 0472 0.529
1944 4772

10 0414 0.464
7843 7608

9 0.353 0.394
9754 9520

8 (.290 0.321
11046 10832

0.224 0.248
12063 11819

6 0168 0.171
13366 12894

S (INEN 0129
14684 14172

4 0.065 0.090
21003 20798

3 0.038 0.048
25501 24989

2 A.010 0.016
26637 26258

| 0 0

Letterman Hospital was obtained by taking the square
root of the sum of the squares of the maximum respon-
ses of the structures’ first 12 vibration modes. These
12 modes included the first four modes in each of the
two principal directions and the four torsional modes.
The story shears and lateral deflections in the N-S and
E-W directions are presented in Table 10 and plotted
as Curve Fin Figures 10, 11, and 12, respectively.

PMB Response Spectrum Analysis

To compute the three-dimensional response of
Letterman  Hospital, PMB used a computer model
that incorporated a “dummy story"™ to approximate
the behavior of the caisson foundation system and a
“dummy story™ to approximate the behavior of the
flexible fourth floor diaphragm. The design earthquake
response spectrum was developed by Dames and Moore
on the basis of a peak acceleration of 0.35 g. The
dynamic response of Letterman Hospital was obtained
by taking the square root of the sum of the squares of
the maximum response of the structure’s first eight
vibration modes. The resulting story shears and lateral
deflections are tabulated in Table 11 and presented as

Table 8

I'™M 5-809-10 Appendix Story Shears and
Lateral Deflections, Aype = 0.5 g
(Metric conversion factors:
Tkip=44kN: I ft=03 m)

N-S Direction LW Direction

Story Story
Shear Deflection Shear Deflection
Level kip ft kip ft
Roof 0.590 0.662
6180 5965
10 0.518 0.579
9804 9510
9 0.441 0.492
12192 11900
8 0.362 0.401
13808 13540
7 0.280 0311
15079 14774
(0] 0.206 0.213
16708 16118
S 0.139 0162
18354 17714
4 0.081 (7
26254 259958
3 0.043 0.056
31876 31237
2 0.012 0.020
33296 32823
| 0 0

Curve C in Figures 10, 11, and 12, respectively.

Story Shear and Lateral Deflection Comparisons

To provide a more consistent comparison of the
1978 ATC-3, TM 5-809-10 Appendix, and PMB story
shears and lateral deflections, the story shears and
lateral deflections for the 1978 ATC-3 and TM 5-809-
10 Appendix design provisions were recomputed using
0.35 g as the design acceleration level. The resulting
story shears and lateral deflections are tabulated in
Tables 12 and 13 and presented in Figures 13, 14, and
1S for each of the principal directions.

Generally, the TM 5-809-10 Appendix story shears
and the PMB story shears are in excellent agreement,
while the 1978 ATC-3 story shears are substantially
smaller. With regard to lateral deflections, the 1978
ATC-3 and TM 5-809-10 Appendix provisions produce
comparable results in the N-S direction; however, the
PMB lateral deflections differ by a factor of nearly
three at the fourth-floor level. This discrepancy can be
explained in part by the modeling assumptions used in
the PMB analysis. Both the first and fourth floor were

Catild siiichome.




Table 9

AA Time History Story Shears and
Lateral Deflections
(Metric conversion factors:
1kip=44kN;1ft=03m)

__N-S Direction __E-W Direction
Story Story
Shear Deflection Shear Deflection
Level kip ft Kip 1t
Root 0480 0419
71500 7300
10 0.427 0.362
11600 LS00
9 0.370 0.297
17200 14100
8 0.309 0.244
20500 15100
7 (.254 0.191
23100 15900
6 0.195 0.138
24900 15900
S 0.150 0.081
25900 22600
4 0.098 0.033
11000 30700
3 0.037 0.016
37600 32600
2 0.004 0
39000 35000
I a Q0

modeled using “dummy stories™ to more realistically
model the structures; thus, the larger deflections are to
be expected. However, it also appears that the PMB
model of the tower section is somewhat stiffer because
the tower deflections are approximately two-thirds of
those from the other analyses. In the E-W direction,
there are two instances of disparity. Below the third-
floor level, the lateral deflections computed with the
1978 ATC-3 provisions are small, yet signiticantly
different from the other two analyses. In the upper-
story levels of the tower, the PMB model also appears
to be stiffer because the deflections are less.

Some general conclusions are apparent from the
story shear plots shown in Figures 10 and 11. The
1964 UBC provisions produce equivalent yield stress
basis story shears which are approximately 10 to 3§
percent of the story shears obtained in AA's time his-
tory modal analysis.

