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ABSTRACT

Elasto-plastic behavior to failure of the 0ld Tokyo Marrine and Fire
Insurance Building which suffered only minor damage and survided the Kanto
Earthquake of September 1, 1923. (Maguitude 7.9) was investigated by static
alternating loading tests and vibration tests. The objectives of these
tests were to determine the stiffness, stress distribution, their changes
in the plastic range, and the ultimate load carrying capacity against
horizontal loads, natural period, mode and damping of vibration and finally
the safety against earthquakes taking dynamic response analysis into consi-
deration.

The stiffness of the frame as determined from test results was analyz—
ed, The ultimate load agreed with calculated collapse mechanism as well
as elastic limit, The ultimate load of 144t corresponds to the seismic
shear coefficient of 0.33g. The calculated load for collapse by limit
analysis was 139t. Along with the statio loading cycles, the measured
period of frame increased gradually up to the final value of 1.98 sec from
0.98 sec. The damping coefficient was 3.6% for first mode, and associated
with higher modes were rather small. This suggests that the damping char-
acteristics of the frame can not be approximated by the conventional vis-~
cous damping which increases in proportion to the natural frequency.

The entire building was consisted of exterior brock masonry curtain
walls and interior frame of built-up steel columns and joist girders cover-.
ed with concrete. As vibration test was not carried out for the entire
building, the natural periods and modes were estimated from the micro-
tremor analysis and the structural analysis was based on the cross-section
members.,

"The earthquake non-linear response of entire building was computed,
for example El Centro Earthquake 1940 NS, 0.33g, the ductility factors at
the 2nd storey were about 4 and upper stories remained in the ductility
factors. of 2 or less and the base shear coefficient corresponded of 0.39
respectively. Though the total absolute displacement of entire building
at maximum response was shown to be 8.7em, it was recognized that the
frame remained in the elastic range by the horizontal loading test's result.
As the record of Kanto earthquake was not available, the above mentioned
findings may not be directly extended to actual response to Kanto Earth-
quake., Nevertheless, it is very interesting to note the surprising simi-
larlty to actual damages.
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VIBRATION TESTS AND TEST TO FAILURE OF A 7 STORIES BUILDING
SURVIVED A SEVERE EARTHQUAKE

BY

Issao Funahashi*, Katsuhiro Kinoshita’*
and Hiroyuki Aoyama

ABSTRACT

The results of an analytical and experimental investigation regarding
the static and dynamic elasto-plastic characteristics of the building
which suffered only minor damage and survived the Kanto Earthquake (1923,
Magnitude 7.9) are described. The safety against earthquake using non-
linear response analysis was studied to compared with actual damages.

Notation

The following symbols are used in this paper.

=
¥4

resonant circular frequency of the j th mode

mode shape of the j th mode

hi percentage of critical damping of the j th' mode
I moment of inertia of foundation
2a effective diameter of building which is circular
oY, P!. real constant of damping
Ko, Ko spring constant for horizontal translation and
rotation of base foundation
G=f’V2 modulus of shear elasticity
Vv shear wave velocity of the elastic medium-
Y Poisson's ratio of the foundation
P static horizontal force of alternative loading
Y(jw) Fourier's function of microseism |
¢yy(§¢0) the square of transfer function oi‘ microseism

lu-Sm% ductility factor
Y
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1. Foreword

The Tokyo Marine and Fire Insurance Company set up a project to
demolish its 0ld Building, in order to render the land to the proposed
new high-rise office building. The Old Building (as referred to T.M.I.
Building hereafter) was constructed before the 1923 Kanto Earthquake,
survived it, and has been used safely until 1967 with minor repairs and

modifications.

On occasion of the demolition, many tests were projected and perform-
ed to throw light on the strength and deformation characteristics of the
building actually resisted the strong earthquake.

The results of this investigation are of course applicable directly
1o the structural design of the new building to be constructed on the
same site. Furthermore it is believed that this report wotld provide
valuable data for future design of high-rise buildings.

