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SUMMARY

In order to investigate the validity of the
design method and to know the total behavior of a
RM building, static cyclic loading and pseudo
dynamic tests of a five stary full scale RM
building was performed from mid-November, 1987 to
the end of Januvary, 1988, The test building in the
extended service load range was very stiff with
only minor structural distress. It was found that
the characteristics of the test bduilding in
elasric range are very sensitive to the condition
of foundation. The maximum lateral force capacity
reached 968 ton, at an overall building drift of
4/800 ( 0.52 ) in the yield load phase test,

Response of the pseudo dynamic test uvsing the
Taft EW 1952 ( 300gal ) was within the hysteresis
loop obtained rfrom the yield lead phase test. The
ulrimate defo-mation limit state was marked by
rapid strength degradation at anm overall building
draft of 7/800 ( 0.875%).

The maximum shear carrying capacity and load-
deformation re_ationship of the test structure was
simulated well by a non-linear frame analysis.

REY WORDS: Reinforced Masonry, Full Scale Test,
Staric Cyclic ‘Load, Pseudo Dynamic Test, Non-
Linear Frame Aralys:is

1. INTRODUCTION

Under’ the auspices of the UJNR on Wind and
Seismic Effec:s, both the U.S. and Japan are
working since 1984 on a coordinated earthquakxe
research progran on masonry structures. The target
of the Japanete program 15 the development of
comprehensive disign guidelines for medium rise RM
structures, In particular, the five story
apartment building, to meet the countrie's need of
high density residential construction. Based on a
detailed unders:anding of the structural behavior
of RM building derived from analytical and
experimental iesearch programs on materials,
components, sub-assemblages and planar frame
structures, the design guidelines (draft} was
developed.

The five story full scale prototype test on a
reinforced concrete masonry building was planned
and carried qut in order to experimentally verify
analytical models which are assumed and dealt with
in the draft of the design guidelines. The main
portion of the full scale test consisted of three
static ¢yclic lopd phases, those were service load
phase, yvield IO?F phase, and ultimate load phase (
see Table 1). The lateral lcad distribution was
derived from the Japanese Building Code. Overall
test plan, design and construction, and brief test
results were presented at the last (20th) UINR
meeting held in Washington D.C. May 1988 [Ref.l].
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In this paper, adding to the review of the
test structure and loading method, results of each
static cyclic load phase test and pseudo dynamic

test carried out just before the ultimate load
phase test are discussed. Pseudo dynamic test was
performed in order to simulate the response of the
damaged building due to the secondary shock after
the main shock of an earthquake. Finally, large
amplitude of deformation was applied to the test
structure in order to ebtain the deformation
capacity of the test structure and the deformation
characteristics of the structural elements in the
ultimate state.

This paper also discusses on the reason why
there is much difference between ultimate capacity
calculated by the design guidelines and the one
obtained from the test, as well as on the elastic
behavior by mean of frame model analysis. A frame
model analysis was applied because it is very
simple and very convenient for current design
method.

2.GEOMETRY AND LOADING OF TEST STRUCTURE

Even though detailed reference on the
geometry and loading of the [ive story test
building should be made to [Ref,]], a brief
iteration of the most important geometrical data,
load application and refercnce notation is
presented in Fig.l to allow quick cross
references.

The five story full scale test specimen
represented a module of a prototype apartment
building with four parallel load bearing frames
with openings {Frames Yl through Y4, Fig. 1} 1n
the critical 1loading direction under
investigation, The fleoor area 1s 13.79m (loading
direction) x 15.19m (transverse direction,
including 2.4m wide balcony) and the total
building height 13 I4m from the top of foundation
to the roof slab {each story is 2.8m in height).
The standard and corner concrete units used jn the
test building are shown in Fig.2. Running bond was
used in the test building. Both vertical and
horizontal rebars were arranged in 20cm spacing
module b%fically. Wall length ratios are
15.20cm/m“, 1n the loading direction, and
23.30cm/m in the transverse direction,
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respectively. If the test building consists of 8
dwelling units per floor plan (4 of the test
building aodules side by side), those values are
14,89¢cm/m“ and 18.15¢cm/a® in each direction,
respectively.

Loads were applied to the center line {X2) of
the test structure by means of 11 servo-contrclled
hydraulic actuators depicted schematically in Fig.
1{(a). For the c¢yclic load testing, floor level
loads were applied in forced control as a fraction
of the roof level force as stipulated by the
Japanese Building Code. Roof level loading was
under displacement control to eliminate the
torsional mode. For the pseudo dynamic seismic
simulation test the five-story displacements were
applied to one of the actuators at each floor
level while the other servo-controlled actuator
vwas force slaved to the first, Only at the roof
level, where three actuators applied the lateral
loading, see Fig.1({a), the two ocutside actuators
were driven an displacement contrel again to
eliminate the fundamental torsional mode,

Wall and beam/girder components were
denominated by W or G, respectively, followed by a
number and letter sequence indicating the plan
location, Preceding digits 1 to 5 denote the story
level under consideration. Thus, e.g., IH*A
denotes the first story wall labeled 1A at the
lower left hand corner in Fig.l1(b} at the
intersection of reference lines Yl and X1, etc.

3. SERVICE LOAD PHASE RESPONSE [Ref.2]

Crack pattern development in selected Frames
in loading direction is shown in Figs. 3 and 4,
Base shear versus displacement relationship
obtained through static cyclic loading tests is
shown in Fig. 5 and corresponding roof level
displacement envelope 1s shown in Fig. 6 together
with indications of the major events detected
during loading.

