
50272 -101

----------

k-=-S~,~A..:...:.~A::.:n_=a~gn:..:..o::.:s::.:t~0:J:p:..::o:..::u~l~os::._ ~__~ f- No. 20
9. Performing Organization Name and Address 10. Project/Task/Work Unit No_

Massachusetts Institute of Technology
Department of Civil Engineering
Cambridge, Massachusetts 01239

-- -------------------1
11. Contract(C) Or Grant(G) No.

(C)

(G) GK27955
12. Sponsoring Organization Name and Address

Engineering and Applied Science (EAS)
National Science Foundation
1800 G Street, N.W.
Washington, D.C. 20550

13. Type of Report & Period Covered

14.

15. Supplementary Notes

1---------------------- ..-----------
-16. Abstract (Limit: 200 words)

-. ----------------------1

This report summarizes some of the results obtained from the analysis of three
different types of buildings: 13-story steel frame (pilot building); ll-story
concrete moment resisting frame; and 17-story concrete shear wall building. De
tails about the design data, the underlying assumptions of the analysis and the
computer program used can be found in earlier reports. This report covers a gen
eral discussion of the results obtained and predictions of the damage states of
these buildings from the various intensities of the earthquake motion used. In
terstory displacement data is given in tabular form. Observations on the perfor
mance of different design types are made.

17. Document Analysis a. Descriptors
~------------------~-----------------------------____l

Damage
Buildings
Dynamic structural analysis

Predictions
Earthquakes
Design standards

b. Identifiers/Open-Ended Terms

c. COSATI Field/Group

20. Security Class (This Page)

19. Security Class (This Report)18. Availability Statement

NTIS
21. No. of Pages

c2.3
f.-------------I---------

/;;;2 -A ()!
(See ANSI-Z39.18) See InstructIons on Reverse OPTIONAL FORM 272 (4-77)

(Formerly NTI5-35)
Department of Commerce





List of Internal St~!~!Y._ Reports

1. R.V. Whitman, IIpre1iminary Work Plans and Schedules,IIAugust,
1971.

2. E.H. Vanmarcke and R.V. Whitman, "Background for Preliminary
Expected Future Loss Computations,1I October, 1971-

3. P.J. Trudeau, IIIdentification of Typical Soil Profiles in the
Boston Basin Area,1I November, 1971.

4. J.M. Biggs, IIComparison of Wind and Seismic Forces on Tall
Build-ings," December, 1971.

5. R. V. Whitman, IIContribution to State-of.. the-Art RepoY't Of th~

Earthquake Committee of the IASSE-ASCE Tall Buildings GQ~ittee...
~conomic and Social Aspects,1I March, 1972.

6. J.E. Brennan and F.J. McNamara, IIInventory of BuHdings for Boston
and Cambridge,1I April, 1972.

7. C.A. Cornell and H.A. Merz, IIAnalysis Qf the Seismic Ri~k on fir~

Ground for Sites in the Central Boston Metropo1itaY) Area,1I January,
1972 .

8. R.V. Whitman, J.l~. Reed, P. Marshall, 111961 Caracas Venezuela
Earthquakes. II May, 1972.

9. R.V. Whitman, LH. Vanmarcke, IIDamage Statistics from Jap~nese

Earthquakes, II May. 1972.

10. E.H. Vanmarcke, J.W. Reed, and D. Roth, IIEva1uation of Exp~c~e~

Losses and Total Present Cost: Preliminary Sensitivity Analysis,1I
July, 1972.

11. R.V. Whitman, et a1., 111964 Alaskan Earthquake Tall Building
Damage Revi ew, II July, 1972. .

12. R.V. l~hitman and J.W. Reed, IISan Fernando EaYlthquak~ Oat,a Base
Computer Storage Format,1I August, 1972.

13. J.W. Reed and R.V. Whitman, !lSan Fernando Earthqual<~ Qamage
Statistics," August, 1972.

14. R.V. Whitman and S. Anagnostopoulos, IIElastic Analysis of Pilot
Building~'1 August, 1972.

15. J. Protonotarios, IIS oil Amplification Analyses on Typical Bost90
Soil Profi1es,1I September, 1972.

j



16. S. Anagnostopou1os and J.M. Roesset, lIDescription and User's r4anua1
of the Inelastic Dynamic Analysis Program," September, 1972.