2. Outline of the T.M.I. Building

The construction of this building started on February, 191k, and was
concluded on September, 1918. This was the first "building" -- multi-
storied office building-- in Japan. The ground floor area was 3412m2
including annex wings, seven storied without basement, the total floor
area being 19537m2. The plan is shown in Fig. 2. Foundation consisted
of compressol type concrete piles topped with concrete footings, connected
each other by reinforced concrete footing beams. Exterior frames consist-
ed of built-up steel columns and steel truss girders, covered with brick
masonry walls (Fig. 4). Interior frames consisted of built-up steel
columns and steel joist girders. Roof and floor systems, consisting of
beams and salbs, were made of reinforced concrete.

3. Damages due to 1923 Kanto Earthquake

; On September 1, 1923, this building suffered the shock together with
its numerous neighbors in Tokyo and suburbs, and survived it. The earth-
qQuake originated in the Sagami Bay, south of Tokyo Bay, at about 90Km SSW
from the building. The magnitude was 7.9. Thé earthquake intensity in
Tokyo was V (Japan Meteorological Observation Bureau scale).

The official report of the Earthquake is quoted below, as for the
damage to the T.M.I. Building.

"This was one of the buildings suffered minor damage. Cracks in the
exterior walls extended from first to third story, engraving X marks on
the columns, with partial spalling of stone facing or tile facing (Fig. 1).
Corners of walls were also damaged. Interior partitions .and finishes .
were partially damaged."

"Floors and walls had no damage. Girders showed some cracks at the
haunched ends.™ ,

- . "The inner corner of the building plan showed .ext 3
ineclined cracks." _ g P ensive vertical and
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"Damege to the foundation is not clear but some settlement in general
and partial settlement at the north-west corner of the building were
noticeable,"

4., Object and Scope of Experiments

The test project was divided into loading tests and vibration tests,
Loading tests aim at the observation of deformation in the elastic and
plastic renges, load carrying capacity, mode of failure, and deformation
at foundaetions. Vibration tests are for periods of vibration and their
change, mode of vibration, and damping characteristics. Static and
dynamic analyses accompany these tests,

(a) Horizontal loading, free and forced vibration tests of frame
(Block B)

The objective of these tests were to determine stiffness, stress
distribution, their changes in the plastic range, and ultimate load
carrying capacity and foundation deformation against horizontal loads;
natural period, mode and damping of vibration and their changes along
with plastic deformation; and finall}y the safety against earthquakes tak-
ing dynemic response analysis into consideration.

The test was performed at Block B, shown in Fig. 2. The entire
transverse frame, seven storied without basement, was isolated from other
frames in parallel, all the way through from roof to footing, and horizon-
tal loads of equal amount were gpplied at roof, sixth, fourth, and second
floors independently or simultaneously.

At various stages of horizontal loading, free vibration“tests were
made by the sudden release of horizontal load at the roof, and forced
vibration was excited by a vibration generator placed on the seventh
floor.

(b) Vertical loading test of floor. systems (Portion a.b.)

(¢) Vertical loading test of girders (Portion cj |

(d) Forced vibration test of a portion of the building (Block &)
(e) Neutralization tests and mechanical tests of materials

Results of these test about item (b) to (e) except (a) are not dis
cribed in this report. :

5. Safety against Earthquakes

The current test project concerned with the T.M.I. building which
almost safely survived the 1923 Kanto Earthquske, Consequently the
investigation as related to the anti-seismic safety of the building
received the deepest attention. The investigation was executed in three
stages; static loading and vibration tests of a transverse frame, forced
vibration tests of a pcrtion of the building, microseism measurement and
dynamic analysis of the entire building.
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(a) Stiffness, Strength and Dynamic Characteristics of the Frame
i) Outline of Tests

A transverse frame of the building was isolated by cutting all the
way from roof to footing. Static horizontal loads were applied both in
. the positive and negative directions alternately, reactions being rendered
from the neighboring portions of the building. Free and forced vibration
tests were also carried out. The frame consisted of seven stories and
three spans, as whown Fig, 3 te Fig. 4, total height above ground of
26.53m.

At first individual loads were applied separately at each floor so
that flexibility coefficients of the frame could be measured, The frame
revealed approximately shear type deformation characteristics. The story
stiffnesses, or spring constants for vibration analysis, were thus
determined experimentally. Secondly, uniform horizontal force was applied
to the frame alternately. Due to limitations in the loading set-up, all
the seven floors were not subjected to load, however, Loads were applied
to the roof, 6th, 4th and 2nd floors, two at each floor, similating the
wniform horizontal loading as much as possible., The direction of loading
was reversed at *¥48t, *80t and *144t, and finally loads were increased to
imminent collapse, where the maximum load was again 144t.