When the dynamic characteristics of the structure
are considered in determining the total lateral forces
and their distributions, the 1975 SEAOC provisions

Table 10

CERL Response Spectrum Story Shears and
Lateral Deflections
(Metric conversion factors:
1 kip=44kN;1t=03m)

___N-S Direction _ E-W Direction
Story Story
Shear Deflection Shear Deflection
Level Kkip 1t kip f
Root 0454 0487
6000 7000
10 0.398 0422
11500 11300
9 0340 [URRR)
14100 14000
8 0.279 (0.283
16000 16000
% 218 a6
17300 17000
o 0159 0159
19100 20500
N 0.108 0126
21200 21000
4 0.063 0.090
37500 32000
R 0.033 0.047
38900 IRS00
2 0.010 0.016
39000 19500
1 0 0

produce equivalent yield stress basis story shears which
are in reasonable agreement with the story shears ob.
tained in AA's time history modal analysis except in the
base structure and the intermediate stories in the tower
in the E-W direction. The 1978 ATC-3 modal analysis
procedure produces story shears which are generally
approximately 100 percent greater than the 1904 UBC
equivalent yield stress basis story shears in the tower
and approximately 10 percent less than the 1904 UBC
equivalent yield stress basis story shears in the base
structure. When comparable acceleration levels are spe-
cified, the TM 5-809-10 Appendix provisions produce
story shears which are in reasonable agreement with
the story shears from AA's time history analysis except
for the lower stories in the N-S direction where they
differ by approximately 20 percent. Furthermore, the
comparison of the 1978 ATC-3 and TM 5-809-10 Ap-
pendix provisions and the PMB analysis reveals that
when comparable acceleration levels are specified the
story shears for the 1978 ATC-3 provisions are approx-
imately 30 percent of the story shears obtained in the
TM 5-809-10 Appendix provisions and the PMB analy-
sis. Considering the complexity of the structure and
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Table 11

PMB Response Spectrum Story Shears and
Lateral Deflections
(Metric conversion factors:
1 kip=44kN:1ft=03m)

ol e B o i o it

N-S Direction E-W Direction
Story Story
Shear Deflection Shear Deflection
Level Kip ft kip ft
Root 0.386 0.31§ |
3700 3500 |
10 0.341 0.287 |
6100 5700
9 0.305 0.262
8800 7700
8 0.264 0.232
9600 9200
7 0.224 0.191 3
10600 10100
6 0.199 0.150
12400 10900
S 0.175 0.106 ;
13300 11600
4 0.146 0.069
17300 16700
3 0.057 0.046
19400 20900
2 0.028 0.023 3
21000 23400 i
| 0 0 :
Table 12 k

1978 ATC-3, TM 5-809-10 Appendix and PMB Story Shears
(Metric conversion factor: 1 kip = 4.4 kN)

N-S Direction Story Shear E-W Direction Story Shear 1 ’
ATC T™ Appendix PMB ATC T™ Appendix PMB i s
Level Kip Kip Kip kip kip kip j
Root
1442 4326 3487 1392 417§ 3673 3
10 ]
2288 6863 5743 2219 6657 6122
9
2845 8535 7692 27717 8330 8778 1
8
3222 9666 9230 RIRL) 9478 9591 3
7
3518 10555 10051 3447 10342 10612
6 A
3897 11696 10871 3761 11283 12449
5
4283 12848 11589 4133 12400 13268 |
4 |
6126 18378 16717 6066 18196 17346
3 |
7438 22313 20923 7288 21866 19387 |
2

71769 23307 23282 7659 22976 21020
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Figure 13. Letterman Hospital upgrade story shears (yield stress basis), N-S direction.

the numerous and different assumptions that were em-
ployed, the agreement between the story shears for the
'™ 5-809-10 Appendix provisions and the PMB analy-

sis is excellent. j
In the N-S direction, the lateral deflections from the h

Generally, the lateral deflections in the N-S direc- PMB analysis clearly reflect the ettect of modeling the
tion are in better agreement than the lateral deflections foundation system and the fourth floor diaphragm 1

in the E-W direction, with the exception that in both
directions, the lateral deflections from the original
design are quite small and bear little resemblance to the
lateral deflections obtained by the other analyses.
Some of the discrepancy among the curves is due
directly to the different force levels that were applied
to the structure. For example, Curves D and E provide
an indication of the effect that a 2§ percent increase in
the lateral forces has on the lateral deflection of the
structure. However, some of the discrepancy among
the curves is also due to the coefficient, Cy. For exam-
ple, the 1978 ATC-3 provisions yield story shears that

are significantly less than the other provisions, yet the
ATC-3 lateral deflections are in good agreement with
many of the curves from the other analyses.

using “dummy stories™; however, it is also apparent
that the PMB model is somewhat stiffer in the tower
sections than in the other models. These effects are
more clearly illustrated in Figure 15, where comparable
acceleration levels were used among the 1978 ATC-3
and TM 5-809-10 Appendix provisions and the PMB
analysis. Likewise, in the E-W directions, when com-
parable acceleration levels are used among the 1978
ATC-3 and TM 5-809-10 Appendix provisions and the
PMB analysis, the lateral deflections are in quite good
agreement, except in the upper stories ot the tower
section.
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Table 13

1978 ATC-3, TM 5-809-10 Appendix and PMB Lateral Deflections
(Metric conversion factor: 1 ft = 0.3 m)

NS Direction E-W Direction

ALC '™ Appendix PMB ATC TM Appendix PMB

Level 1t 1t ft ft fe ft
Root 0 0413 0 386 0412 04061 0318
10 0.322 0.362 0341 0.360 0406 0.287
9 0278 0.300 0.308 0.306 0.344 0.262
N 0.225 0.254 0204 0.250 0.281 0.232
7 0.174 0.196 0.224 0.193 0.217 0.191
6 0.128 0.144 0.199 0.133 0.149 0.150
s 0.087 0.097 0175 0101 (LN R R] 0. 106
4 0.050 0.056 0.146 0.070 0.078 0.069
3 0.027 0.030 0.057 0.03§ 0.039 0.046
2 0.008 0.009 0.028 0.012 0.014 0.023
1 \l 0 0 0 0 0

U_,l
| A. 1978 ATC-3 MOOAL ANALYSIS PROVISIONS
lj 8. PMB RESPONSE SPECTRUM ANALYSIS
|I C. TM 8-809-10 APPENDIX PROVISIONS
|

10 18 20 28
STORY SHEAR, kips x 103

Figure 14. Letterman Hospital upgrade story shears (vield stress basis), E-W direction.
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Figure 15. Letterman Hospital upgrade lateral deflections.