17. R.V. Whitman~ J.T. Christian, P.J. Trudeau, lIGround Motions Measured
by VM-1, II September, 1972.

18. P.J. Trudeau, lIBorings on MIT Campus near Westgate II." Octob~r~

1972.

19. LH. Vanmarcke, D.Y.H. Chow, "Eva1uation of Expected Losses and Total
Present Cost: Further Preliminary Sensitivity Analyses," October, 1972.



1

1. INTRODUCTION

The purpose of this report is to summarize some qf the results Qbtained

from the analysis of three different types of buildings;

a) 13-story steel frame (pilot building)

b) ll-story concrete moment resisting frame

c) 17-story concrete shear wall building

Details about the design data, the underlying assumptions of the analy?is

and the computer program used, can be found in referenGes (1), (2) and (4).

Here we will limit ourselves to a rather general discussion of the results

obtained and at the same time we will try to predict the damage states of

these buildings from the various intensities of the earthquake motion used.

2. l3-STORY STEEL FRAME BUILDING (PILOT BUILDING)

This building was designed and built according to the Bostan Co~e which

had no provisions for earthquake loads. It was found however that the

original design that accounted only for gravity and wind, was sufficient for

earthquake loads corresponding to U.B.C. seismic zones 1 and 2. Th~n th~
I

building was redesigned for zones 3 and 4 and dynamic analysis of the three

different designs were performed. Block masonry walls which form the ele-

vator area were included in the analysis, as elements that break in shear

when their interstory deflection exce~ds a limiting value. This limiting

value was estimated from the properties of the materials used, the total

gross area of the wans and from assumptions about workmanship. The numbers

used are:

Block walls in the x direction:

Block walls in the y direction:

o = .02"br
~ .033"ubr =
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It should be emphasized again that there is a lot of guessing in these two

numbers. However, it is believed that their accuracy is consistent with

other phases of the project, namely, the seismic risk estimate and the

evaluation of damage from both the empirical data and the theoreticql

analysi s.

In the following pag(~s inters~ory displacements and damage states vJill

be summarized for the var'ious levels of the earthquake intensities used,

Also the number of block walls that break in each direction will be listed~

so that a better di~tinction of the estimated damage states Iran be made.

2.1 Design for Zones a - 1 - 2

a) Natural periods (sec.)

Tx
:;: 1.53 T :;: 1.95y

Tx
:;: 5.27 Ty

:;: 4.5

b} Yield displacements* (i n. )

i ) x di recti on

(block walls included)

(block walls not included)

0max:;: 1.30"

J: .70 IIumin :;:

i1) y direction

0max:;: 1.25"

J: .50 IIum; n :;:

o :: .85"aver (u (1 st yield) :;: .061g)g

* Yield displacements correspond to the 1st breaking point of a trilinear
force-deflection diagram, for which total shear for the frame is half
the ultimate.
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2.2 Design for Zone 3

a) Natural periods (sec)

T = 1 5 Ty = 1. 82 (Block walls included)x .

T = 4 2 Ty = 3.31 (B1ock walls not included)x .

b) Yield displacements (in)

i) x di rection

4

0max = 1.0311

s: .65 11

umin =

ii} y direction

0max = 1.1

0min = .54

8 ~ .90aver

Caver '" . 75

(Ug(lst yield) = .106g)

c} Interstory displacements (in) (see chart on following page)

2.3 Design for Zone 4

a) Natural periods (sec)

T = 1. 42x
Tx = 3.08

Ty = 1. 75

Ty = 2.95

(Block walls included)

(Block walls not included)

b) Yield displacements (in)

i) x di recti on

0max = 1.0811

s: .52 11

umin =

ii} y direction

o = 1.0411

max
O. =.65 11

mln

o '" . 70 11

aver

o '" .82 11

aver

(U (1st yield) = .078g)9 .

(Ug(lst yield) = .093g}
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Certain conclusions can be reached by looking at the results for the

three different designs of the pilot building. First, the interstory ~is

placements depend very heavily on the ~ tate of the non-s tructura1 block

walls. For any particular story in which the block walls have not cracked,

the corresponding interstory drift is very small and hence the dijmage (structural

and non-structural) should be negligible. On the other hand if the inten-

sity of the shaking is such that it breaks the block walls, then the inter~

story drift is a function only of the frame stiffness (which is several

times smaller than that of the walls). In this case the increase of the

inters tory drift and SUbsequently of the damage goes in proportion to the

intensity, at least in the elastic range. When the frame starts yielding,

this increase is less rapid, but at that point structural damage starts

occurring, in which case, the estimated maximum ductility factors mus~be

used in conjunction to the maximum interstory drifts for assessing the

damage states. It should be noted however that the way the computer pro-

gram deals with these block walls is highly ideal. In reality even after

considerable cracking has taken place, unless the walls coll~pse, they

still have considerable amounts of resistance left, which could influence

the interstory drift rather significantly.