The service load phase covers the loading u
to a nominal base shear stress level of B8.0kg/cm
which is approximately twice the nominal value
corresponding to the 0.2G service load level
required by the Japanese Building Code.

Up to the loading of A.Okg/cm2 nominal base
shear stress level, the test structure showed very
little distress and a very stiff overall response
(The first story stiffness was 3,237ton/cm). Very
small flexural cracks in the lintel beams and a
slight opening of horizontal bed joint cracks in
first and second story wall elements were observed
at this loading stage. Also, cracking at slab
corner started from this load level., The response
of the test building up to this load level can be
classified as virtually linear elastic.

Duriag the loading between &.Okg/cmz and
8.0kg/cm” pominal base shear stress level,
flexural cracks at the horizontal bed joints of
walls and the lintel beams in all stories
developed, as shown in Fig. 3. Very small
diagonal eracks starting from a corner of small
rectangular openings located at the bottom of
first and second story wall elements 1Wga and oW,

started to develop. Cracks at floor sltabs,
perpendicular to the loading direction, started to
open due to flexural deformation of beams
concerned. Almost no cracks were observed in the
orthogonal walls X; to X.

The first yield in any instrumented
reinforcement was recorded in the flexural
reinforcements of long wall elements |Wg and ,Wg,
and in the builging corner reinforcement 1in 1&9 .
all at 8.0kg/cm” nominal base shear stress leve?,
as shown in Fig. 7.

The first story secant stiffness at this
stress level decreased in 2,417ton/cm from initial
elastic stiffness, 3,237ton/cm.

4. TIELD LOAD PHASE RESPONSE [Ref.2)

Crack Development and Reinforcement Yield
Development

During the loading up to an overall building
drift angle of 1/1,200 (0.083%), wall element 1Yen
and a joint element located above the first story
wall {Wqp exhibited diagonal cracking. At the
loading of 9.0kg/cm® nominal base shear stress
level, horizontal bed joint cracks of transverse
wall elements were detected in the first story.
Figure 7 shows flexural reinforcement yield
development up to a building drift angle of 2/80C
(0.25%). According to this figure, the
reinforcements in all first story wall elements
along the base of the building yielded up to a
building drift angle of 2/800 (0.25%). The
flexural reinforcement arranged at lower side of
most beam elements also yielded until this
deformation level. The flexural reinforcements
arranged at upper side of all beam elements except
G?B and GGB d14 not yield due to existence of RC
gloor sla%.

At 2/800 (0.25%) drift angle load level, the
first diagonal cracks vecurred in most of all wall
elements in the first story and alse in the second
story long wall element ,¥g. The stiffness of the
building significantly dropped at this defeormation
level due to this diagonal cracking as seen in
Fig. 6. The first diagonal cracking in a beam
element also was detected in the seceond story
short beam ,G Remarkable diagonal cracking
from a corper of a-.small rectangular opening
located at the bottom of the first story wall
element {W,, occurred, and radiatad cracking in
floor slabs adjacent to wall edges {including
straight cracking along with a beam face) occurred
as well at this deformation level,

At 8 deformation level of 3/800 (0.375%),
diagonal cracks in first story wall elements
increased in number. Face shell spalling in the
second story short beam 2G as well as toe
crushing of the long wall eléments |¥5 and ;Wg,
which indicate the onset of major structural
deterioration, started at this deformaticn level,
In the first story orthogonal walls, vertical
cracking was detected at the place distant 1.0-1.2
meters from the walls arranged in the loading
direction, which is considered to be produced by
excessive deflection of the walls in the loading
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direction. Lateral load still increased up te a
deformation level of 4/800 (0.5%) drift angle at
which the maximum lateral load (base shear)
g68tons was recorded. This almost corregponds to
the total building weight, 996tons.

Change in Stiffness and Deflection Mode

The two cycles service load level loading was
held after the service load phase and the yield
load phase responses in addition to the first
service load level loading as shown in Table 1.
Table 2 shows story stiffnesses of the test
building under various loading level. It 1is
clearly understood from this table that all the
story stiffnesses changed at almost same rate of
stiffness degradation. This also indicates that
the building was considerably damaged under the
yield load phase response up to a deformation
level of 4/800 (0.5%) drift angle.

A plot of story drift percentage for each
story, shown in Fig. 8, indicates that the
deflection mode did not significantly change
through cyclic loading up to the maximum lateral
load level. One can just notice that the first
story drift percentage is slightly increasing with
increasing building drift.

Story rotation of the long wall element WS is
depicted in Fig. 9. It is clearly noticed that
flexural deflectien is definitely caused by the
rotation at the foot of the first story wall
element ,Wq and that, among three stories above
the 3rd story, the sign of the story rotation is
Jjust opposite to the corresponding one in the
first story, even the magnitude of story rotation
at upper three stories is small. The fact
mentioned in the latter suggests existence of
considerable flexural reaction by beam elements in
these stories. The shear and flexural deflection
percentages in the total deflection of the first
story wall element |We are 40% and 60%
respectively through the Euj1d1ng deformation
level of the drift angles of 1/800 {0.125%)- 6/800
(0.752).