3 THREE-STORY, MOMENT RESISTANT
STEEL FRAME BUILDING DESIGNS

Introduction

Since a major portion of the military’s investment in
building construction is associated with low-rise build-
ings (less than six stories), it was deemed appropriate
to compare the magnitude and distribution of the story
shears provided by current and tentative design pro-
visions for this class of construction. In the past, many
of the techniques for seismic design and analysis have
not been applied to this class of structures because the
consequences of failure have been considered small and
the additional design costs have been thought to be
large relative to the building’s value. However, nearly
all essential military facilities are housed in low-rise
buildings; therefore, some consideration must be de-
voted to the behavior of low-rise buildings subjected to
earthquake motions, and to the application of simpli-
fied analytical procedures to the design of low-rise
structures to insure that they remain functional fol-
lowing a major earthquake.

s S A

This section discusses the design of a three-story,
moment resistant steel frame building which houses an
emergency operation center vital to the installation's
post-earthquake operation: the designs (in the trans-
verse direction) are in accordance with the provisions
of the 1975 SEAOC, the 1978 ATC-3 Equivalent
Lateral Force Procedure, the 1978 ATC-3 Modal
Analysis Procedure, and the TM 5-809-10 Appendix.
For this comparison, the building is assumed to be on
an installation located in a region of sufficiently high
seismicity to require that Z = 1.0 for the 1975 SEAOC
provisions, and A, = A, = 0.4 for the 1978 ATC-3 and
Ampe = 0.4 for the TM 5-809-10 Appendix provisions.
Moreover, the soil characteristics at the installation are
such that S = 1.5 for the 1975 SEAOC provisions and
S = 1.2 for the 1978 ATC-3 and TM 5-809-10 Appen-
dix provisions. The designs are then compared in terms
of magnitude and distribution of the resulting story
shears, lateral deflections, member sizes, and typical
frame weights,

Building Description
The three-story building has the structural config-
uration, dimensions, and weights shown in Figure 16.
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Figure 16. Structural contiguration of building
(Metric conversion factors: 1= 0.3 mand 1 kip = 4.4 kN))




The Cwilding’s lateral force resisting system consists of
steel ductile moment resisting space frames on column
lines 1, 4, and 7 in the transverse direction and steel-
braced trames on column lines A and C in the longi-
tudinal direction. All other frames are vertical, load-
carrying frames which do not contribute to the build-
we's total lateral resistance. In addition, the following
assumptions were made:

1. All columns are fixed at the foundation.

2. Exterior walls are nonbearing, nonshear, flexible,
insulated metal panels which do not contribute to the
structural system's lateral resistance.

3. Interior walls are nonbearing, nonshear, remov-
able, drywall construction and are isolated from the
structure.

4. Stairways are isolated from the structure and do
not transter shear forces.

S. The metal deck roof system forms a flexible
diaphragm: therefore, the seismic load is distributed
to the lateral force resisting frames in proportion to
tributary area rather than stiffuness.

6. The metal deck with concrete fill floor system
forms a rigid diaphragm; therefore, the seismic loads
are distributed to the lateral force resisting frames in
proportion to the frame stiffness.

7. The flexural rigidities of the diaphragms are not
great enough to contribute significantly to the flexural
rigidity of the girders.

1975 SEAOC Provisions

A base shear of 215.7 kip was used to calculate the
design forces for the transverse direction of the three-
story, moment resistant steel frame building. The base
shear was computed from Eq 4, takingZ = 1.0, 1= 1.5,
K=067,C=0080.S =15 and W=1788.6kip(7.9
MN). In computing the coefficient C, the building's
period in the transverse direction was estimated from
the formula

H
T~0.115 ( \2/3

[Eq 18]

Taking Z=1.0,1=15,S=15H=34t(10.4 m),
yields T = 0.70 sec. The basis for using this formula
rather than the conventional formula

T=0.1N (Eq 19]

34

lies i the fact that for very flexible buildings, such as
moment resistant frames, the maximum drift limita-
tions may govern the seismic design rather than the
minimum foree requirements,

The base shear was distributed over the building
height in accordance with Eq 3, and the resulting story
shears were computed following standard procedures.
Table 14 summarizes these caleulations.