The deflection of the frame started to increase rapidly over the
elastic deformation at load about 50t, whereby the roof deflection weas
about 6cm, At load about 100t, the stiffness further decreased and the
load reached its meximum (Fig. 5). The final roof deflection was about
58cm, Excluding the effect of rocking measured at foundation, the roof
deflection was still 53cm, or about one fiftieth in terms of average
colum translation angle, After the removal of the ultimate load, the
residual deflection at roof was 22cm, showing considerable restoring
capacity. The frame also revealed high ductility, as the final deflection
was about ten times as much as the deflection at elastic limit, corres-
ponding to load 50t.

Vibration tests were made before, between and after the static hori-
zontal loading. Periods of vibration, modes, and damping were measured,
The first natural period was 0,98 sec, before loading test, increased
along with stiffness reduction due to loading, and was 1,98 sec, after
all the static loadings were completed (Table 1).

ii) Prame Stiffness in the Elastic Range

The stiffness of the frame as determined from test results in the
range up to 50t (appa:ent elastic limit) was about 45 per cent of the
calculated stiffness, determined from frame analysis based on the measured
section of framing members, The reduction may be attributable to various
causes, such as (l) minor damages to the structure due to earthquakes in
the past and to demolishing work, (2) partial loss of stiffness due to
cracking at low stage of loading, and (3) error in the estimation of
- modulus of elasticity of materials (normal concrete, lightweight concrete
and birck masonry). It is believed that the most important causes would
be, first, the overestimation of modulus of elasticity of brick masonry,



loot/cmz, and second, the presence of preudo elasticity as seen in the
test of girders. Structures made of steel and concrete or steel and bricks
get flexural cracks at very early stage of loading, leading to stiffness
drop, and then show almost linear behavior up to considerably high load,

The natural period of vibration before loading, 0,98 sec., corres-
ponds to the elastic stiffness of uncracked section, and the period after
individual loading, 1,29 sec,, corresponds to the pseudo elastic stiffness
of cracked section. The stiffness reduction associated with this change
in period is 57.5 per cent., The above-mentioned stiffness reduction of
45 per cent may be accounted for by this observed reduction and some error
in the estimation of modulus of elasticity of brick masonry.

iii) Anti-Seismic Capacity at Elastic Limit

The frame having stiffness as determined from test results was analyz-
ed, and moment distribution and deformation were obtained. The measured
horizontal displacements and rotation at colum and girder joints agreed
satisfactorily with calculated values up to elastic limit of 50t. The
calculated steel fiber-stress in the members of third story reached the
yield stress at about 50t, which could also be observed in the measured
relative displacement. The horizontal load 50t roughly corresponds to
static seismic coefficient of 0,1. Within this limit it may be concluded
that the frame was elastic, well balanced, and relatively flexible.

The foundation of exterior column yielded at the load of 110t. The calcu-
lated vertical force at this stage on that foundation was about twice the
working load, This bearing capacity of foundation is quite reasonable,

iv) TUltimate Load and Ultimate Deflection

The ultimate load of 144t correspénds to the static seismic coeffi-
cient of 0,33, which means a gquite severe earthquake,.

The ultimate load was calculated by the limit analysis considering
yield moment of members determined by the extended reinforced concrete
ultimate strength theory (Whitney's theory). The collapse mechanism
thus found involved total collapse in the beam yield type for lst to 4th
stories, with upper stories still remaining in the stable state., The
yield moment and displacement were analyzed, the ultimate load was 139t
sccording to the potential energy theory Y.P§=y'MO (Fig. 6) These findings
agreed quite well with observed behavior,

The imminent collapse deflection was calculated using afore-mentioned
reduced member stiffness, Since the lower four story collapsed in the
beam yield type, which was statically indeterminate within the frame, a
considerably complicated procedure was required in the analysis. The
calculated roof deflection was 5lcm, which was almost equal to the measured
deflection of 53cm for the superstructure. The deflected shapes were
compared in Fig., 7. Lower stories showed satisfactory agreement, where
calculated deflections somewhat exceeded the measured ones, On the other
hand calculated deflections were smaller in the upper three stories.