The shear deflection versus story deflection
relaticonship in the first story wall elements
1”153 Juzﬁ and AW3, depicted in Fig. 10, alse
clarifies that the shear deflection 15, roughly
speaking, 50% or a little less in the total story
deflection up to the building deformation level of
4/8B00 (0.5%) draft angle,

Yield Hinge Development

The consecutive yield hinge development 1s
depicted in Fig. 11, This almost coincides with
reinforcement yield development as shown in Fig.
7. The difference between them 1s due to two
kinds of difinition of yielding, that is,
reinforcement yielding and structural element
flexural yielding, as schematically shown in Fig,
12. The point 1 in F1g. 12 just corresponds to a
reinforcement steel yielding point (2,000 micro
strain in this case}, whereas the point 2 was
determined as a2 point where sudden change in slope
on stress-strain relationship was observed, at
which the structural element concerned is

considered to have yielded.

Based upon Fig. 11, hinges were made at feet
of most wall elements (65% of total number of
hinges which were made finally) in the first
story, and at second and third story short beams,
2Gsp and aGsp, until a building drift angle
reached 1/303 (0.1251). Among those hinges, the
ones at feet of two first story long wall
elements, Wc¢ and |Wg, were first formed at
1/1,200 (0.68?2) building drift angle. Up to
2/800 (0.25%) building dr1ft angle, all the first
story wall elements and some second story ones
yielded at their feer. Beam elements, almost 60%
of all, also yielded at their lower side
throughout the entire building.

Up to 3/B00 (0.375%) building drift angle, 64
- 66% of total number of hinges were made in wall
and beam elements arranged in frames Yl and Y4.
whereas BOZ in those arranged in frames Y2 and Y3
1in which long wall elements were arranged.

During the loading up to 4/B00 (D.5%)
building drift angle, another yield hinges were
newly made mostly at those elements arranged in
frames Yi and Y4 so that hinges more than 80%
were formed in these frames until this drift
angle. Most of all beam elements (83%) yielded at
their lower side by then. Upper side of beam
elements did not yield throughout the testing
except second and fourth story beam elements in

frame Y] and two second story beam elements in
frame Y4. This is considered to be caused by
existence of RC floor slab rernforcements.

Strain Distribution in Reinforcing Bars

Many strain gages were attached to surface of
reinforcing bars vertically and horizontally
arranged in walls, beams and RC floor slabs to
measure effectiveness of those bars especially
arranged in the orthogonal elements, All the
vertical reinforcements in the frame X; yielded at
upper surface of building foundation(line H,),
when a building deformation level reached 1/1,200
(0.083%) drift angle, and also ylelded at line H,,
90 centimeters above the line H;, under 1/800
€0.1252) drift angle loading. The first story
vertical reinfercements 1n the interior frame X,
yielded under relatively large deformation as
compared with those 1n the exterior frame Xl.

All those reinforcements in the frames X; and
X, ylielded at floor slab surface seimaltaneously
w%en flexural reinforcements arranged 1n concerned
wall elements in the loading direction yielded.
The yielding of vertical reinforcements arranged
in the walls which are located perpendicular to
the loading direction. thus clearly showed
effectiveness of all those reinforcements against
lateral loading.

Similar tendency was ohserved on floor slab
reinforcement associated with beam flexural
reinforcement., However, strain level through all
the measurements of slab reinforcements were very
low as compared with the one in vertical
reinforcements arranged in orthogonal walls, such
as the frame X,.
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5. PSEUDO DYNAMIC TEST [Ref.3]

The objective of the subsequent five-degree-
of-freedom pseudo dynamic test was twofold, namely
to investigate the response characteristics, i.e.,
naturel frequency, mode of response and lateral
force distribution, of the test structure after
damage against 1,06 level lateral load
accumulated, and to obtain the dynamic response of
the damaged building te an after-shock or a
subsequent seismic event with a 0.3G maximum
acceleration.

The earthquake record of the Taft EW 1952
with a time window from 2.68 to 8.98 seconds wvas
selected as the driving selsmic motion for the
pseudo dynamic test, since the first mode response
was dominant with virtually equal amplitudes in
both the positive and negative directions under
preliminary computer analysis using the record.

The pseudo dynamic floor level response of
the damaged test structure is depicted in Fig. 13
for the roof floor level displacement and base
shear force time histories., After 6.3 seconds
passed in pseudo dynamic respanse, the free
vibratfon response produced a natural period of
vibration of 0.54 second, slightly longer than the
measured forced vibration response (0.41 sec.)
after the yield load phase test.

Visual inspection of the test structure,
i.e., trace of crack propagation and damage area
assessment, did not indicate any additional
structural damage or stiffness deterioration
during the 300gals secondary seismic event. The
obtained hysteretic response {(Fig. 14) to the
secondary seismic event stayed well within the
hysteresis envelope obtained under the yield load
phase test. Figure 14 again indicates that the test
structure can st1ll perform in a stable manner
without Iincreased loss of structural integrity.

Finally, Fig. 15 depicts the variation of
peak reésponse of the test structure along the
height, The dominance of the firat mode response
is clearly visible as well as the limiting
response envelope obtained at the ultimate lateral
load limit state during the cyclic testing of the
yield load phase. Of particular interest is the
shape of the lateral load dastribution over the
building height, Fig. 15a, which is almost linear
(inverse triangular) as opposed to the shape of
the imposed lateral force distribution for the
cyclic load testing which was based on the
Japanese Byilding Code. The straight line inverse
triangular response is indicative of the formation
of flexural mechanisms at the base of the first
story wall elements. This tendency is emphasized
by almost straight line lateral displacement
distributions along the building height, see Fig.
15b, compared to the displacement envelopes
obtained during the cyclic yield load phase test.