The most important observation, however, is that increase of the earth~

quake design level does not seem to reduce the damage' potential of the

original design. The damage states seem to be almost the same for all

three designs and it is only for the last case (design for Zone 4) that

the intensity to cause first yield has slightly increased. The explanation

for thi s rather odd beha,vi or can be found in references (l) and (3) and

the obvious conclusion is that the optimum design for this particular (very
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flexible) building is that with no earthquake provisions.

3. 17-STORY CONCRETE SHE.I\R WALL BUILDING

This building was again designed for 5 earthquake zones 0, 1, 2, 3

and 4. Concrete moment resisting frames were used in the longitudinal

direction and shear walls in the transverse. The interior columns, de~igned

only for gravity loads, were included in the analysis as parts of frames,

whose girders were portions of the slab. This was done in ar attempt to

reproduce the response better, because although these columns do not con

tribute significantly to the ultimate strength of the building, they add

considerable stiffness, shifting it to a different spectral region. In

addition to that, the calculated maximum ductility factors for these frames

are a good measure of the damage at the points where the interior columns

support the slabs.

Shear walls are treated as far-coupled systems with bilinear moment

curvature diagrams. Stiffnesses and strengths are estimated as described

in (1) from the dimensions and the reinforcement of the walls. For eqch

story level the maximum shear capacity of the wall was estimated, and at

each time step it was compared with the shear force carried by the wall

at the same level. If at any instant this shear capacity was ~xceeded, a

brittle shear failure was assumed by the program in thqt stQr~ and the

part of the wall above was treated as an infi11. In estimating structural

damQge in the shear walls, it is good to keep in mind that the definition

of the ductility factor here is different than that of a frame (1). Shear

walls are not designed as ductile structures (although they could be) and

small increases of the applied moment above the value that determines the
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elastic limit can cause excessive amounts of yielding which the wall is not

designed to take, resulting in a catastrophic failure. It is fOr this

reason that it has been recommended for shear walls to be designed so that

they remain elastic under the strongest earthquakes. It is the author's

feeling that small increase of the wall reinforcement would be sufficient

for elastic behavior for many of the cases analyzed.

At the time this report is written, complete results are available

only for two designs: Zones 0 and 3. They are tabulated below:

3.1 Design for Zone 0

a) Natural periods (sec)

Tx = 4.38

Ty = 3.14

b) Yield displacements (ft) (for frames only)

i) x direction

.04 .;- .08

.035 .;- .Ol

*CMRF:

*N.S.FR:

.18g

*SH. WALL '. 08g

i 1) y di rect; on

<5 ~. 01max
<5. ~. 05mln

.0lB
<5 aver ~ .015

.01

N.S.FR: .03 .;- .042g

c) Interstory displacements (ft) (see following page)

3.2 Design for Zone 3

*CMRF = Concrete moment resisting frame
N.S.FR = Non-structural frame (formed from the interior columns)
SH.WALL = Shear wall
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a} Natural periods (sec)

Tx = 3.13

Ty = 2.32

b) Yield displacements (ft) (for frames only)

i) x direction

.04 .013 C.M.R.F. ~ ,07 •14g
°max

~ .
caver ~ .06 Ug(lst yield)

°min
~ .02 .04 N.S.FR ;: .02 .04g

ii) y direction

.01 .018 N.S.FR ~ .04 . .065g
°max

~

caver ~ .015 Ug(lst yield}

°min
~ .05 .01 SH.WAll ~ .14g

c} Interstory displacements (ft) (see following page)

Due to the relatively large stiffness of the shear walls, the inter

story displacements for this type of building are small, at least before

the walls start yielding <or cracking. So very little damage (at least of

the type associated with inters tory drift) is to be expected even for inten

5i ti es up to VIr. After cracki ng starts occuri ng howeyer, because of the

brittle nature of the wal'ls, structural damage is probably inevitable and

transition from a lower damage state to a very high one, is possible even
I

if the Mercalli intensity of the earthql,lake changes only by one scale.

