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SUMMARY

Based on random vibration methodology, the conditional probabilities of
local ductilities have been computed for three different steel moment-resist—
ing frames designed by the Uniform Building Code. The overall seismic safe-
ties of these frames have been investigated by introducing the site-specific
seismic risk. Using empirical relationships between structural/non-structural
damage and local ductility ratio, the annual risks of damages due to future
earthquakes have also been assessed for the three frames.

INTRODUCTION

The main objective of this paper is to quantify the degree of seismic
protection provided by the Uniform Building Code (Ref. 1) design method. Spe-
cifically, the degree of seismic safety is computed for three steel moment-
resisting frames, which represent real world low(4-story), middle-height(10-
story), and high-rise(16-story) buildings (Ref. 2). The frames are assumed
to have adequate bracing systems to resist out-of-plane motions. Elevations
and member sizes of the three steel frames are shown in Fig. 1.

As reported by Lai (Ref. 3), uncertainties in the ground motion represen-
tation, the structural dynamic properties, and the method of dynamic analysis
can be combined to evaluate local seismic response statistics conditional on
peak ground acceleration. Based on this conditional reliability information,
the overall seismic safety of the frames can then be assessed by introducing
the site-specific seismic risk.

CONDITIONAL PROBABILITY OF LOCAL RESPONSE ON PEAK ACCELERATION

Through a series of sensitivity studies, Lai (Ref. 4) concluded that the
local inelastic response of a frame would be relatively insensitive to the va-
riations of Kanai-Tajimi damping (z_) and structural damping (g_). He also
suggested that in predicting the coftditional probability of buifding local
response with given peak ground acceleration, the following five parameters
need to be considered as random: i) strong-motion duration (S ), ii) Kanai-
Tajimi frequency (w ), i1ii) natural period ratio (R.), iv) yielding strength
factor (R ), and v)glocal ductility correction factor (RL). For details, the

reader is’referred to Lai (Ref. &).
Using the modified multi-degree elasto-plastic random vibration methodo-

logy as developed by Lai (Ref. 4), local response characteristics of a struc-
tural frame can be computed for any particular combination of the aformention-
ed random variables. In this study, five values are used to discretize the
probability distribution of each of the five random variables (Table 1). Us-
ing the enumeration method and the discrete probability mass functioms for the
random variables, the conditional probabilities of non-exceedance of the local
ductilities (u) have been computed for five different levels of peak accelera-
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tion (i.e., 0.1, 0.2, 0.3, 0.4, and 0.5g) for the three different steel frames,
The results of the first-story local ductility ratios are presented in Figs,
2, 3, and 4, respectively.

As shown in the figures, under a 1/3g peak acceleration ground motion,
the probability that the first story will remain elastic is about 79% for the
4-story UBC-designed steel frame. For the 10- and 16-story frames, the pro-
babilities of remaining elastic are 817% and 88%, respectively.

OVERALL SEISMIC SAFETY OF UBC-DESIGNED FRAMES

To quantify the overall seismic safety of a building at a specific site,
it is necessary to incorporate information about the local seismic risk. In
this paper, a hypothetical site in Boston has been assumed. The weighted
seismic risk curve is plotted in Fig. 5, which was originally computed by
Tong et al. (Ref. 5).

By combining the local seismic risk information with the results of con-
ditional reliability as presented in the preceding section, the overall seis-
mic safety can be assessed for the three UBC-designed steel frames. The an-
nual probability that the local inelastic response will exceed a given thresh-
0old of local ductility factor, p¥, can be determined as follows:
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whereiC is the combination of all the pertinent random parameters, and
P[C|amax] is expressed as follows:
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Notice that the strong—motion duration SO is assumed to be cenditional corre-
lated with the peak ground acceleration a (Ref. 6).
In Eq. 1, Pla ] can be computed directly from the local seismic risk
curve as follows:
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where Aa is the discretization interval of the annual exceedance probabili-

ty of peak"ground acceleration for the site considered.

Based on Eq. 1 and 2, and using the weighted seismic risk curve for the
example site, the overall seismic safeties have been evaluated for the three
steel frames. the annual risks of exceeding various levels of the local duc-
tility ratio are plotted in Figs. 6, 7, and 8, respectively. As shown in the
figures, the annual exceedance probabilities of local ductility are asympto-
tic to the weighted seismic risk curve at high levels of peak ground accelera-
tion. They tend to level off when the peak accelerations are relatively small.
For the 4-story UBC-designed steel frame, the annual probability of having gt
least some yielding (i.e., W>1) in the first story is estimated at 6.8x10 .
The annual probability of having first-story local ductility exceeding 5 is
approximately 5.91x10 7. For the 10- and 16-story frames, the probabilities of
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having at least some yielding in the first story are estimated at 6.7x10 *and
3.72x107°, respectively. The annual probabilities of having local ductilities
exceeding 5 are approximately 1.14x10 ° and 5.91x1077, respectively.