6. ULTIMATE LOAD PHASE RESPONSE [Ref.3)

Subsequent to the maximum lateral load limit
test and the pseudo dynamic seismic test, the test
structure was subjected to increased cyclic
lateral deformation levels, beyond the 4/800

(0.52) building drift at maximum load, to
investigate the strength degradation
characteristics and to evaluate the ultimate
fajlure mechanism. Overall building drift levels
of S/800 (0.625%)., 6/800 (0.75%) and 7/800
{0.875%) were imposed in single load cycle with
full reversal. At a total building drifc of 7/800Q
{0.8752) the ultimate deformation load test was
terminated since g lateral lead carrying capacity
of less than 50% of the maximum lateral load level
was obtained on the reverse deformation cycle,

The base shear versus drift relationship for
the overall building (roof level) and the first
story level are depicted in Fig. 5. In the
initial deformation cycle load levels of 98T, 90%
and 69% of the maximum lateral load were achieved
at overall building drift levels of 5/B00
(0.625%), 6/800 (0.75%) and che 7/800 (0.875%),
respectively., A comparison between the overall
building drift and the farst story drift shows
first story driftr levels of 1/102 (0.98%Z), 1/70
(1.43%) and 1/42 (2.38%) for the correspending
overall building drift levels of 5/800 (0.625%),
6/800 (0.75%) and 7/800 (0.875%). The cyclic
ultimate deformation load test showed that 80X of
the maximum lateral load capacity was scill
maintained at overall building drift of 1/120
(0.83%) and first story drift of 1/60 (1.67%).

The lateral deformation characteristics of the
tesat building over the building height is
depicted in Figs.16 and 17. Individual story
displacements and story drifts are plotted over
the height of the test structure for various
overall building drift levels in Figs. 16a and
16b, respectively. A significant increase in first
story deformation and drift for overall building
drift levels of 6/800 (0.75%) and 7/800 (0.8752)
can be seen, with very little additional
deformations in the upper stories two to five.
The rapid increase in story drift without an
increased rotational component is a clear sign
for shear deformations and the development of a
shear mechanism in the first story walls, This
tendency is also depicted by the overall
deformation modes for lateral load bearing frame
Y2 in Fig. 17, where deformation states at 3/800
{0.375%) and 7/800 {0.875%) rad1ans are compared,
The additional upper story deformations are
negligible compared with the first story
displacements.

The above findings are confirmed by large
diagonal cracks in all first story walls as
depicted by the ultimate crack pattern of all four
load bearing frames in Fig. 18. The opening of
these diagonal cracks in the first story wall
components occurred at deformation levels of 5/800
(0.625%) and 6/800 (0.75%) building drift, which
corresponds to the increased lateral deformations
in the first story at these load levels. Few of
the cracks in the upper stories as well as the
crackg in the floor slabs and in the transverse
walls extended or widened during the ultimate
deformation load phase test. Thus, the overall
deformation mechanism encountered in the test
structure clearly shifted from an overall flexural
behavior up to and at the ultimate load limit
state (5/800 (0.625%) building drift) to a
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dominated mechanism in the first story during the
ultimate deformation load phase test.

7. FRAME ANALYSIS [Refs. 4 and 5]
Model

The test building is idealized to be frames
composed of beam members representing the wall and
beam components. In order to represent the
nonlinearlity of members, walls and beams, one-
component model consisting of flexural spring at
the both edges of a member and a shear spring at
the center of a member is considered. Beam model
has rigid zones at both ends. Flexural spring
characteristics representing flexwral behavior and
shear spring characteristics representing shear
behavior of a mewmber are modeled to be a tri-
linear one with cracking and yielding points.

For flexural spring, yield rotation angle(
1,) i3 assumed to be 1/800 for lm long wall and
team, 1/1,500 for 2m long wall and 1/3,000 for 4m
long wall, Maximum flexural strength is
calculated by the equatfon in Ref. 7. Those
values are listed in Table 3. For shear spring,
nominal _shear cracking stress is assumed to be
15kg/cm<. Therefore shear cracking deformation
angle( Y_) becomes almost 1/4,000.

The value of Young's Modulus (E) is defined
from the prism compressive test results. In_this
analysis gean values of E and F_ are 196t/cm® and
196kg/cm®, respectively. Shear Modulus (G) is
gotten ifsum1nu that potsson's ratio{v) is 0.2
{G=86t/cm<)

The Joint par:r of wall and beam is treated as
rigid zone in this analysis. 1In the elastic
analysis this rigia zone is sssumed as illustrated
in Fig. 19 and tn the inelastic apalysis full part
of beam-wall joint is assumed to be rigid zone.
The effective width ot transverse members for
elastic stifiness are determined by Ref, 7.

Typical compcnent and subassemblage test can
ve traced with th:s beam model and the validity of
an inelastic beam (member) model used in this
paper is verified [Rets. 4 and 5].

Foundation

Test building is fixed ro testing floor
tdepth = 2.00m). Test building is too rigid to
consider the foundation be fixed. In thts
analysis founda<ion beam (I=121]. 67xl0 cm
4=10,575¢cm%) and testing floor (I=600x105cmé
1=18,000cm*) and the rotational stiffness (see
Table 3 ¢ ) dus to prestressing bars are
congidered.