The story shears computed in Table 14 were distni-
buted to the vertical elements of the moment {rames
on column lines 1, 4, and 7 in proportion to their
contribution to the story’s lateral stiffness and con-
sidering the stiffness of the diaphragm. Since the roof
diaphragm is very flexible in its own plane relative to
the vertical components, the story shears were dis-
tributed to the vertical elements in proportion to
their tributary area. Consequently, the shears distri-
buted to the vertical elements of the frames on column
lines 1. 4, and 7 at the roof level were 190, 38.1, and
19.0 kip (84.5, 169.5, and 84.5 kN), respectively. The
floor diaphragms were assumed to be infinitely rigid;
thus, the story shears are distributed among the
moment frames in proportion to their contribution
to the story's lateral stiffness. Since the frames are
identical in stiffness, the shear transferred to each
frame is identical and equal to one-third of the story
shear. Therefore, the lateral shear forces distributed
to the vertical elements of the frames at the third-
floor and second-floor levels are 56.4 and 71.9 kip
(250.9 and 319.8 kN), respectively.

Since the building is symmetrical, the centers of
mass and resistance coincide and the torsional moment
to be considered in the design of the elements is caused
by accidental torsion, ie., the story shear times S
percent of the dimension of the building in the story
under consideration perpendicular to the direction of
the applied earthquake force. Using the story shears
computed in Table 14 and S percent of the length of
the building, the accidental torsional moments at each
level of the building were:

Roof: M, = (76.1) (0.05) (192) = 730.6 ft-kip
(990.5 km-N)

Third Floor: My, = (169.1)(0.05)(192) = 1523.4
ft-kip (2201.0 km-N)

Second Floor: My, = (215.7)(0.05)(192) = 2070.7
ft-kip (2807.5 km-N)

i
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Table 14

Vertical Distribution of Lateral Forces and Story Shears for 1975 SEAOC Provisions
(Metric conversion factors: 1 ft = 0.3 m and 1 kip = 4.4 kN)

w h

w.h

\ \ o

Level Kips ft ft-Kips

Root 1740 34 127364

Thid

Floor 707.0 22 155840

Second

Floor 707.0 1 7777.0

Farst

Floor 0 0
L36067.4

The accdental torsional moments produce addi-
tional shears in the vertical elements of the frames on
column lines 1.4, 7. A, and €. The effects of the
accidental torsional moments are distributed to the
vertical elements in proportion to their contribution
to the story's torsional stiffness and considering the
diaphragm’s stiffness. Since the roof diaphragm is very
flexible. each frame acts almost independently and the
effects of accidental torsion can be ignored. At the
third-floor level, the additional shear in the vertical
elements of the frames on column lines 1 and 7 was
computed to be +5.3 kip (23.0 KN). Likewise, at the
second-floor level, the additional shear produced in
these frames was +7.6 Kip (33.8 kN). The additional
shear force due to torsion must be added to the pre-
viously computed lateral shear forces for the vertical
elements on column lines 1 and 7 to obtain the total
shear forces for design. These total shear forces for the
vertical elements on column lines 1, 4, and 7 are sum-
marized in Figure 17.

The lateral forces applied to each frame were deter-
mined from the total shear forces. Figure 18 shows
these lateral forces, together with the dead and reduced
live loads. Each frame was analyzed for the loading
condition:

U=1.0D+10L+1.0E (Eq 20]

These analyses were performed using the TABS 77
computer program.’?  Figure 19 summarizes the

22 A, Habibullah, E. Wilson, and H. Dewey, TABS 77
hree-Dimensional Analvsis of Building Svstems, Computer
Program, FEFRC-72-8 (Computer Structures International,
December 1972, revised April 1979)

wyhy

0.353

0.431

0216

1.000

Fy
kips

76.1
93.0

46.6

215.7

Vx
Kips
76.1

169.1

215.7

results. Moments, axial forces, and shears are tabulated
for each column, while only the moments are tabulated
for the girders.
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Figure 17. Shear forces distributed to the vertical
elements of frames. (Metric conversion
factor: 1 kip =4.4 kN))
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L=0.32kip/ft

D=0.41 kip/ft
190 kip  [TTIITTTITTOITITIOCCCOLT O ERTettiiitil]
- V3 =190 kip
L=034kip/tt
D=1.19 kip/f1
q2rwip  [TTTTTTTRPTRORT OO R bRt R R I i itty]
L=0.34kip/ft V2 *617 kip
D=1.19 kip/ft
AL RN InanansIInaRnRRaaRERNRNRRANEI
V, £79.5 kip
> Y - -
FRAME | AND 7
L=0.64 kip/ft
D=0.82 kip/ft
AL R anaaaaiannnaaninnnnnannannnn|
V3 =38.1 kip
L=0.68 kip/ft
D=2.38 kip/ft
183 kip  LTLOCTCLCCCTETTrrerererttqyeqtyryiqiqeisy
Vp =56.4 kip
L=0.68 kip/ft
D=2.38 kip/ft
5. wip (T D O OO T
V) =719 kip
haca o 8 "
FRAME 4

Figure 18. Frame loadings for 1975 SEAOC provisions.
(Metric conversion factors: 1 ft = 0.3 mand 1 kip = 4 4kN))
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Member sizes were proportioned according to AISC
specifications, using type A36 steel with a working
stress of 24 kst (165.5 MPa) and a modulus of elasticity
ol 29000 kst (1999 GPa). Prior to proportioning
the members, the moments and forces were divided by
the tactor 133 (o account for the allowable one-thid
mncrease i working stresses for carthquake loads. The
moments, axial forces, and shears induced in the frame
on column line 4 governed the design. Figure 20
summarizes the final member sizes. In addition, the
story drifts for the building were computed and found
to comply with the allowable drift criterion of 0.005
of the story height.

