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ABSTRACT

This paper focuses on the total earthquake damage suffered during a building lifetime and
evaluates the overall building performance. Regarding structural and non-structural members,
their cumulative damage cost ratios decrease as the base shear coefficient of the building
increases. In the case of the cumulative damage cost ratio of building contents, the larger the base
shear coefficient, the greater becomes the damage. When the total earthquake damage during a
building lifetime was considered as total damage cost, the lower the strength of a building model,
the greater the total damage cost. Also, in high-strength buildings which are always elastic, the
total damage cost increases due to damage of contents.

ASSESSMENT OF EARTHQUAKE DAMAGE

In buildings, earthquake damage ranges from (1) damage to columns, beams, floor slabs,
earthquake resistant walls and other structural members, through (2) damage to non-structural
members, including breakage of external walls, various finishing materials and piping or trouble
with equipment, etc., to (3) building content damage from overturned furniture, fittings, etc.” In
order to clarify the safety level of a building, including its economical efficiency, it is not just
enough to simply consider the level of its response to external forces relative to a particular
return period. What is essential and effective in this regard is to make cumulative values of
economic losses, based on the seismic response of the building during its lifetime or for a certain
period of time.

Generally, earthquake motion level I, at a certain construction point, can be obtained as a
continuous relationship, where the smaller the scale of earthquakes is, the higher the occurrence
frequency p(I) becomes, and in which the larger the earthquake motion level, the lower the
occurrence frequency.
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The relationship f(I) between earthquake motion level I and building response can be expressed,
by converting the input seismic motion level and subjecting it to an earthquake motion analysis.

Assuming that the function between the amount of response of the structure and the size of
damage to its structural members, non-structural members and building contents, then it is
possible from the following equation to obtain the expected value D, of the cost of damage which
the building sustains during its durable period.

D!=ZD5+ZDN+EDC
= ZJ: h, (;D)pMdl + Z J; " h,(6,@)p(Dd + ZJ; h,(f(D)p(DdI

where Dg:  Expected value of the damage cost of structural members
D,: Expected value of the damage cost of non-structural members
D.: Expected value of the damage cost of building contents
h, (x), hy(x), hy(x): Function of damage cost
f,(x), f,(x), f;(x) : Function of earthquake response
p(x): Frequency of occurrence of earthquakes
I: Earthquake motion level

RESPONSE OF OFFICE BUILDINGS TO HISTORICAL EARTHQUAKES

It is assumed that office buildings in an urban center are subject to the same level and same
frequency of earthquake motion that occurred over a certain period of time in the past. Then, a
seismic response analysis is made with respect to each of the assumed earthquake motions, and
the cost of damage to structural members, to non-structural members and to building contents is
calculated.

Buildings covered for analysis and analytic models
The buildings covered for analysis are 20-story, steel-structure buildings. Table 1 shows

the main indices of each of the buildings. The damping ratios and the weight of each story of the
building models are kept constant, the base shear coefficient C, of every building has its value
changed and given as parameters. In addition, the coefficient of shear distribution is set so as to
follow the A, distribution”.

Table 1. Main indices of each of the buildings

Models | Weightof eachstory |Heightof story G, Damping ratio | Natural period
(t/m?) (cm) (sec.)
20-A 0.98 400 0.050 0.02 7 3.22
20-B 0.98 400 0.075 0.02 2.20
20-C 0.98 400 0.100 0.02 1.93
20-D 0.98 400 0.300 0.02 1.50
20-E 0.98 400 C 0.02 1.50




19243

The natural period is changed in accordance with the value of C,. 20-C is made the standard
model, whereas for 20-E, seismic response is assumed to be within an elastic range, with C, set
to approach infinity. For the analytic model, an equivalent shear-type model is used, with the
hysteresis characteristic of every story rendered trilinear-type. For damping, an instantaneous
stiffness proportional-type is used.

Input earthquake motion

For every earthquake, time history seismic motion waveforms are prepared by considering
historical earthquake data-based spectral characteristic and, on this basis, input seismic motion is
obtained. For the construction site of the buildings, Shinbashi, Tokyo is chosen. The period
covered is set at about 400 years (389 years to be exact) recorded in different chronological
catalogs on earthquakes. For every earthquake of a magnitude equaling or exceeding M.6.0, the
maximum velocity amplitude of the bedrock in the areas covered is obtained by the Kanai
formula, with 100 results (earthquakes) extracted and arranged in the order of magnitude from
No. 1 to No. 100 for investigation.

The seismic waveforms that correspond to the indices of extracted earthquakes are
formulated in a method where the waveforms are suited to the energy spectrum Ves) in which
energy is made constant at a long periodic region (0.6 sec. or over). With the maximum
earthquake in the catalogs of historical earthquakes set at an energy spectrum (V,) of 200 cm/s,
the V, of other historical earthquakes is also determined relative to the bedrock velocity of the
maximum earthquake. Then a study is made of the cases where EL CENTRO-recorded NS
component (ART-E) is adopted as phase angles. As Figure 1 shows, the number of earthquake
motions formulated drops exponentially with the rise in the level of set V..