Results of Elastic Stage

Four cases liaved i1n Table 4 are analized.
Among Model 1 chrough Model 3, different effective
width of transverse members to imertia moment is
conaidered. In M2del 1, rectangular section
without taking accounr of transverse members 13
considered., In ™odel 2, the full width of
tranaverge memburs ar1e raken Linto each member's

inertia moment. The inertia moment of Model 3} is
defined according to the design guidelines

[Ref.7]. The design guidelines recommend that
incremental factor of 1inertia moment due to
transverse members is up to 2.0, and inertia
moment of almost all members with transverse
members are limited to be 2.0 times as that of
rectangular section (Io). These three cases,
Model 1 through Model 3, are assumed to be under
fixed end condition. In Model 4 the effect of
the foundation is considered, other conditions
besides the foundation are the same as
corresponding ones in the Model 3.

The vibrarion periods are tabulated in Table
5. Experimental results are also listed in this
table. Experimental results are obtained from the
flexural matrix gotten by the each floor unit load
test. Model 4 gives the closest results to the
test ones among these Models. The limitation of
effective inertia moment up to 2*[_, is
reasonable., The recommendation for effective width
of transverse members in the design guidelines is
also reasonable.  ¥ibration modes between Model 3
and Model 4, are diffetent each other. It clearly
shows the necessity te consider the effect of
foundation condition in elastic stage.

Overall Behavior in Inelastic Stage

Monotonic loading analysis is carried out.
Inertia moment and foundation condition are the
same as the Model 4. In this case, however, full
part of the panel zone surrounded with walls and
beams 135 taken into account as a rigid zone, This
is based on the fact that the purpose of this
analysis is to predict the lateral load capacity
of the rest building from the component strength
at their critical section, and also that the
stiffness degradation of each member is so
dominant to the total stiffness of the tes:
building that rigid zone of wall-beam panel is
assumed not to affect on the total stiffness of
the test structure, Maximum moment capacity of
each member is calculated with considering the
effect of all re-bars in transverse members.

Figure 20 shows the each story shear force
vs. story drift argle relarionship. Good
agreements between test results and this analysis
are observed. This means that the effect of re-
bars in transverse member on flexural strength and
characteristics of flexural and shear springs are
evaluated properly in this analysis. These spring
characteristics are defined based upon the
coemponent test results conducted in past years.

Development of Yield Hinges

Test result shows that the yielding of wall
occurr d at first in the nominal shear stress
P 8kg/cm loading step. But it means that the
extreme edge re-bar reached its yield strain at
this loading level. The re-bars' strains in
middle part of wall We increased rapidly from
building drift angles of 1/B00-2/800 (0.125%-
0.25%). This fact matches well to the analytical
results,
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8. CONCLUSIONS

Conclusions obtained from the seismic test on
the five story full scale reinforced masonry
building are listed as follows:

Service and Yield Load Phase Tests

1. The test building showed very lirtle distress
and a very stiff oyerall response against the
loading of 4.0kg/cm* nominal base shear stress
level which corresponds to the 0.2G design load
level. The first story drift angle of the
test building against the 0.2G design load
level was !/4,530. Almost no crack was
observed under this design load level loading,
The test building certainly exceeded design
requirements of carrying lateral leoad capacity
correspending to 0.5G base shear which is
specified in a draft of a seismic design
guidelines for medium rise RM buildings.

2. The actual lateral load capacity obtained
during the test at an overall building drift
angle of  4/800 (0.5%) was 968tons which is
almost equivalent to the weight of the test
building ({dead load + live load) or a base
shear coefficlent of 1.0G.

3. The overall development of failure mechanisms
wvas governed by formation of flexural yield
hinges at the base of the first story walls,
especially walls W3, W and Wg, and also at the
beam ends throughout the entire building. All
first story walls clearly yielded in flexure
long before the development of major diagenal
cracks which ultimately dominated the first
story wall limit behavior.

4, Significant portions of the transverse walls
contributed to the overall load transfer in the
form of wide flanges to the four load bearing
framesg, Activation of all the transverse wall
reinforcement certainly contributed to the high
maximum lateral load capacity. Large
contribution of floor slab to beam strength
can be considered from the observed
transverse crack patterns in the reinforced
concrete floors and also from strain
distribution in the floor slab reinforcements
assoctated with flexural reinforcements in the
beams.

Pseudo Dynamic Test

5. In spite of the comparatively large magnitude
of the 1nput acceleration, 300 gals, response
of the specimen was within the hysteresis loop
obtained from the yield load phase test, and
there was no progress in damage of the
specimen. The lateral force distribution was
more similar to inverted triangular
distribution than that imposed in the static
loading test, and also the deflection mode
was nearly linear compared with the one in the
yield load phase test. The natural period of
0.54sec. was obtained from the free vibration
by means of the pseudo dynamic test methed.

t/ltimacte Load Phase Test

6. Over 5/800 (0.625%) building drift angle,
lateral load capacity decreased gradually and
deflection started to concentrate to the first
story. Flexural deflection mode was changed to
shear failure mode which was dominated by only
the first story displacement, After 6/800
(0.75%) building drift angle, shear cracks at
the first story walls expanded and lateral
load capacity of the test building decreased
rapidly with concentration of deflection to the
firat story. The overall building drift angle
was approximately 1/120 (0.83%1) when the
strength decreased to BOX of the maximum
strength.