Since story shears are a fundamental measure of a
structure’s lateral resistance, the story shears computed
in Table 14 are plotted as Curve A in Figure 21. How-
ever, the story shears in Table 14 were multiplied by
the factor 1.7/1.33 = 1.28 to transfer them to a yield
stress basis that would provide a consistent basis for
comparison with the ATC-3 provisions. In addition,
the lateral deflections for the building are plotted as
Curve A in Figure 22. These lateral deflections repre-
sent the displacement calculated from the application
of the required lateral forces multiplied by the factor
1/K = 1/0.67 = 1.33.

1978 ATC-3 Provisions:
Equivalent Lateral Force Procedure

Since the building being designed is located in a
Seismic Index 4 region (A, = A, =0.4) and is considered
to be an essential facility, the 1978 ATC-3 provisions
specify that the lateral-force-resisting frames on
column lines 1, 4, and 7 must be designed as special
moment frames using R =8 and C- = 5.5, A base shear
of 164.6 kip (732.2 kN) was used to calculate the
design forces for the frame in the transverse direction,
The magnitude of the base shear was computed from
the formula

V=CW (Eq 21]

taking C = 0.092 and W = 1788.6 kip (7.9 MN). The
period of the structure was assumed to be 0.70 sec,
the same as for the 1975 SEAOC provisions.

The base shear was distributed over the height of
the building according to the formula

x =CwV [Eq 22)

where

k
w_h
5 NN 9
C ot [Eq 23]
b wlh‘l‘
=1

In the above expression, K s an exponent related (o the
period of the building and was taken to be 1.10 for the
building under consideration. Table 1S summarizes
the computations of the lateral shear force, F . applied
at each level and the resulting story shears. Since the
results of the previous SEAOC design indicated that
the member moments and forces for the frame on
column line 4 governed the design, only the loadings
imposed on this frame were determined. The story
shears in Table 15 were distributed to the vertical
elements of the moment frame on column line 4,
in accordance with the procedure previously discussed
(p 34). Subsequently, the lateral forces applied to the
frame on column line 4 were determined from the
total shear forces. These lateral forces, together with
the dead and reduced live loads, are shown in Figure
23. The ATC-3 provisions require that the fra . be
analyzed for two loading conditions.

U=12D+1.0L +1.0E

|Eq 24)
U=08D+ 1.0E

Widx 34

w24x6!

wW24x6!
2
H H
T b o

Figure 20. Frame member sizes for 1975 SEAOC
provisions,
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Figure 21. Story shears for ductile steel frame building, transverse direction.
(Metric conversion factor: 1 kip = 4.4 kN.)
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Figure 22. Lateral deflections of ductile steel frame building, transverse direction.
(Metric conversion factor: 1 kip = 4.4 kN.)
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Table 1§

Vertical Distribution of Lateral Forces and Story Shears tor
1978 ATC3 Equivalent Lateral Force Procedure
(Metric conversion factors Thip = 44 KN and 1 1= 0 3 m)
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Pigure 24 presents the results of the analyvses for the
frame on column hine 4,

Member sizes were proportioned according (o the
ATC 3 provisions and the AISC specifications, using
tvpe Ao steel with a yvield stress of 30 Rst (248 2 MPa)
and a modulus ot elasticity ot 29,000 kst (199 9 GPa)
F'o enable the direct use of the existing AISC specitica
tons, the controlling moments and forces i Figue 24
were divided by the tactor (09) (1.7) = 1S3 e, the
capacity reduction factor tunes the 17 allowable
stress mcrease factor, pror to proportioning the mem
ber Figure 25 summarizes the tinal member sizes In
addition, the lateral deflections tor the building were
checked agamst the required story duift criteria. The
story shears and lateral deflections are also presented
i Figure 21 and 22, respectively, as Curve B for com
parison with the 1975 SEAOC provisions

1978 ATC-3 Provisions:
Modal Analysis Procedure

Ihe member sizes obtamed trom the 1975 SEAOC
design of the butlding were used as the starting point
for the 1978 ATC 3 modal analysis proceduies
although  additional iterations  were necessary (o
achieve a final desin. This section, however, summat
zes only the properties of the final design

Fable 1o summarizes the penods and the mode
shapes tor the lowest three modes of vibation in the
transverse direction tor the final design. The modal
base shears were computed using Fgs o, 7, and K
Pakmpg Ay Ay 040S - 12 and R~ 80, and using
the penods and mode shapes i Table 1o, the modal
base shears were computed to be 129 7 20 S and 11 )
Kip (5769 1312 and 498 KN), respectively. These
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madal base shears were used o compute modal stony
forees i accordance with bgs @ and 100 Table 7
provides  the maodal story forces and the resulting
maodal story shears: The design story shears which are
summarized me the last column ot Table 17 were
obtamed by taking the square oot of the sum of the
squares of the modal story shears

The wodal detlections were computed m accord
ance with Bq T and 12 and are summanized e Table
IR The modal story ditts, which were computed as
the ditference between the deflections at the top and
bottom of the story, are also summarized w Table 18
The design values for detlection and story dnft were
determined by combining the modal values by takng
the squate oot of the sum of (the squares for each
modal value. The design story duitts were compared
with the allowable story drifts, and all values were
tound to be satistactory

The design story shears were distiibuted o the
vertical elements of the moment trame on column line

Table 1o

Periods and Mode Shapes for 1978 ATC3
Maodal Analysis Procedure

Period and Made Shape

Maodde | Mande 2 Maonde 1}
Lovel =072 1= 0287 Lo 0as
Root 0. 2113 O 1940 O 0e0e
Thind Vlom [ARRAE} O 1087 O 10
Second Hom [ANARRI) ANRRE | O 1680

e bt v e il il i R il 1
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Figure 23. Frame loadings for 1978 ATC-3 equivalent lateral force procedure,
(Metric conversion factors: 1 ft = 0.3 mand 1 kip = 4.4 kN.)