For each of the three moment-resisting steel frame under study. the annual
probability for the first-story local inelastic response exceedance is general-
ly larger than those of the other stories. Since extreme severe local yield-
ing at the bottom story implies total failure of the entire building, it is
conceivable that the system failure probability of the building might be ap-
proximated by the annual exceedance probability of the first-story local re-
sponse. Therefore, the first-story results presented herein are used to cha-
racterize the overall seismic system reliability for each of the three steel
moment-resisting frames designed by the Uniform Building Code.

DAMAGE ASSESSMENT OF UBC-DESIGNED FRAMES

Few attempts have been reported in the literature to assess quantitative-
ly the building damage due to earthquake ground motions. In developing the
so-called "spectral matrix method" for predicting building damage, Blume and
Monroe (Ref. 7) suggested a "damage factor" for relating the ductility ratio
to the structural (or non-structural) damage. The damage factor (DF) has
been modified by Blume et al. as follows (Ref. 8 and 9):

p-1 < Building Repair Cost
] = (&)

Damage Factor (DF) = [
Uiie ~ 1 Building Replacement Cost
where y 1 is the ultimate ductility of the building (i.e., the point at which
the strickural deformation increases with decreasing shear force). The quan-
tity k is an empirical economic factor which varies with different types of
buildings. Using this empirical relationship between structural/non-struc-
tural damage and the local ductility ratio, it becomes possible to consider
the balance between the building replacement cost (or discounted initial cost)
and the expected damage due to possible earthquake attacks for a particular
building frame at a specific site.

Consider first the 4-story UBC-designed steel frame for which an ultimate
ductility ratio of 16 and an economic factor of 2.2 are assumed (Ref. 8).
Based on Eq. &4, the damage factors corresponding to varicus levels of local
ductility ratio can be conveniently computed and are listed in Table 2. For
example, the local ductility ratio of 5 corresponds to a damage factor of
5.459x10 2,

Hence, the annual exceedance probability of local ductility ratio can
readily be interpreted as the annual probability of exceeding a given level
of the damage factor. For the example 4-story UBC-designed steel frame, the
annual probability that the damage factor will exceed 2.586x1073 (u>2) is
estimated at 1.86x10 5, and the probability is 5.91x107 for damage factor
exceedance of 5.459x10 2. The relationship between the annual exceedance
probability of the damage factor and the damage factor itself is plotted in
Fig. 9.

For the middle-height (10-story) and high-rise(l6-story) buildings,
Scholl (Ref. 9) suggested an ultimate ductility ratio of 10 and an economic
factor of 3. Based on these values, the damage factors have been computed for
different levels of local ductility ratios as listed in Table 2. The result-
ing annual probabilities of damage factor exceedances are also plotted in Fig.
9. As shown in the figure, the annual probability that the damage factor will
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exceed 8.8x107%(i.e., u>5) is 1.14x10°® for the 10-story frame, and it is
5.91x10"7 for the l6-story steel frame. For damage factor exceedance of 1,372
x107%, the annual risks are 1.08x107° and 5.28x10 °, respectively for the 10-
and 16-story steel frames designed by the Uniform Building Code.

CONCLUSIONS

Based on the investigation of the three UBC-designed steel moment-resist-
ing frames which represent low(4-story), middle-height(10-story), and high-
rise(16-story) buildings, the degrees of overall seismic safeties have been
evaluated respectively. For illustrative purposes, a weighted seismic risk
curve for a hypothetical site was employed. The results suggest that the
annual exceedance probability for the local inelastic response generally de-
creases with increasing local ductility threshold, and it approaches asympto-
tically the site-specific seismic risk cuyrve when the peak ground acceleration
threshold becomes large.

By using empirical relationships between the structural/non-structural
damage and the local ductility ratio, the annualrisks of the damage factor
(i.e., the ratio between the expected losses due to future earthquake attacks
and the building replacement cost) have been computed for the three steel
frames designed by the Uniform Building Code. The methodology reported herein
can provide the basis for quantifying the effectiveness of alternative design
procedures for buildings in reducing the risk of damage and failure under seis-
mic loads.
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TABLE 1 Discrete Probability Mass Functions of Random Variables
for-Overall Seismic Safety Analysis

: —1
Variables 1 2 3 4 5 :
%
- - - -
gg 0.32 {
wg(rad/sec) 6.0 10.0 15.0 20.0 30.0
P[wg] 0.0476 | 0.1474 | 0.2410 | 0.3069 | 0.2571
So(sec) 0.5 1.0 3.0 5.0 9.0
P[So]amax]* 0.0917 | 0.2782 | 0.2998 { 0.2161 | 0.1142
RT 0.7 0.9 1.1 1.3 1.6
P[RT] 0.1379 | 0.2328 | 0.2434 | 0.2097 | 0.1762
Cs 0.0491 - - - -
Ry 0.8 0.95 1.1 1.25 1.5
P[Ry] 0.1113 | 0.2333 | 0.2733 | 0.2507 | 0.1314
RL 0.3 0.6 1.0 1.4 1.8
P[RL] 0.1358 | 0.2738 | 0.2697 ; 0.1670 | 0.1537