Frame Analysis

7. Total behavior of the test building was
simulated by a non-linear frame analysis. In
this apalysis, wall and beam characteristics
are assumed based on a component test and
simple beam theory, The elastic analysis
showed that rigid zone recommended in the RM
design guidelines is reasconable, And the
ultimate analysis also showed that the lateral
load capacity of the test building can be
estimated by the flexural strength at critical
section of each component, It is also
important for discussing the elastic behavior
of such a rigid structure to consider the
condition of foundation. And in inelastic
stage, all the reinforcing bars in the
trangverse members are effective on the
ultimate shear carrying capacity.
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Table 2 Story Stifiness of 5 Story

Table 1 Test and Loading Sequence

2. 3. 4.
Test 1. Searic (cyclic)
Phase FORCED [ PSEUDO | UNIT
Service VIBRA- DYNA- | LOADING
Losd Load Displ. | TION MIC
Level Teats | Tests
Responae
Level [kg/cnz] [k;/cnzj [rad]
elastic 113 licyele 1
[ [ Ilc[cle
i )
cracking L4 |lcycle
6 _}3cycles
B J3cycles
[ &4 J2cycles
J |7
7 /7
yield I'9 {2cycles
/1100 2cycles
1/800 2§yc1cs
/) Scycles
v 3/800] 3cycles
ultimate 4/800| 3cycles
load 1 4 J2eycles
R/
Y774
v 3/800! Jcycle
diul;inate 57800 Iéycle
splacement 78] 1cycle

Full Scale Test Building

{ton/cm)
tkg/em? Stress Level Bkg/cm?| 1/800 building
atory Stress Drift Angle
Virginal After Servicef After Yield| Level Level
Loading Load Phase Load Phase
5 1975 1660 230 1641 844
(100) (84.2) {11.6) (83.1) (42.7)
5 2520 1906 340 1978 1240
(100) (75.6) (13.5) (78.5) (49.2)
3 2763 2158 363 2180 1329
(100) (78.1) (13.1) (78.9) (48.1)
2 3237 2401 394 2464 1525
(100) (74.2) (12.2) (76.1) (47,1}
1 3237 2392 291 2417 1554
(100) (73.9) (95.0) (74.7) (48.0)
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Table 3 a) Characteristics of Member-Beam-

Member My My
rC3 889 9,150
5Gs 1,228 9,589

Aca 1,355 9,940
3,203 1,566 9,940

My): Ultimate moment when lower side is in tention [t.cm]

My,: Ultimate moment when upper side is in tention [tiem],
including the re-bars in slab (28D10 and 8D13)

Mc : Flexurgl aracklng moment = My/3

I =15, 6*10

I < 2% —bD3/12 (7.8%10%cn%)

Iyzl/808rad

A : Area for shear stiffness = 1,501cm2* .2, 1.2:effect of RC slab

Qc= Strength of shear crack¥? = 15kg/cm“*A = 27.0ron

Foundation Beam. 1a721.67%10°cm , A=28,575cm2

Table 3 b) Characteristics of Member-Wall-

Member My 1.Qc, v,A

10, 544

8,178 [=249,55%10° cm®
8,781 Qc=68.0 ton
6.78 Ty=1/1,500

4,192 A=3,781 cm?

LIV

R L LN

31,301
34,997 I=1164,0%10°
43,395 Qc=143.3
47,091 7y=1/3,000
50,787 A=7961

=
wn
— 0 L0

7,559

11,555 1=249.55%10°
16,200 Qc=68.0
20,510 7y=1/1,500
21,058 A=3,781

WiB

— N B

My : Ultimata moment {t.cm]

Ts = 15kg/cm

Qc = Ts*A*1.2, 1.2 : Effect of transverse wall
A : Area for shear stiffness and strength
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Table 3 c) Characteristics of Rocking

Location K (t.Em)
2m length wall 42 *IOL
4m length wall 1,700%10

Kp=2% 32%Es*D?/1=105D%

Es=2,100t/cm 32=8cm, 1:length of PC-bar{320cm)
D:wall lengtﬁ

Table 4, Analytical Condition of Model 1-4

Model 1 Model 2 Model 3 Model 4
Transverse | Not considered | Full width According to Same as the
member considered the RM D,G[7] | Model 3
Foundation Not considered Not considered | Not considered | Considered
(Fix) (Fix) (Fix)
Shear area Rectangular only

E = 196 ton/cm® G = 86 ton/cm?

In the elastic analysis for Model-1 to Model-4, rigid zone of wall-beam
joint is assumed as shown in Fig. 19 (according to A,I,J. standard
for RC structure [Ref.6]).

Table 5 Natural Period (sec.)

Model
MODE | M 1 M2 M3 M4 M S | TEST
0.184 0,12 0.159 | 0.159 0.166 | 0.157
0.055 0.039 0.048 [0.052 0,051 {0,049
0.029 0.022 0.026 }0.028 0.027 |0.026
0.020 0.016 0.018 |0.019 0,019 {0,019
0.016 0.013 0.015)0,015 0.016|0.013
FIX END CONDITION

wLoEs LR

* note: It is very difficult to evaluate the proper rotational stiffness

of foundation because of its pre-stressed PC bars. Model 4 ignores the
effect of this pre-stressed. In supplementary analysis, Hodel 5,
rotational spring due to pre-stressed PC bars was changed to be 1,000
times rigld as compared with Model 4. Natural period does not changed so
much(T1=0.169 sec in Model &, Tl=0,166 sec. in Model 5). And the first
vibracion mode of Model 5 closes to the test results than that of Model
4. It i3 suppesed that rotational stiffness assumed in Model & would be
enough rigid.