4 m accordance with the procedures  previously
discussed (p 34). Subsequently, the lateral forces
applied to the frame on column line 4 were determined
from the total shear forces. These lateral forces,
together with the dead and reduced live loads, are
shown in Figure 20. The frame was analyzed for two
loading conditions as shown in Eq 24, Figure 27
summarizes the results of these analyses.

Member sizes were proportioned tollowing the same
procedures used for the ATC-3 equivalent lateral toree
procedure. Figure 28 summarizes the final member

S1/es.

The story shears and lateral deflections are plotted
as Curve C in Figure 21 and 22, respectively, for
comparison  with the values from the SEAOC and

ATC-3 equivalent lateral force procedure.

TM 5-809-10 Appendix Provisions

The member sizes obtained from the 1975 SEAOC
design of the building were also used as the starting
point  for the TM 580910 Appendix design.

Additional iterations were necessary to achieve a final

design. This section summarizes only the properties of

the final design.

Table 19 summarizes the periods and mode shapes
tfor the lowest three modes of vibration in the trans-
verse direction. Eq 13 was used to compute modal
patticipation factors which were determined to be
0411, 0321, and 0.208, respectively. The values of
the seismic design coefficient were determined from
Eqgs 14 and 15, Taking Agpe = 04 g 8 = 1.2 and R
LS, and the appropriate modal period, the seismic
design coeflicients were computed to be 0,600, 0.667,
and 0.067. The latter two values were limited by the
requiremient that the seismic design coetficient need
not exceed 2.5 A/R = 0.607 tor the case at hand,

The modal story forces associated with the MPE
were determined from Eq 16 and are summarized in
Table 20, together with the resulting modal story
shears and the design story shears obtained by taking
the squate oot of the sum of the squates of the
modal values.
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Figure 24,

20>

Frame 4 member moments and forces for 1978 ATC-3 equivalent lateral force procedure,
Moments are in ft-kips and forces are in kips. (Metric conversion factors: 1 kip = 4.4 kN

FRAME 4: 0.8D ¢+ I.0E

and 1 ft-kip = 1.4 km-N.)
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Level
Root

Third Floor
Second Floor

First Floor

Level
Roof

hird Floor

Second Floor

First Floor

Wid4x34

Table 17

Vertical Distribution of Lateral Forces and Story Shears for
1978 ATC-3 Modal Analysis Procedure
(Metric conversion factor: 1 kip = 4.4 kN.)

Mode 1

Fxm Yxm
Kkip kip

Modal Forces and Story Shears
Mode 2

Design
_Moded Story
Vm Fxm Vam Shears
kip kip kip kip

47.3
473

57.2
104.5

282

eda

129.7

4.7
4.6 4.7 3.5
-18.3
1.4 130
24.8

1054

1335

Table 18

Deflections and Story Drifts for 1978 ATC-3 Modal Analysis Procedure
(Metric conversion factor: 1 ft = 0.3 m)

Deflections

Story Drift, ft

Mode 1

Mode 2

Mode 3

Design
Value

Design

Mode 1 Mode 2 Mode 3 Value

0.3035

0.1945

0.0856

0

-0.0243

0.0136

0.0147

0

0.0013

-0.0027

0.0037

0

W24x 6|

W24x 6!

y wiaxios

cad

y wiazns

o

Figure 25. Frame member sizes for 1978 ATC-3
equivalent lateral force procedure.

0.3044

0.1089 -0.0379 0.0040 0.1154

0.1950

0.1089 -0.0011 -0.0004 a.1a9t

0.0869

0.0856 0.0147 0.0037 0.0869

0

The modal displacements were computed in accor-
dance with Eq 17 and Table 21 summarizes the modal
displacements and modal story drifts which were
obtained by computing the difference between the
displacement of the top and bottom of the story.
The modal displacements and modal story drifts were
combined by taking the square root of the sum of the
squares of the modal values to obtain the total
displacements and story drifts. The maximum lateral
deflections and story drifts for the building were
obtained by multiplying the total displacement by C,
= 1.5, These results are also summarized in Table 1.
Subsequently, the computed story drifts were com-
pared with the allowable story drifts and found to be
satisfactory.

The story shears and the additional shears resulting
from the accidental torsional moment were distributed
to the vertical elements of the moment frames on

it
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Figure 26. Frame loadings for 1978 ATC-3 modal analysis procedure.
(Metric conversion factors: 1 ft = 0.3 mand 1 kip = 4.4 kN.)