Results of response analyses
The waveform of ART-E is used to conduct a seismic response analysis of earthquake

motion levels in relation to the 19 stages of energy spectra ranging up to V,=20--200 cm/s.
Figure 2 shows the result of calculation of input versus response relationships. Shown in this
drawing are correlations with the size of building response in the standard model 20-C. In Figure
2(a), the hysteresis energy absorption ratio means the value which is obtained by dividing the
amount of hysteresis energy, which the structure absorbs at every story, by the amount of
energy which at monotonous loading is absorbed before a second yield point is reached.

As Figures 2(a) and (b) reveal, the hysteresis energy absorption ratio and the maximum
story displacement seemingly tend to surge more abruptly, the larger the level of V, becomes. In
Figure 2(c), the maximum response velocity rises at a constant rate irrespective of the V, level.
In Figure 2(d), the maximum response acceleration mounts less impressively as the V, level goes
up, indicative of the shift of building response from the elastic range to the plastic region.
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Fig. 1. Occurrence frequency and motion level of historical earthquakes
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DAMAGE COST

Damage cost calculation
In this analysis, the damage to structural members is regarded as dependent on the amount

of energy which is absorbed, and the damage cost ratio of the structural members and hysteresis
energy absorption rate are assumed to be correlated as in Figure 3.

The damage cost ratio of non-structural members is presumed to be influenced by story
deformation angle alone. Also assumed is that as in Figure 4 the damage cost ratio of
non-structural members emerges when the story deformation angle stands at 0.0025 rad (=1/400)
or over and becomes 1.0 at a story deformation angle of 0.020 rad (=1/50).

Seismic damage to building contents is classified into two types: one is the damage to office
equipment and other building contents (C,) in which the size of damage is closely influenced by
overturns, the other being the damage to desks, bookshelves and others (C,,) in which the size of
damage is barely influenced by overturns. The minimum acceleration A and the minimum

velocity V, required to effect an overturn are defined by the following equations”.

A, =gxBH L )
V,=10xB¥WH .. (3)

where A_: The minimum acceleration necessary for an overturn of building contents (cm/s”)
V, : The minimum velocity necessary for an overturn of building contents (cm/s)
B : Width of building contents (cm)
H : Height of building contents (cm)
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With Equations (2) and (3) as a boundary, the regions of overturn and rocking are set. The
height and the height/width ratio of building contents C, and C,, are assumed to be uniformly
distributed within the range in Figure 5. The damage cost ratio of the building contents is
expressed as the ratio of the area to which the whole region of overturn and half of the region of
rocking are added, to the area of distribution based on the shape of building contents in Figure 4.

Result of darnage cost calculations

Figures 5 to 8 depict the cumulative damage cost ratios of structural members,
non-structural members and building contents during the period covered (1600--1988). On the
abscissa are given the earthquake motions in numbers (Nos.) 1 to 25, arranged in the size order of
maximum bedrock velocity. The smaller the sequential number, the larger the maximum bedrock
velocity of earthquake motions.

According to Figures 5 and 6, the cumulative damage cost ratios of structural and
non-structural members fall as C, rises. In 20-E, where the structure is in the elastic range at all
times, the damage cost ratio of its structural members stands at 0.0.

Concerning the cumulative damage cost ratios of building contents C_ and C,, respectively,
their damage soars with higher C,. With 20-E in which the structure is always elastic, the
build-up of response acceleration and of response velocity causes the damage cost ratios to shoot
up (Figures 7 and 8).
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Total damage cost
The damage which the structural members of a building sustain during the period covered,

combines with similar damage to non-structural members and to building contents to constitute
total damage cost. The ratios of in-building equipment, structural members and non-structural
members to the initial construction cost are as shown in Figure 9.

Regarding the building contents, C, and C__ have a share of 10.0% and 1.0%, respectively, in
the initial construction costs. Figure 10 shows cumulative values of total damage costs
attributable to earthquake Nos. 1 to 25.

For the building models, the lower their durability, the higher their total damage costs. The
values are large for 10-A, in particular.
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CONCLUSIONS

(1) As far as the aforesaid building models are concerned, major damage to their structural
members resulted from earthquakes of a large scale but damage to building contents was found to
arise from relatively small-scale earthquakes also. During the historical periods covered, damage
to building contents was seen to be prominent not so much in great earthquakes occurring in the
period covered, as in a cumulative total of other (smaller) earthquakes combined.

(2) The size of damage cost is heavily subject to the effects of a function of damage cost.
Accordingly when, during design, details are improved upon and the function of damage cost
reduced, the damage cost of non-structural members and of building contents may become easily
controllable, comparatively speaking.
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