127



X1

Y4

Y1

582.80%(4, 0m
(589°-2"«45'-10")

{
I

! 13.7%m

1 (s -y

)

-

H—“ ’I"-ll?l
*—/Pl‘ﬂlh
"

|~

’

Laceral Design Load
Discribucion

a) Test Setup and Load Distributlon

79

13.6m (44'-A")

T

r 1 1

®
|
II_:

@.._

SAam{(I7-91  2em({9-2) SAm(OT-9} ]

'Wes Gaa Woa G7a w:ul
e p—y o ey T35

W G W Grs

Y
{ A
Wes G Wi G W G Wrs Gan Waa

7

c'. Iwu Gre Wos Geap Wi
:I;-.-.-r g

3AMOF=2))  46m {15 ~F) i

| |

1" 5™ yrory

l ! Slab 1=150mm (67)
Stah t«200mm (B}

'
]

4.6m {15 -T)

|
)

12.6m {(4F -4°)

A P ——

LOADING
DIRECTION

b) Plan Geometry and Relerence Notation

Fig.l Geometry and Loading of Test Structure

128

Py



|

-
w

.-
- . —
o
.h—-—-
f-‘-"'—J
pm——d
| Sp—

e =t -y

| 190

200 O

Standard Corner
(1=290)

190 |

| | 200 | 190

Corner
(1=190)

Fig.2 Concrete Block Units {scale in mm]

Frome Yl

Fig.3 Crack Pattern of Frames -~Y]

129

AL
|
N 4.
L]
———

11
T

tuft
L
]
{
-

441[
Y
.

Ld

Frame Y3

and -Y3 at T=8kg/cm2




e

BASE SHEAR (ton)

1200

a0gr

400+

-4007r1

~800

~-1200

IF DRIFT ANGLE(x1/800rad.}

Frame Y1

b) 181 Story Dnift

Overall Bullding Drift Lavels

() A= 1/800a0.
(2) R=2o00rad.
(3 R=3m00r2d.

Fig.5 Base Shear vs.

Frame Y3

Fig.4 Crack Pattern of Frames -Yl and -Y3 at R,.=4/800 rad.

@ R = 4/300rad.
or 0125% (5) R=x 5/800rad.
or 0.250% (&) R 8/800rad.
or 0.375% (7) Ru7/B00rsg,

or

or

or

or

TOTAL DRIFT ANGLE

{x1/800rad,)

8} Bullding Drift

0.500%
0.625%
0.750%
0.875%

Displacement Relationship

Obtained through Static Cyclic Loading Tests

130

IF DISP. {(mm) o~ RF DISP, (mm)
- - E - -7 [s] !
=56 _-28_ "’ 28, 88 229 1zoo 9 79 O 1@33’@1 H0229
..
52 ™~ < 800 f 115.2
0 £
{re W o 400 7.6
- <
5 w
I o] 0
o % 5
)
-7.6 % v) -400 4-7.6
g )
- . - -
15.2 = 800 15.2
g -
,_l-229 = -1 i , . _22.
~-16 -8 [a) 8 ﬁG g 200-8 -4 o] 4 a 22.9

NOMINAL SHEAR STRESS (kg/cm®)



1000
=
S 900
¥ 00
F —4
[7]
g 700
o
600
T = 10Kg/cm® .
ng}cm' ——
4
Grg/cm' -]
300
4xg/cm’
!
kgl em® -

100

=u2/800
=3/800
=3/800
=5/800
=5/800
w7/800

%njimnl erscking at wvall 1¥zp occurred,

——
e i

. ]
~Tos cruhln. started at
1st story long walls.
+Host of all mein flexural
rebars 4a the basma ylelded.
*Face shella of bexm oGep
started to fall down,

1
+Dlegonal cracking st lst story wvalla occurred.
«Cracking from lst story smsll opanings etacted.
*Disgonal crackiag of beam 5Cyp cccurred.

*Shear crack st wall-besm joint element betwees
wall Jil,y and besms p and 3Cap occurred,
*Most of all main flexural Tebers fa the
ist story valls yislded,

+Shear crack at wall-besem Joint slement batvaan
#all Way snd Desns 3Gy and sccurred.
*Beam hiﬂmx robanz; a'mn.’fl’ﬂnu.

‘Cracks slong horizonzal bond joints of lse

— story vell in Frames X1 snd X2 occurred.