It may be deduced that the final stiffness of columms could be érea£er
then the estimated reduwed stiffness, that the final stiffness of girders
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in the lower stories was naught as assumed in the analysis, and that the
final stiffness of girders in the upper stories was much less than the
estimated stiffness,

v) Periods and Modes of Vibration

A series of vibration analysis was made to discuss on the measured
data. The relation curve of natural period and its amplitude and the
deflection curve of the building in each resonance were shown in Fig, 8
and Fig. 9. The calculated natural period of multi-mass system was
0.89 sec, in the foundamental mode, which was smaller than the measured
valve of 0,98 sec, before loading test (Table 1 and 2).

Considering rocking and sway of foundation, the natural period was
calculated to treat a structure as shear mass system (Fig. 10),

o) {x}+ (K){x}={o} (1)
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(2)
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The virtual mess Mgqwas recognized the function of a‘ground wave's
frequency in general, now was only placed to the mass of foundation.
The moment of inertia of foundation I was defined by

-L+Emf -2l

_The spr?ng constants of horizontal and rotational stiffness of a rigid
foundation were shown assuming Boussinesa distribution of reaction on
the §urf&ce of the foumdation,
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Estimeting the shear wave velocity of the elastic medium was BOOm/sec_
the first natural period was 0,96 sec, The periods associated with
higher modes were very little affected by rocking and sway, and generally
coincided with measured periods except for some difference in case of
second period (Fig. 11). This finding and the property of measured mode
indicated that this frame could be idealized to shear type vibrational
mode,

Along with static loading cycles, the measured pe;iod increased
gradually, up to the final valve of 1,98 obtained after ultimate load
(Table 1). This change approximately corresponded to the stiffness
change due to plastification, The period after ultimate loading was
1,98 sec, by free vibration test, 1.55 sec. by forced vibration test,
and 1,20 sec, by microseism analysis, The associated amplitude was
smaller in this order. (This would indicate a non-linear force-dis-
placement relation of the structure in the plastic range.

vi) Damping

The damping coefficient measured before the loading tests was 3.6%
of critical damping for the first mode, and the damping coefficients
associated with higher modes were rather small. (Fig. 12). This suggests
that the damping characteristics of this frame cannot be approximated by
the conventional internal damping which increases in proportion to the
natural frequency.

Along with the increase in the first natural period for later cycles
of loading, damping increased up to 7% after the ultimate loading (Table
3). The equivalent viscous damping obtained from the area of hysteresis
curve by static loading roughly coincided with the measured demping,
except for ultimate loading (Table 4). The very small amplitudes associ-
ated with the vibration tests would explain the reason for this difference.

If the damping matrix is a linear combination of the mass matrix and
the stiffness matrix, the damping matrix may be written as

(Cl=o (MJ+Y(K) (7)

where (X and { are real constants,
According to Caughey damping series, the relation of the frequency and
damping over high mode could be expressed in the following form:

- . N=l -4 - :
(M) (ME = 5 P1 (TMFK) (M3* )" (8)
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As the damping coefficients and frequencies were known from vibration

test, Bq(8) could be expressed in the following form

¢
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P

(9)

Damping factors Cij of (2 -1) numbers were computed by the vibrational

mode as shown:
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ﬁﬁ and the damping matrix of Cij were solved,
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(b) Dynamic Characteristics of the Entire Building

i) Dynamic Characteristics in the Elastic Range

0
0
0
0

0 -0.19 034-0.13 ©

0 O -0.13 0.21-0.06
0 O o0 -0.6 0.08|

As vibration test was not carried out for the entire building owing
to machinery limitation, the natural periods and modes were estimated from
the microseism analysis and structural analysis based on the measured

cross-section of members,

- Microseism was measured at the central wing and west wing of the

building, simultaneously on the roof and ground floors, both in NS and EW
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directions The displacement data and its autocorrelation were subjected
to Fourier analysis, (Fig. 13) The spectrum of the roof data, and the
spectral ratio of the roof and ground data were used to estimate the
natural period, As to the latter, the spectral ratio of the roof and
ground displacement theoretically gives the transfer function, whereas
the spectral ratio of the autocorrelation gives the square of the transfer
function. Thus their peak values theoretically correspond to the dynamic
property of the superstructure.