Another interesting observation is that the distribution of damage

with height is different than that of a building with frames, because of

the difference in the deflected shapes of the two types of structures.

Framed structures deforming like a shear beam will have most of the

damage at the lower floors, while shear wall buildings that deform as canti-
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levers should be expected to suffer more at the top. Structural damage

of the walls, however, should be expected at the lower floors or in case

of interaction with frames around the middle.

As a final comment in this section, it should be mentioned that absolute

accelerations for the shear wall buildings are relatively higher than those

in framed structures, so damage associated with acceleration should be

expected higher.

4. ll-STORY CONCRETE FRAME BUILDINGS

This building has the same floor plan with the 17-story shear ~al1

building, but uses moment resisting concrete frames in th~ transverse

direction instead of shear walls. As of this moment we have complete

results for the zone-3 design, while for zones 2 and 4 we have results only

for the transverse direction and the strongest e~rthquake.

4.1 Design for Zone 3

a) Natural periods (sec)

Tx = 2.35

Ty = 2.04

b) Earthquake to first yield

i) x direction: Ug (1st yield)
CMRF ~ .07 + .14g

N.S.FR ~ .13 + .269

ii) Y direction: Ug(lst yield) CMRF ~ .06 + .129

c) Interstory displacements (ft) (see following page)



x
Y

D
a
m

a
g

e
. i

Un
'a

M
.I.

M
ax

M
in

A
ve

r
M

ax
M

in
A

ve
r

S
ta

te
;

~
m

x
.

.0
07

IV
.0

0
2

8
.0

0
0

9
.0

0
2

0
.0

0
2

7
.0

0
0

7
.0

0
1

9
l

0
j ,

.0
15

V
.0

06
.0

02
.0

04
2

.0
05

8
.0

01
5

.0
04

0
! I

.0
3

V
I

.0
12

.0
04

.0
08

6
.0

11
.0

03
.0

08
0

7
1

;

.0
5

V
I.

5
.0

2
.0

06
4

.0
14

3
.0

19
.0

05
.0

14
I

1
-;-

2
(3

)
:

I
I

,
I

.0
7

V
II

.0
28

.0
09

.0
2

.0
27

.0
07

.0
19

j
2

-;-
3

j

I-
---

---
---

---
-I

I
'

.1
5

V
Il

I
.0

60
.0

20
.0

45
.0

55
.0

13
.0

35
I

3
-;-

4
I

,
I

1
1

.2
7

1.
75

*V
II

I
.0

92
.0

24
.0

8
.1

26
.0

2
.0

65
I

5
7

7
I

,
I

,
!

1
1

=
2

11
=

4
8

I!
!

"'m
ax

"'m
ax

·
•

!
,

I

I
f

_
_

I
.
:
-
-
_
-
-
-
-
-
-
_
-
.
:
.
.
-
_
-
-
-
-
-
-
-
-
-
-
'
-
~
-
-
-
-
-
~

("
)

..
.- .... :::
l

M


et> -s V
l

M


o ~ o .... II
I

-
0 .... ~ ("

)
I'D =

l ro :::
l

M


V
l

N o :::
l

et> W ..
.-

-i
')

rl
-

-i
""



15

4.2 Design for Zone 2

a) Natural period

Ty = 2.65 sec

b) Interstory displacements (ft)for the strongest earthquake (1.75 * VIlI)

0max ~ . 14
1

0min ~ .027 1

o ~ .080aver

c) Maximum ductility factor: ~max = 4.6

d) Damage state: 5 ~ 7

4.3 Design for Zone 4

a) Natural period

Ty = 1. 79 sec

b) Interstory displacements (ft) for the strongest earthquake (1. 75 * VIII)

° .16
1

max = caver ~ .065

0min = .016

c) Maximum ductility factor: ~max

d) Damage state: 5 ~ 7

The main observation here (which is also ty'ue for both the V110t and the

shear wall buildings) is that increase of the design forces even up to

superzone-4, does not a1tE~r the damage state caused by the very ~trong earth'!'

quake (1.75 * VIII). If this is set as an objective when designing for

Zone 4, then the doubling of the base shear coefficient is not sufficient.
\

Other factors and strategies should probably be sought.

As a fi nal summary w€~ have tabul ated the damage states of all the cases

analyzed, in the next page. Blanks are to be filled when more results from

the analysis become available.
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