Table 19

Periods and Mode Shapes for 1978 T™M 5-809-10
Appendix Provisions

Period and Mode Shape
Mode 2
T=0.194
0.1954

<0.1032

0.1211

Mode 3
T=0.106

0.0669
-0.1264
0.1649

Mode 1
Level T=0.512

Roof 0.2081
Third Floor 0.1375
Second Floor 0.0606

column lines 1, 4, and 7 in accordance with the pro-
cedures previously discussed p 34). Figure 29 sum-
marizes the resultant frame loadings. Each frame was
analyzed for the two loading conditions shown in
Eq 24. Figures 30 and 31 present the results of these
analyses.

Member sizes were proportioned following the same
procedures used for the 1978 ATC-3 provisions, except

that the moments and forces were divided by the
factor 1.7 rather than 1.53, because the TM 5-809-10
Appendix provisions do not consider capacity reduc-
tion factors. Figure 32 summarizes the final member
sizes,

The story shears and lateral deflections are plotted
as Curve D in Figures 21 and 22, respectively, for
purposes of comparison with the value trom the other
provisions,

Design Comparison

The plots of the story shears presented in Figure
21 provide a good graphical comparison of the results
obtained using the various design provisions.  The
ATC-3 modal analysis procedure yields the smallest
design story shears and the TM 5-809-10 Appendix
provisions yield the largest design story shears. When
referenced to the SEAOC story shears, the ATC-3
modal analysis procedure yields story shears that are
approximately 50 percent of the SEAOC story shears,
the ATC-3 equivalent lateral force procedure yields
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Figure 27. Frame 4 member moments and forces for 1978 ATC-3 modal analysis procedure,
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(Metric conversion factors: 1 kip = 4.4 kN and 1 ft-kip = 1.4 km-N.)

N
3




Table 20

Vertical Distribution of Lateral Forces and Story Shears for
1978 T™M 5-809-10 Appendix Provisions
(Metric conversion factor: 1 kip = 4.4 kN)

Modal Story Lateral Forces and Story Shears, Kip Design
Story
Mode | Mode 2 Mode 3 Shears
Level Fxm Vim Fxm Vxm Fim Vim kip
Roof jley -1294 21.2
jle.Y -1294 21.2 3434
Third Floor 395.2 129.0 96.8
T12.1 ~0.4 69.6 715.8
Second Floor 1743 1514 1263
§86.4 151.0 56.7 901.0
First Floor
i.c., they cannot undergo large inelastic deformations
which are synonomous with large response modifica-
widx34 tion coefficients.
The comparison of the lateral deflections in Figure
22 indicates that while there is significant difference
W24:55 between the ATC-3 and TM 5-809-10 Appendix story
shears, there is very little difference in their lateral
deflections. The SEAOC lateral deflections are not
directly comparable to the ATC-3 and TM 5-809-10
w24x 58 Appendix lateral  deflections because the SEAOC
deflections correspond to yield stress in the members,
@ . while the other deflections incorporate varying
< < amounts of ductility.
H 3

Figure 28. Frame member sizes for 1978 ATC-3 modal
analysis procedure.

story shears that are approximately 60 percent of
the SEAOC story shears, and the TM 5-809-10
Appendix  provisions yield story shears that are
approximately 325 percent greater than the SEAOC
story shears. One explanation for this difference is
the underlying design philosophy associated with the
various seismic design provisions. The T™M 5-809-10
Appendix provisions are intended to provide reason-
able assurance that essential facilities will remain func-
tional following an earthquake, while the other pro-
visions are intended to minimize the hazard to life.
Essential facilities should experience only limited
damage so that critical functions can be maintained,

Perhaps a better method for comparing the various
design provisions would be the quantity of steel re-
quired for a typical lateral force-resistant trame in the
transverse direction. The various weights of a single
typical frame are summarized in Table 22, In addition,
the frame weights have been normalized by the 1975
SEAOC provisions' trame weight, and the added weight
per unit floor area of the entire building has been
computed. The lateral force-resistant frames designed
in accordance with the ATC-3 modal analysis pro-
cedure and the SEAOC provision have nearly identical
weights, while the lateral  torce-resistant  frames
designed in accordance with the ATC-3 equivalent
lateral force procedure and TM 5-809-10 Appendix
provisions require about one and one-half to two times
as much steel as the SEAOC design. However, this
increased quantity of steel should have only a nominal
(1 to 2 percent) impact on the building’s total cost
because:
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Figure 29. Frame loadings for TM 5-809-10 appendix provisions.
(Metric conversion factor: 1 kip=44 kNand 1 ft =0.3 m)
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Figure 31. Frame 4 member moments and torces for TM 5-809-10 appendix provisions.
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Table 21

Dispiacements and Story Drifts for 1978 TM 5-809-10 Appendix Provisions
(Metric conversion factor: 1 ft = 0.3 m)

Displacements, ft Story Drift, ft
Level Mode T~ Mode2 ~ Mode3  SRSS  Maumum Mode 1 Mode 2 Mode3  SRSS  Maximum
Roof 0. 1809 0.0106 0.0007 0.1812 02718
0.0614 0.0162  0.0020 0.0635 0.0953
Third Floor 0.1195 00056 00013 01196  0.1795
0.0668 0.0010 0.0029 0.0669 0.1003
Second Floor  0.0527 0.0066 00016 0.0531  0.0797
0.0527 0.0066  0.0016 0.0531 0.0797
Furst Floor 0 0 0 0 (U
4 concLUSIONS
wigx 38
Based on the comparison of the story shears and
lateral deflections for Letterman Hospital and the de-
w24x94 signs of a three-story, moment resistant steel frame
building carried out in accordance with various design
provisions, several conclusions are apparent.
w24:94 The major conclusions with respect to the Letter-
man Hospital story shears and lateral deflections are:
8 3
g g I. The 1964 UBC provisions produce equivalent
ha % yield stress basis story shears which are approximately

Figure 32. Frame member sizes for TM 5-809-10
appendix provisions.