The analysis resulted in the estimated first period of 0,43 to 0,48
sec, in the NS direction and 0,40 to 0.45 sec, in the EW direction, both
including rocking effect. (Table 5). The period associated with super-
structure only was generally smaller, but the difference was at most 0,02
sec,, indicating a negligible effect. There was no difference in the
periods of central and west wings, so that the building seemed to vibrate
at its entirety. ’

The stiffness, calculated by the frame analysis, consisted of walled
frame stiffness of exterior frames and open frame stiffness of interior2
frames, Assuming the modulus of elasticity of brick masonry of 100t/cm®,
the former occupied about 85 per cent of total stiffness., The calculated
periods of vibration were 0,44 sec, in the NS direction, and 0,38 sec. in
the EW direction.

As was stated several times previously, the actual modulus of elasti-
city of brick masonry was believed to be less, loading to the increased
periods, resulting better agreement with microseism analysis,

ii) Restoring Force Characteristics

The current test project originally included the load test of walled
frame of steel and brick masonry, but it had to be omitted according to
various limitations. The restoring force characteristics had to be
estimated from available literature.

The brick masonry wall was regarded as completely elasto-plastic
shear body with yield shear strain of 0,50x10“3, and failure at ductility
factor of 4.

The walled frame deforms in bending as well as in shear., The ratio
between column translation angle and shear strain was calculated for

typical walled frames of the Building. The average of the ratio was 3,
which determines the restoring force characteristics of walled frames,

The open frame may be regard as elastic in the range considered,
Combining them according to their shares in the stiffness, a bi-linear
elasto-plastic restoring force characteristics were obtained for the
entire building as shown in Fig. 14.

6. Response and Resistance to Earthquake of the Building.

(a) Response to Earthquake of the Frame

The earthquake response of the frame, which was subjécted to series of
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tests and enalyses, was calculated for El Centro 1940 NS record with maxi-
mum ground acceleration 330 gal. The objective of the response analysis

was two fold; first to study the effect of vibration characteristics of

the frame determined in the test, such as relatively low damping coefficients
for higher modes, or rocking and sway at foundation; and second to correlate
the maximum response and static test by analyzing the multi-mass model with
realistic restoring force characteristics.

A vibratory system having internal damping and another system having
damping characteristics observed in the test were analyzed and compared.
The latter showed 20% greater response at upper stories than the internal
damping system, but the difference was trivial at lower stories. The
difference at upper stories is evidently attributable to the dsmping co-
efficient in higher modes, which increases in proportion to natural frequen-
cy in case of internal damping.

4 system considering rocking and sway at foundation resulted in the
response 20 to 40% greater thgn the system with fixed base (Table 6, Fig.15).
This can be explained by longer natural period and apparent decrease in
damping coefficient.

The elasto-plastic response of systems having yield seismic coeffi-
cient of about 0,15 at the first story and various plestic gradient were
analyzed, The maximum responses showed considerable decrease in general
from linear responses., The minimum response was obtained when the stiff-
ness in the plastic range was assumed to be 40% of elastic stiffness, which
best simulated the observed behavior of the frame, When the smaller
plastic gradient was assumed, the lower stories got greater deformation,.
This concentrated plastic deformation decreased the response value of
upper stories, but the total deformation was still greater,

In the analysis the elastic stiffness was held constant up to the
yield point, whereas cracking appeared in the test at very low load, Owing
to this difference in the procedure of anslysis, the direct comparison of
response and test results was not feasible,

However, it should be noted that Cases 5 and 8, which were based on
_the yield seismic coefficient of 0,15 and realistic elasto-plastic restor-
ing force function, resulted in the base shear coefficient of about 0.245
for the ground motion with maximum acceleration 0,33g, According to the
response analysis, the ductility factors at lst, 2nd and 3rd stories were
1,5 to 2.5, and upper stories generally remained in the elastic range.
Evidently this is within the safety limit in terms of strength as well as
deformation. The elastic (linear) analysis completely failed to predict
this conclusion. The importance of non-linear analysis based on the
realistic assumption should be noted,

(b) Response to Barthquske of the Entire Building

The non-linear vibratory systems constructed on the clues of microseism
observation and available literature were subjected to E1 Centro 1940 NS
egx%hﬁuake 330 gal.
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Three non-linear systems were analyzed for each of NS and EW direc-
tions, where variables were stiffness and plastic stiffness reduction.
The elastic stiffness was established corresponding to modulus of elasti-
city of brick masonry of 1.0x105, 0.7x105, 0.5x105, kg/cm2, and accompany-
ing plastic gradient was 0,15, 0.30, 0.30, respectively, of the elastic
stiffness. The yield point was set at the column translation angle of
1.5x10-3 (Table 7).