1¥s sain flexural tebar yielded.

e -y L

0 20 30 40 50 60 70 80 96 100 1o 120
Top Displacemeant {mm)

Fig.b Base Shear vs. Top Displacement Envelop

Curve for Static Cyclic Loading Tests

131



RF | . _ RF
" |[5 5 | 3 5
— — | sF | . 5F
4 5| 5 . 5 5
|
i —_ . | 4F b o 4F
I [+ 5! 5] l 3 3
| 5 |
. — | 3F o 3F
| 51 5] | 5 5
i s Gee| 56 | la 632 |
IJ— 28|I ‘31"52,: o B—'w«a ek
5 5 w 4 5
lr_ll“b Ilen FW:e ! > i I5 I
3 }{ 2 2 }, !{‘15
u & | 2!
5 —_ . RF H 4 RF
] 4|5 [ |
U |
| = T sk I 5F
) |
- |5 5|
3= T | 4F | | = 4 | aF
5 . 5
o= I __ | 3F ' al ls—s 3F
I5 q 5| IS?'-
gl—5| ISGB |52F 518 Ge'?_"iSZF
— 4_— 1 H —_
Gs 51_5 5 4(;5;' Bls
We | e 41w“ i I T Mk
] LI | | ] i\ll T
1t 44 3 43 4 41
Building Drift 2 -1/1670(0.060%) 4 -1/800(0.125%)

1 -1/2000(0.050%) 3 -1/1200(0.083%) 5 -2/800(0.250%)
Fig.7 Consecutive Reinforcement Yield Development

132



~  aop
of
a - PR— ]
§ £ »>- .
g > & ‘_;ﬁ S8 + 4008 000 A -0 M -t ¥ -4
wr SFfeedeeeiedste foredeonsd
A (R A
e00 27600 3/800 4/800 AFegetends &*-
BUILDING DRET ANGLE P Pl

b ramerssmanesy bgems e .h

STORY
[ ]
m

Fig.8 Story Drift Percentage during z'p R R R
. » * \a] » .
Yield Load Phase Pesponse v lwe L \i\-;\g

1F v d] - Bl-4 e
T T L [} 1 1 1

-6-4-20 2 4 6
STORY ROTATION A8 (x10°%)

Fig.9 Story Rotation of Wall W5

Fig.10 Shear Deflection vs. Story Deflection
on First Story Walls

133



4 [ fa 3—-2
4 ]
— . N
= L =2
_J ha_.q‘ .L—gh 2
=2 N
—.? ‘.3....'_'_‘. i .J
5——-:'a i—-a - 7 2—-2
'3L—-.‘ 2 o I
S EL IR Y
G545 L) B Bl L
c o o < o <
Frame Y1 Frame Y2
= yens — 5__;{:f'4:.
i ] g LA
r 0 4 mimm - .2-:.i 1
- L o . o WS Iy W
.fs—_z . o —— p— 3 q-sa-l é—z
AT U | d
1 6 .3-_2 . o —— ’_.. fa 5_! 1....2 2.1
Js 23z Lo L)L 3
1. T nnl e
p7=-9 L LTl L N
oy 2--1 1
Frame ¥3 Fragme Y4
Numecals : Indicate a bullding drift angle scaled
tn x 1/800
s 3 strain gage locatlons

X : dead straln gage loca

STRESS

@

@

Fig.1ll Yield Hinge Development

tions

*~Element Flexural Yielding Point

|'\Relnforcemenf Yielding Point

1

1

I
l
|
I
1
2 4

STRAIN

6
(x107%)

Fig.12 Difinition of Yielding

134




Displocenent (mm)

Oiplacenent
% §F Free Vibration
. R
a.
-50.
° 2 s P s
Tiow (sec.)

a} Time History of Horizontal
Displacement

Shaar Force {ton)
1]
g .

g

Story Shear Force

1F Frae Yibration

[} [
Time {sec.)

L

b) Time History of Lateral Force

Fig.13 Pseudo Dynamic Test Floor Level Response to Taft EW 1952 (0.3g)

o ~
< 5
We s00
7] 4
w 400 y =
2 .
@ 2004 _- ’
-1 -1 -5_-~T1
" Fn &
. C-"s 10 s
- L 200 2F DISP. (inm)
”
n -400
HYSTERESIS LOOP 6
of the YIELO -600
LOADING PHASE

Fig.l4 Relationship Between Base Shear and the First

Story Displacement During Pseudo Dynamic Test

~

__LOAD DISTRIBUTION
in the STATIC TEST

—
200

100

o]
LATERAL FORCE (ton)

-100

a) Lateral Force Distribution
at Peaks of the Responas

! —ee - m-

’ . DEFLECTION MODE
of the YIELD
LOADING PHASE

L 1 1 'l ) 4

[ 40 60
DISPLACEMENT (mm)

1
-20

b) Deflecian Mode al Peaks
of the Response

Fig.15 Peak Response to Taft EW 1952 (0.3g)

135



LOADING LEVEL (x1/800rad.)
F1XZH348 4546 47

RF

+2

0 40 80 120
FLOOR DISP., {mm)

a)

Buliding Deflection Mode

Waa Ws

Wan
FRAME~YZ2 (+3/800rad.)

1»" - - - -
+1 434445 +8

s~ LOADING LEVEL
~<._(x1/800rad)

~
-

P Y

+7

30

Jo,

0

i0

20

STORY DRIFT ANGLE

(X10™%rad.)

b} Loading Level vs. Story Drifl Angle

Fig.16 Progressive Deformation History

 — e = =
] N !
(Y N
i I e [l
' S
! ' ]
' 1 1t '
1 I . ! ]
] 1 I
! _ |
!
|

Wan

Ws

Waa
FRAME-Y2 (+7/800rad.)

Fig.17 Overall Deflection Patterns of Frame Y2

136



¢) Frame Y3 d) Frame Y4

Fig.18 Ultimate Crack Patterns in Lateral Load Bearing Frames
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