1. The building’s structural system consists of seven
load-carrying frames in the transverse direction, sec-
ondary framing systems, and floor systems. With the
exception that three of the seven frames are lateral
force-resistant frames, the remainder of the structural
system is not affected.

2. For this type of building, the structural system
represents 15 to 20 percent of the total cost of the
building. Thus, if the structural system’s cost increased
by approximately 10 percent, the building’s total cost
would increase by only about 2 percent. However,
this does not imply that the disparity between the
various provisions should not be evaluated in greater
detail to assure the validity of designing with the larger
story shears.

50

10 to 35 percent of the story shears obtained from
AA's time history modal analysis.

2. When the dynamic characteristics of the struc-
tures are considered with regard to determining the
total lateral forces and their distributions, the 1975
SEAOC provisions produce equivalent yield stress basis
story shears which are in reasonable agreement with
the story shears obtained from AA's time history
modal analysis except in the base structure and the
intermediate stories in the tower in the E-W direction.

3. The 1978 ATC-3 modal analysis procedure yields
story shears which are generally approximately 100
percent greater than the 1964 UBC equivalent vield
stress basis story shears in the tower and approximately
10 percent less than the 1964 UBC equivalent yield
stress basis story shears in the basic structure.,

4. When  comparable  acceleration  levels  are
specified, the TM 5-809-10 Appendix provisions yield
story shears which are in reasonable agreement with
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Table 22

Comparison of Frame Weights and Base Shears for Three-Story, Moment Resistant Steel Frame Building
(Metric conversion factors: 1 Ib = 4.4 N, 1 kip = 4.4 kN, and 1 Ib/ft2 = 47.9 Pa.)

Design Provisions
75 SEAOC 78 ATC-3 78 ATC-3 T™ §-809-10
Quantity Static Dy namic Appendix

Frame Werght (Ibs of steel/trame) 13,041 18,164 13,194 24329
Ratio. Frame Weight/75 SEAOC Frame Weight 1.00 1.39 1.01 1.87
Added Wewght/Unit Fioor Area (Ibs/{t?) 0.56 0.02 1.22
Center Frame Base Shear (Kip) 92.0* 549 4.5 3005

Rato: Base Shear/ 75 SEAOC Base Shear 1.00 .60 0.48 7

*SEAOC computed base shear multiphied by 128 to provide consistent yield stress basis for comparison.

the story shears obtained in AA's time history modal
analysis, except for the lower stortes i the N-S direc-
ton where they differ by approximately 20 percent.

5. Generally, the lateral detlections in the N-S
direction are in better agreement than the lateral
detlections in the E-W directions, with the exception
that in both directions, the lateral deflections trom the
original design are quite small and bear little resem-
blance to the lateral deflections obtained by the other
analysis.

The major conclusions with respect to the applica-
tion of the vanous provisions to the design of a three-
story, moment resistant steel frame building are:

I. The 1978 ATC-3 provisions yield story shears
that are approximately 50 to 60 percent of the 1975
SEAOC story shears, while the TM 5-809-10 Appendix
provisions yield story shears that are approximately
325 percent greater than the 1975 SEAOC story
shears.

2. The TM 5-809-10 Appendix story shears are
significantly greater than either the 1975 SEAOC or
the 1978 ATC-3 story shears. This difference is
primarily attributable to the difterence in philosophies
which underlie the various design provisions. The TM
5-809-10 Appendix provisions are intended to provide
reasonable assurance that essential facilities will remain
functional following an earthquake, while the SEAOC
and ATC-3 provisions are intended to minimize the
hazard to life and provide reasonable assurance that
facilities will not collapse. Essential facilities simply
cannot undergo the large inelastic deformation which
occurs near collapse and still remain functional.

3. While there is significant difference between the
1978 ATC-3 and TM 5-809-10 Appendix story shears,
there is very httle difterence in their lateral detlections.

4. The lateral force-resistant frames designed in
accordance with the 1978 ATC-3 modal analysis pro-
cedure and the SEAOC provisions have nearly identical
weights, while frames designed in accordance with the
1978 ATC-3 equivalent lateral torce procedure and the
TM 5-809-10 Appendix provisions have weights that
are approximately one and one-half and two times
as much, respectively, as the SEAOC design. However,
this increased quantity of steel should have only a
nominal (1 to 2 percent) impact on the building’s total
cost because

1. The building’s structural system consists of seven
load-carrying frames in the transverse direction, sec-
ondary framung systems, and tloor systems. With the
exception that three of the seven frames are lateral
force-resistant frames, the remainder of the structural
system is not aftected.

2. For this type of building, the structural system
represents approximately 15 to 20 percent of the totai
cost of the building. Thus, if the structural system'’s
cost increased by approximately 10 percent, the build-
ing’s total cost would only increase by about 2 percent.
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