The response of Case 1, the system with shortest natural period of
T=0.38 sec. and low plastic gradient of 0.15, differed entirely from all
other cases as shown in Fig. 16. This could be an example of the singular
response of multi-mass system, having short period and low plastic stiff-
ness.

A1l other cases had similar response. The plastification was inten-
sive in lst, 2nd and 3rd stories, especially in the 2nd story. It is
inferred that Case 5 and Case 6, corresponding to the lowest elastic
stiffness and highest plastic gradient assumed, would represent the best
approximation of actual condition. In these cases the ductility factors
at 2nd story were 4 in NS direction and 3 in EW direction, and upper
stories (4th story and above) remained in the ductility factor of 2 or
less. The base shear in these cases were 6080t in NS direction and 7000t
in EW direction, or base shear coefficient of 0.39 and 0.45 respectively.

As the record of 1923 Kanto Earthquake was not available, the above-
mentioned findings may not be directly extended to actual response to Kanto
Earthquake. Nevertheless, it is very interesting to note the surprising
similarity to the actual damage as outlined in Chapter 3. The building
suffered the damage corresponding to ductility factor of 4 or more from
the Kanto Earthquake, and survived it as a total structure, and was used
safely for 50 years. The building showed ductility of 4 against El Centro
Earthquake in the analysis, the wave most commonly used in the current
dynamic design of tall] buildings. This would suggest that allowable duc-
tility factor of 4 for El Centro Earthquake could be a safe criterion for
earthquake resistant design.
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Photd~l Damages to the Building due to 1923 Earthquake

Photo-2

Table é. Elastic and Elasto Plastic Response of the Frame for Various Conditions
Damping (%)
Periods  (s¢c), case | 1| 2 3 4 5 | 6 [ 7 | 8
o | Calculated Fix Rocking Sway Fix : Rod:,gx
T Fix__|RockSway| hJ Cwy [Measured| Mo 32, T W0 T Calculated(Uneor to wy) | P32, |
% % % % %
T 098 Qg9 | 096 hy 3.2 32 23 0038 32 25 *
T | ass [&1] 0.3t he 9.2 3.0 9.2 | 0044 9.2 92
Ts |a20 0.20 0.20 hs 14.2 22 14.2 | 0036 14.2 14.2
Te 0.14 0.15 0.18 ha 19.2 20 19.2 | 0033 19.2 19.2
Max_Relative Displacement (cm)
Mass | Spring {Displ. | Ci (Height Linear Non-Linear ( Kp/ks )
| |Mitheadtemd K (t/cml| Xyt (cm)|Cilteochm Hi(m) €089 2 3 s |s(oarlsto2s]70) [6i04)
om o con Cm : e (2] - L~
7 |Qo0554 | 40.20 | 092 28.28( 125 1.50 182 369 | Q72 | 098 | 0.78 | o.€2
6 Qo620 | 83.08 | 076 24,49 120 135 L71 297 | 065 | 080 | 064 | 059
5 | Q609 | 87.60 | 104 21.19 | L68 181 220 340 | 065 | 094 | 075 | 067
4 [Q0594 | 88.98 | LO2 17.89 | 211 220 | 263 378 100 | 098 | 0.86 | 095
3 |aoces | 7738 | LIS 1459 | 293 | 298 | 382 3.8) 159 | Lea | 108 L79
2 |00660 | 7.35 | L1} 1080 | 330 | 324 | 388 | 504 | 210 289 | 103 2.24
| |Qoe80 | 49.86 | 135 7.01 | 544 | 3529 | 652 | 838 | 335 .. 702 | 971 | 346
0 |oJ4210 | 310.0 | 0 [26.4 | — 0.087 | 0.116 - 00314
1 |e2xict |4aix 10| o  |emnicf| — 128x10° | 167416 044410

o
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Deformation of Test Freme at Ultimate
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