*
The discretized P[Sola ] varies w.r.t. peak acceleration.

max

TABLE 2 Relationship Between Damagé Factor and Local Ductility
Ratio for Different Steel Moment-Resisting Frames

Frames p=1 u=2 p=3" u=4 u=>5
4-Story |No Damage |2.586x10 % |1.188x1072 [2.899x10™% |5.459x10 2
10- & 16~ |No Damage |1.372x107° [1.097x107% |3.704x107% [8.779x107*
Story
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FIG. 1 Elevations and Member Sizes of the.4-, 10-, and 16-Story Steel Frames
Designed by Unifrom Building Code (Ref. 2)

784



]
w
T
2
w
T

.

2.7

PROBABILITY OF NON-EXCEEDANCE
(]
(]
T
=
g9
T

PROBABILITY OF NON~EXCEEDANCE
[~]
()
T

B.B i B} B 1 A gg 1 1 1 A

2.9 81 82 2.3 2.4 85 X} 8L gz 83 2.4 2s

PEAK ACCELERATION (G) UBC4 PEAK ACCELERATION (G) UBC18

FIG. 2 Non-Exceedance Probability of FIG. 3 Non-Exceedance Probability of

lst-Story Local Ductility Given lst-Story Local Ductility Given
Acceleration for 4-Story Frame Acceleration for 10-Story Frame

1 E T T T TTIIrm T T T T B

1wk 3

i1} -

> a2 F 3

2 F°E 3

< o ~

=} a -

w o o =

w 2 N J
D o
bl =

‘f" x -3k 3

4 o 19 E 3

2 4 F 3

5 = f :

> H | 4

H SigtE 3

= u E 3

2 2 [ A WEIGHTED RISK CURVE 7

o a7 7 = o 7

© Z i

o« %M-SE 3

C 1

28 ] 1 1 1 5 po4or o praite [T IRE1

83 2.4 85 19
2.2 8.1 B2 P 10t P
PEAK ACCELERATION (G) UBC16 PEAK ACCELERATION (X6

FIG. 4 Non-Exceedance Probability of FIG. 5 Seismic Risk Curve for Hypotheti-
1st-Story Local Ductility Given cal Boston Site (Ref. 5)
Acceleration for 16-Story Frame

785



m_a: T T [ T UITTT T T T Illll: .Lﬁ_a: T T 1 1T TITTI4 T T T 171 H
E = F 3
r VEIGHTED SEISHMIC T r -
o RISK CURVE - o WEIGHTED SEISMIC =
- - L RISK CURVE R
gt 3 et E 3
% 3 F 3
€ 4 € L J
< <
A - N o 4
H 4 2 L 4
< <
£ . + -
$167 - 5163 3
T -1 ) = -
% ] % :
i1 - 1 -
4 4 x N
J ]
< é e
5 E 3 6 E 3
2165 ., E Z1w°F E
< < 3 C 3
-7 1 do 1 11 rrrt L | - -7 L L1t reent 1 11 5
10 - 10 '
1P 10 i P 10t 1F

PEAK ACCELERATION (XG) UBCi@

PEAK ACCELERATION (XG> UBC+4

FIG. 6 Annual Risk of lst-Story Local
Ductility for 4-Story Frame

FIG. 7 Annual Risk of lst-Story Local

3

~4

Ductility for 10-Story Frame

m E T T T UTTTITT T € 1T 3 1B E T T 1T Crrrir T T TTI1r g
» VEIGHTED SEISMIC ] C ]
r RISK CURVE 7 r ]
g1t 3 &
E E n ]
E L Z .5k
/<“ n : s g 14°F
3 ] o c
£ i Q C
'lim-S E 3 aj -
27 E : & i
x C 3 X
(72} n
H - = H
© | | € gt
=’ J12 -
< ] < ol
2 .46 E % T O 4-Story g
z 3 N ‘ ]
3 <
3 4 10-Story 1
- . T ©16-Story ]
-7 } S B 5 S W AT L1 b 7 Lo brrst (o4 1 1t
1o ‘ 197 _ _ -
1# 1d i\ F 173 172 17t

PEAK ACCELERATION (%G) UBCiE

DAMAGE FACTOR (DF)

FIG. 8 Annual Risk of lst-Story Local FIG. 9‘ Annual Risks of -Damage Factors
Ductility for 16-~Story Frame for Three UBC-Designed Frames

786





